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The energetics at the interfaces between metal and monolayers of covalently bound organic molecules
is studied theoretically. Despite the molecules under consideration displaying very different frontier
orbital energies, the highest occupied molecular levels are found to be pinned at a constant energy offset
with respect to the metal Fermi level. In contrast, the molecular properties strongly impact the metal work
function. These interfacial phenomena are rationalized in terms of charge fluctuations and electrostatics at
the atomic length scale as determined by first-principles calculations.
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The key role of the interface between metal electrode
and organic semiconductor is well acknowledged in the
context of organic (opto)electronic devices [1]. Self-
assembled monolayers (SAMs) [2] of dipolar organic
molecules provide a pathway to tune the barriers for
charge-carrier injection into the active organic layer at
the molecular scale by modifying the effective work func-
tion, ®, of the electrodes and thus adjusting the alignment
of the metal Fermi energy Er with the conduction states in
the organic semiconductor [3]. In addition, SAMs of
m-conjugated thiols have been extensively studied for
single-molecule electronics [4]. Here, the metal-molecule
contact, at the atomic length scale, defines the alignment of
the frontier orbitals of the active molecular entity with Ex
[5,6]. In particular, the energy separation AE between Ef
and the closest molecular level (typically the highest occu-
pied molecular orbital, HOMO) is one of the main parame-
ters governing the overall device characteristics [6].

In this work, we theoretically explore the possibility of
tuning the interface energetics in molecular electronic
devices by modifying (via chemical substitution) the ion-
ization potential (/P) of a prototype 7r-conjugated thiol
assembled on gold. Most interestingly, while the modifi-
cation, A®, of the Au(111) work function strongly depends
on the molecular IPs, the level alignment AE is not
affected. Understanding the connection between these
two quantities provides a deeper insight into the parame-
ters governing the general properties of metal-organic
interfaces.

The 4/-substituted 4-mercaptobiphenyls were chosen as
model compounds because they are experimentally well
characterized for a large number of substituents X [7,8]. In
particular, we chose X = NH,, CN, and SH. The strong
donor (NH,) shifts the frontier molecular orbitals (MOs)
up in energy while the strong acceptor (CN) shifts them
down; the symmetric substitution (SH) serves for reference
purposes. The molecules were arranged in a c(\/3 X 3)
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herringbone adlayer on the Au(111) substrate [Fig. 1(b)]
[9]. We assume the same arrangement for all three mole-
cules for reasons of comparability, although it cannot be
excluded that electrostatic repulsion [8] somewhat limits
the achievable packing density for the two dipolar com-
pounds X = NH, and CN.

The surface was modeled using the repeated-slab ap-
proach, where 5 layers of gold were used to represent the
Au(111) surface in the lateral unit cell mentioned above
(Fig. 1). The vacuum gap between the topmost molecular
atom and the next slab was >22 A. Isolated molecules
were calculated in a 3D periodically repeated box of 20 X
20 X 30 A. We performed density functional theory (DFT)
calculations with the PW91 exchange-correlation func-
tional, using a plane-wave basis set (cutoff 20 Ry) for the
valence electrons and the projector augmented-wave
method [10] to describe the valence-core interactions. An
8 X 5 X 1 Monkhorst-Pack grid of k points was employed.
The atomic positions in the molecules and the top two gold
layers were fully relaxed until the remaining forces were
<0.01 eV/A, resulting in the adsorption geometry de-
picted in Fig. 1. All calculations were performed with the
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FIG. 1. Side (a) and top (b) view of the SAM structure of
4'-X-4-mercaptobiphenyl on Au(111) where X = NH,, SH, and
CN. The c(;/3 X 3) surface unit cell is indicated by the contour
in (b).
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VASP code [11]. The HOMO energies in the molecular
layers were taken to be the highest-energy peak in the
respective density of states [12]. The robustness of the
results with respect to all computational parameters was
thoroughly tested.

The main results are summarized in Table I. Rather
surprisingly, it is found that, in spite of very different
molecular IPs, the molecular HOMOs for all three sub-
stitutions come to lie at virtually identical AEs below Ef.
In strong contrast, the adsorbate-induced changes in the
metal work function markedly depend on the substitution:
strong work function increase for the acceptor group (X =
CN), intermediate decrease for the symmetric substitution
(X = SH), and strong decrease for the donor group (X =
NH,).

In order to conceptually understand these remarkable
findings, the SAM formation will be discussed as a 3-step
process: (i) the isolated molecules and the clean Au(111)
surface are separated; (ii) a molecular monolayer is formed
in the same geometry as that eventually adopted in the
SAM; (iii) this layer is deposited onto the gold surface
(thiols are assumed to adsorb with hydrogen removal).
Computationally, these three steps are modeled by per-
forming calculations on: (a) a clean gold surface with the
atomic positions in its top two layers fully relaxed; (b) the
geometry-relaxed isolated molecules; (c) the final
geometry-relaxed system made of the SAM adsorbed on
the surface; (d) the clean gold surface with its atomic
positions taken from (c); (e) the single molecular layer
with the geometry of (c) where each sulfur is saturated
with a hydrogen whose position is optimized (no gold is
present in this step), and (f) this layer of hydrogens alone
[13].

Starting with (a), we find ® 5,11y = 5.20 eV, defined as
the difference between the electrostatic potential in the
vacuum region (V,,.) and Eg [Fig. 2(a)]. The molecular
IPs (defined as the energy difference between the HOMO
and V. [12]) for X = NH,, SH, and CN are listed in
Table I [see also Fig. 2(a)]. As expected, that of the donor
substituted molecule (X = NH,) is lowest and that of the
acceptor substituted molecule (X = CN) is highest.

Arranging the molecules in the close-packed layer cor-
responding to their final adsorption geometry aligns their
dipole moments (when present). While the electrostatic

potential around any single isolated molecule converges
to a single vacuum level V. at a sufficiently large distance
in any direction (and thus permits the unique definition of a
single /P), the 2D infinite dipole layer formