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ABSTRACT

Self-assembled monolayers (SAMs) of covalently bound organic molecules are rapidly becoming an integral part of
organic electronic devices. There, SAMs are employed to tune the work function of the inorganic electrodes in order to
adjust the barriers for charge-carrier injection into the active organic layer and thus minimize undesired onset voltages.
Moreover, in the context of molecular electronics, the SAM itself can carry device functionality down to a few or even a
single molecule. In the present contribution, we review recent theoretical work on SAMs of prototype m-conjugated
molecules on noble metals and present new data on additional systems. Based on first-principles calculations, we
establish a comprehensive microscopic picture of the interface energetics in these systems, which crucially impact the
performance of the specific device configuration the SAM is used in. Particular emphasis is put on the modification of
the substrate work function upon SAM formation, the alignment of the molecular levels with the electrode Fermi energy,
and the connection between these two quantities. The impact of strong acceptor substitutions is studied with the goal of
lowering the energy barrier for the injection of holes from a metallic electrode into the subsequently deposited active
layer of an organic electronic device.

Keywords: Self-assembled monolayer, density-functional theory, work function, level alignment, interfaces, organic
electronics, molecular electronics

1. INTRODUCTION

Monolayers of organic molecules covalently bound to a multitude of substrates have attracted considerable interest over
the past years." > The spontaneous self-assembly of suitable molecules into densely packed and often ordered layers
makes this approach highly suitable for modifying macroscopic surface properties such as, e.g., wetting’ or corrosion
resistance,’ and a number of applications has been proposed for such self-assembled monolayers (SAMs).”"" Notably,
SAMs are employed in organic electronic devices, e.g., organic light-emitting diodes (OLEDs) or organic field-effect
transistors (OFETSs), in order to control, among other parameters, the energetics at the interface between the inorganic
electrodes and the active organic layer.'> "

The nature and the importance of the interface energetics in such structures are demonstrated in Figure 1. There, a
simplified schematic of the electrode/organic contact regions is shown for a generic device architecture in Figure la. At
the anode, holes are injected into the occupied states of the organic semiconductor where they are stabilized by
polarizing surrounding matter and locally distorting the organic lattice; a positive polaron, P, is formed that travels
through the organic semiconductors under the influence of an external (or built-in) electric field. The energetic offset
between the anode Fermi level (Er) and the electronic bands derived from the highest occupied molecular orbitals
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(HOMO) of the molecules in the organic layers is commonly termed hole-injection barrier (HIB). At the cathode, a
similar scenario is encountered for electrons; after injection, negative polarons, P, are formed as the principal charge
carriers. Correspondingly, the energetic mismatch between the cathode Er and the electronic bands derived from the
lowest unoccupied molecular orbitals (LUMO) is often referred to as the electron-injection barrier (EIB).*'
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Fig. 1. Schematic illustrating the energetics at the electrode/organic interfaces typically encountered in organic electronic
devices. (a) Holes (4+) need to overcome the hole-injection barrier (HIB) at the anode, i.e., the energetic offset
between the anode Fermi level (Ey) and the HOMO, before positive charge carriers (P") can flow through the device.
Electrons (e-) need to overcome the electron-injection barrier (EIB) between the cathode Er and the LUMO before
negative charge carriers (P) can start to flow. (b) Schematic current-voltage (IV) characteristics of an organic diode
structure containing the interfaces shown in (a). ¥, denotes the onset voltage determined by the height of the charge-
carrier injection barriers, red for higher barriers and green for lower barriers. (c) Modification of the electrodes with
suitable dipolar SAMs reduces the injection barriers by increasing [decreasing] the anode [cathode] work function.

Charge carriers need to overcome these energy barriers before current can flow through the device which gives rise to
undesirable onset voltages, V,, below which the device remains inactive. A schematic current-voltage (IV) curve of an
organic diode structure containing such interfaces is drawn in Figure 1b (red line). For improved performance of such
devices, it is crucial to both reduce and balance the charge-carrier injection barriers. In the past, this has been achieved
by matching the work function, @, of the electrodes with the energy of the respective transport levels in the organic, i.e.,
high- @ materials for the anode and low-@ materials for the cathode. Recently, however, SAMs of dipolar molecules
have been used to tune @ of typical electrode materials'>*® and, thus, considerably reduce the charge-carrier injection
barriers (Figure 1c). The consequence for the IV-characteristics of such an improved diode structure is show in Figure 1b
(green line);'> ' * V, is considerably reduced, resulting in lower driving voltages necessary to achieve comparable
device performance, i.e., lower power consumption.

cathode

Fig. 2. Schematic illustrating the interface energetics in a single molecule junction. The energetic separations (4E )0 and
AE;ymo) between the metal Fermi level (Er) and the frontier molecular orbitals (HOMO and LUMO) impact the
effective tunnel barrier for charge transport through the junction. In particular, the molecular level closer to Er is
related to the effective barrier height (red line).

The spontaneous self-assembly of organic molecules onto a suitable (metallic) electrode structure also forms the basis
for the entire field of molecular electronics, where the interfaces essentially are the devices. Depending on the resolution
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of lateral structuring, either a macroscopically extended SAM can carry device functionality”® ** or a few and even a

single molecule can work as a functional unit.”*** Here, the situation is very similar to the interface energetics in
(macroscopic) organic electronic devices, only the relevant length scale shrinks from molecular to atomic dimensions.
As depicted in Figure 2, it is now the alignment (4E0y0 and AE;0) of the electrode Er with the frontier molecular
orbitals of the SAM itself that determines the charge-transport characteristics through such a molecular junction. In
particular, the energetic position of the molecular orbital closer to Er (the HOMO in Figure 2) determines the effective
barrier height for the tunneling process through the molecule(s).”>* Reminiscent of the role SAMs played at interfaces
in organic electronics (Figure 1), details in the chemical binding at the metal/molecule contact now determine the level
alignment between the electrodes and the active part of the device and, consequently, its [V-characteristics.”>*

In the present contribution, we strive to establish a comprehensive microscopic picture of the interface energetics in this
important class of systems that determine the most relevant parameters for their use in organic and molecular electronic
devices. To that end, we extend our recent theoretical work,”>** based on first-principles calculations and electrostatic
considerations, to novel systems. The physisorption of conventional organic semiconductors, SAMs, or simply non-
specific organic contaminants tends to lower the metal work function and, thus, naturally increases the HIB (Figure 1).**
* Only few approaches have been proposed to increase the metal work function and, thus, lower the HIB. In particular,
oxidation of the gold surface,” strong acceptor molecules,*® *” or SAMs of fluorinated alkanethiols'> '*** or fluorinated
oligo(para-phenylene-ethinylene)s'> ' have been proposed. Here, we focus on SAMs of 4’-X-4-mercaptobiphenyl on
Au(111), where X is a strongly electronegative group, i.e., -NO, as an extreme and -F as a more realistic example, and
we find that both can be expected to significantly decrease the HIB at the contact between metal and organic
semiconductor.

2. METHODOLOGY

In the present study, we focus on two different SAMs on Au(lll), one composed entirely of 4’-nitro-4-
mercaptobiphenyl and the other of 4’-fluoro-4-mercaptobiphenyl. For reasons of consistency, both molecules are
assumed to form close-packed SAMs with two molecules in a lateral p(V3x3) surface unit cell arranged in the typical
herringbone pattern.* *° Thiols are assumed to adsorb upon hydrogen abstraction. In the lack of concise experimental
evidence for these systems, no major gold reconstruction (e.g., ad-atoms)>™’ has been taken into account. For this
situation, we find, in accordance with previous theoretical studies,’®® the fec-hollow as the most favorable adsorption
site for the sulfur. The long molecular axes are found to be inclined to the surface normal by an angle 8~ 12°.

periodic
boundary
conditions
in 3D

Fig. 3. Illustration of the repeated slab approach. The 2D unit cell containing 5 gold layers and 2 molecules adsorbed on the
top side is periodically repeated in all three dimensions. A vacuum gap separates consecutive images of 2D-periodic
infinite slabs. The red rectangle marks the 3D unit cell and the fading indicates periodic repetition of the shown
structure in the respective direction.

The computational methodology is described and benchmarked elsewhere.’” Here, only a brief description is given: We

performed spin-restricted density-functional theory calculations (with the PW91 exchange-correlation functional)® using
the projector augmented-wave method®”  for the description of the valence-core interaction, allowing for the low
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kinetic-energy cutoff for the plane-wave expansion of the valence Kohn-Sham orbitals of 20 Ryd. In order to simulate a
laterally extended surface, we employed periodic boundary conditions in the repeated-siab approach (Figure 3). 5 layers
of gold were used to represent the Au(111) surface in the lateral unit cell described above (left panel in Figure 3). This
unit cell is then periodically repeated in all three dimensions (right panel in Figure 3). Introducing a vacuum gap of >20
A above the molecules prevents spurious interactions between two consecutive images of the 2D-periodic, infinite slabs.
All calculations were performed with the VASP code;** 3D graphics were produced with XCrysDen.”

3. RESULTS AND DISCUSSION

3.1 Isolated molecular layers

Prior to focusing on the metal/molecule bond formation, it is useful to look in more detail at the molecular part of the
system. To that end, some important concepts are first established for an isolated (no metal present), free-standing layer
of molecules. The atomic positions in this layer are frozen to the equilibrium geometry optimized for the layer adsorbed
on Au(111). The following discussion will deal with the -NO, substituted molecules only; the same consideration,
however, hold for all 4’-substitutions.>>3% - 4?

When conceptually partitioning the thiol-SAM/Au(111) system into the metallic and SAM part, the question about the
chemical structure one should assume for the molecules arises. In a real-world scenario, the SAM forms from thiols, i.e.,
R-SH. Following a still disputed reaction pathway,”* the hydrogen atom is abstracted during SAM formation and a
covalent S-Au bond is formed, showing very little charge transfer between metal and sulfur.”>>% *"** Simply “cutting”
this S-Au bond, would render the molecular part a neutral radical species (i.e., R-S¢). While chemically, this is an
unlikely step in the adsorption pathway, it is, as we shall see, a highly instructive conceptual intermediate which allows
commenting on the nature of the S-Au bond and is commonly used in surface-theoretical studies.” 7 In the following,
we will consider both scenarios: (i) the isolated freestanding molecular layer where the sulfur atoms are saturated with
hydrogens (conceptually equivalent to the situation before SAM adsorption); and (ii) the isolated freestanding layer of
radicals (conceptually equivalent to the situation after SAM desorption).

The molecules considered in the present study possess a strong dipole moment along their long molecular axes (pointing
towards the thiol) due to the strong electron accepting character of the -F and, in particular, the -NO, head-group
substitution. Arranging the molecules in an ordered layer with aligned long molecular axes corresponds to the formation
of a dipole layer. From basic electrostatic considerations, it is known that a 2D-infinite dipole layer causes a step in the
electrostatic potential, dividing space into two regions where the electrostatic potential energy of an electron at rest, U,
is higher on the negative side of the dipole layer than on the positive side.
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Fig. 4. Calculated electrostatic potential energy for electrons, averaged within the plane of the -SH (a) and -Se (b)
terminated, freestanding NO,-substituted molecular layers. Left and right denote the sulfur and -NO, sides,
respectively. The vertical lines indicate the calculated energetic positions of the maxima in the density of states
corresponding to the (weakly dispersing) HOMO- and LUMO-derived bands. Arrows indicate the respective
ionization potentials (/P) and electron affinities (EA).
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In Figure 4a, the calculated electrostatic potential energy for electrons across the freestanding 4’-nitro-4-
mercaptobiphenyl layer is shown, averaged within the plane of the layer. As expected, U,,. is higher on the (negative)
-NO, side (right) than on the (positive) -SH side (left). The difference between U and U”*", AU * in this case, is, in
principle, proportional to the projection of the molecular dipole moment onto the layer normal. Note, however, that the
proportionality constant depends critically on the packing density of molecules in the SAM, the packing motif, as well as
on details of the molecular (electronic) structure and the substituents.*' This step in potential energy across the layer has
an important implication: while in the case of a single isolated molecule, the ionization potential (/P) [electron affinity
(EA)] does not depend on the direction an electron is ejected to [added from], the situation is different for layers of
dipolar molecules. As such a layer still has relatively well-defined frontier molecular orbitals (neglecting inter-molecular
band dispersion), there is only one initial-state energy for an electron in an ionization process (approximated by the
HOMO energy). However, the final-state energy of the ejected electron is now different (U or U®") depending on

which side of the layer that electron comes to rest. Consequently, there are also two different ionization potentials, P,
and [P, (Figure 4). Similarly, for the electron affinity, there is only one final-state energy for the added electron
(approximated by the LUMO energy) but two different initial-state energies, U and U#". Thus, a dipolar molecular

layer has two different electron affinities, £4,,; and EA,;qn, and, as with 1P, and IP,;,, the difference between left- and
right-sided quantities is AU,,..2"

For case (ii), the layer of R-Se radical, the plane-averaged Uyz) is shown in Figure 4b.”” The same considerations hold as
in case (i). The different electron density on the sulfur (due to the unpaired electron) raises U, also evident in the

reduced depth of the sulfur-associated potential well compared to Figure 4a. Consequently, the step in the potential
energy across the layer, AU,,,, is smaller in case (ii) than in case (i) by ca. 1.9 eV.

3.2 Metal-molecule bond formation

In a second step, the mechanism of bond formation will now be discussed for the two cases introduced above: (i)
bonding of R-SH to Au upon hydrogen abstraction and (ii) bonding of the R-Se species to Au. In the former, a covalent
bond (S-H) is replaced by a different covalent bond (S-Au) while, in the latter, a new covalent bond is formed (S-Au). In
order to visualize the flow of charge upon bond formation, the charge-density difference, i.e., the difference between the
charge-density, p, of the full metal+SAM system (final state) and the sum of the densities of the isolated subsystems
(initial state) is calculated. The latter is different for the two situations (i) and (ii): In case (i), it is composed of the
charge density of the clean metal surface, p,,, and that of the freestanding molecular monolayer, pg4,,, minus that of the
hydrogen atoms, o (Equation 1a), whereas, in case (ii), py does not appear (Equation 1b). A 3D representation of these
charge-density differences, Ap, is shown in Figure 5 for the 4’-nitro-4-mercaptobiphenyl.

Ap=p—[(Psarr— pr) + Paul (1.a)
Ap=p—(Psam T Pa) (1.b)

Note that Ap necessarily includes contributions from the formation (replacement) of covalent bonds and the “push-back”
effect.”*!

The respective left panels in Figures 5a and 5b (blue) mark regions of electron depletion upon metal-SAM bond
formation and the respective right panels (red) indicate regions of electron accumulation. The first important observation
is that the charge-density redistribution upon bond formation is strongly localized at the immediate metal/sulfur
interface, even more so in case (i) than in case (ii). This leads to the important conclusion that, for densely packed SAMs
of thiols, the bonding induced charge rearrangements are almost completely decoupled from the head-group substitution.
In fact, while data is shown only for the -NO, substituted compound in Figure 5, it is virtually identical for other head-
group substitutions,’**% *""** in particular -F. Due to the superposition of hydrogen cleavage and S-Au bond formation in
case (i), 4p in Figure 5a reveals little chemical insight. For case (ii) however, 4p in Figure 5b clearly shows that
electrons flow from the o-system on the molecule (bonding in the S-C region) into the z-system of the molecule
(antibonding in the S-C region).”’
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(a) (b)
Fig. 5. Isodensity representation of the charge flow upon metal-SAM bonding in the case of 4’-nitro-4-mercaptobiphenyl.
(a) Adsorption of R-SH including abstraction of hydrogen; (b) adsorption from the R-Se species. Blue (left panels)
indicate regions of electron depletion and red (right panels) mark regions of electron accumulation.

More so than the details of Ap in three dimensions, the integrated (in the plane of the SAM, parallel to the surface)
quantities are relevant for the interface energetics in these systems. In Figure 6, the integrated Ap, Ap(z) is shown for 4°-
nitro-4-mercaptobiphenyl in both cases, (i) and (ii). Again, regions of electron depletion are shaded in blue and regions
of electron accumulation are highlighted in red. Importantly, Figure 6 indicates that no significant long-range charge
transfer from metal to molecule or vice versa occurs. Only a slight shift of charge within the SAM is seen in the case of
adsorption from R-Se (Figure 6b), where electrons flow from the region of the S-C bond into the region of the carbon
atoms closest to the metal/molecule interface.

0.3- 0.3

() ' (b)
Fig. 6. Integrated charge-density difference, 4p(z), upon SAM formation from the R-SH species (a) and the R-Se species
(b). Regions of electron depletion are shaded in blue (negative values) and regions of electron accumulation are
highlighted in red (positive values).

Solving the one-dimensional Poisson equation by integrating Ap(z) from Figure 6, yields a step in the electrostatic
potential energy for electrons, AU(z), across the metal/SAM interface which, upon bond formation, shifts the potential
well of the SAM (Figure 4) relative to that of the clean gold surface.”>?* *" *> The respective AU(z) for 4’-nitro-4-
mercaptobiphenyl in both scenarios, (i) and (ii), are shown in Figure 7. Similar to Ap(z), also AU(z) is largely confined to
the immediate metal/sulfur interface region with a tail extending into the first phenylene ring. We refer to the magnitude
of the total step in potential energy as bond dipole (BD).*>****** Importantly, the shape of AU(z) and the magnitude of
BD are largely independent of the head-group substitution in densely packed SAMs. They do, however, strongly depend
on the nature of the docking chemistry and may change in sign and magnitude when different docking groups (e.g.,
isocyanide or pyridine)®® are used or when the substrate metal is changed to, e.g., silver.”® * Interestingly, BD is of
opposite sign for the two processes of SAM formation considered here (adsorption from R-SH and adsorption from R-
Se) and the difference amounts to ca. 1.8 eV. Thus, care must be taken when comparing references in which different
approaches to partitioning the SAM/metal system are used.’**7>76
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Fig. 7. Step in the electrostatic potential energy for electrons across the metal/molecule interface due to bonding-induced
interfacial charge rearrangements; dark blue for adsorption from the R-Se species, light blue from the thiol (R-SH).
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3.3 Work-function modification and level alignment

With all the individual contributions in place, a microscopic picture of the interface energetics in SAMs can now be
established. The final level alignments and work functions of the SAM covered surfaces are summarized in Figure 8.
Upon SAM formation, the work function of the clean gold surface, @,, (calculated to be 5.2 eV),37 is modified. The
magnitude of this work-function modification, A@, is determined by two additive contributions, AU,,. (Figure 4) and BD
(Figure 7).353%41.42

A®= AU,,. + BD (@)

An electron that is ejected from the metal through the SAM has to overcome two additional energy steps to reach the
vacuum level on top of the SAM, U:fj’”. One, AU, is created by the dipolar molecular layer (Figure 4) and the other,

BD, arises from the metal-molecule bond formation. 3339 41:42
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Fig. 8. Plane-averaged electrostatic potential energy for electrons across the metal/SAM interface for the NO,- (blue) and F-
(green) substituted molecules. The vertical lines mark the energetic position of the Fermi level (Ey), the highest
occupied 7z-states (HOPS) in the SAM, and the lowest unoccupied z-states (LUPS). The work function of the clean
gold surface (@,,), the modification thereof (4®), the work function of the SAM-covered surface (@), as wells as the
ionization potential (/P) and the electron affinity (EA) of the SAM are also indicated.

It is important to note that, for the final situation depicted in Figure 8 (the SAM adsorbed on gold), the particular choice
for the reaction pathway is, of course, irrelevant. The magnitude of A@ must be independent of whether we conceptually
regarded the process of SAM adsorption as the replacement of the S-H bond with the S-Au bond or as the formation of a
bond between the radical R-Se species and the gold surface; the difference between AU %" and AU ** (Figure 4) is fully

compensated by the difference between BD*” and BD*" (Figure 7).
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A closer inspection of Figure 8 reveals that, in the case of the -NO, substituted SAM, the work function of the clean gold
surface, @y,, is significantly increased, thus promoting a reduction of the hole-injection barrier (Figure 1) into a
subsequently deposited organic semiconductor. Note, however, that the strong molecular dipoles, all aligned in parallel,
repel each other for electrostatic reasons and, therefore, the close packing assumed for the present calculations might not
be achievable in experiment. The scenario depicted in Figure 8 must thus be seen as an upper limit. For the -F substituted
compound, 4’-fluoro-4-mercaptobiphenyl, we find that the work function of the SAM covered surface, @, is
approximately equal to that of @,, as AU,,. and BD cancel each other in this case. However, the hole-injection barrier
(HIB) from the metal into an organic semiconductor subsequently deposited on the SAM can still be expected to be
smaller than without the SAM. This is because, when physisorbing organic molecules onto metals, the metal work
function is generally reduced due to the push-back effect,™ ** 7**! which is typically not the case when depositing
organic molecules onto other organics.*

Concerning the energetic alignment of the frontier molecular orbitals in the SAM with Ef, it is important to note that,
upon metal-SAM bond formation, the molecular-level derived bands hybridize with the metal and, consequently, are
considerably broadened.™ It is, therefore, more adequate to refer to the HOMO-derived bands as highest occupied m-
states (HOPS) in these systems and to the LUMO-derived bands as the lowest unoccupied m-states (LUPS).*® From
Figure 8, it becomes apparent that the energy separation between the HOPS and Er, AEops is completely independent of
the head-group substitution (-F or -NO,) in the systems considered here.’>?% ** ** This is consistent with our previous
finding that the molecular states closer to Er (the HOPS in this case) are pinned by the Fermi level.*® Note that, at
reduced coverage, this is no longer the case.” On the other hand, the energy separation between Ey and the LUPS,
AEps, 1s different for the -F and the -NO, substituted SAM, which is a consequence of the longer effective conjugation
length in the latter and the strong electron accepting character of the nitro group.

The alignment of the HOPS and LUPS with Er is given by the energy difference between E and the respective /Py, or
EA,, shifted by BD (Equation 3);35'39’ 41,42 again, differences in /P,; and EA,; for the two adsorption scenarios, -SH and
-Se (Figure 4), are compensated by the different BDs (Figure 7).

AEnops = @y — IPiyy + BD (3.2)
AEpyps = @y — EAjg + BD (3.b)

In fact, as the bonding-induced charge rearrangements and the resulting potential drop (Figures 6 and 7) have a tail on
the first phenylene ring, the molecular electronic structure is slightly perturbed upon bonding to the metal; this has been
shown to result in a small corrective term that has to be added to the right hand sides of Equations 3. *' Note that
AEops or AE;ps also determine the additional tunnel barrier introduced by the SAM at the interface between electrode
and organic semiconductor in an organic electronic device.

4. CONCLUSION

In summary, we investigated the interface energetics in SAMs of 4’-nitro- and 4’-fluoro-4-mercaptobiphenyls on
Au(111). Based on first-principles calculations and electrostatic reasoning, we derived a comprehensive, microscopic
picture for the modification of the work function of the underlying gold substrate, the alignment of the frontier molecular
orbitals in the SAM with the metal Fermi level, and the link between these two quantities. SAM formation is seen to give
rise to two dipole layers. The first arises from the parallel arrangement of dipolar molecules into an ordered monolayer
and leads to the observation that such a layer must have two ionization potentials and two electron affinities, one on the
thiol side and one on the head-group side, respectively. The second dipole layer originates from the bond formation at
the metal/SAM interface and it shifts the potential well of the SAM (and the energy levels within the SAM) relative to
Er. Together, these dipole layers determine the work-function modification and the level alignment at these interfaces
and this picture holds regardless of the choice for the conceptual partitioning of the system into metallic and molecular
part.

We find a strong work-function increase for the -NO, terminated layer and no considerable change of the gold work

function for the -F terminated layer. Both SAMs can be expected to contribute to a lowering of the hole-injection barrier
from the electrode into a subsequently deposited organic semiconductor as, even in the -F terminated case, detrimental
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push-back effects at the interface between metal and active organic semiconductor are suppressed. The tunnel barrier for
charge transport across the SAM, determined by the alignment of the highest occupied molecular states with £, does not
depend on the head-group substitutions also for the systems investigated in the present study.
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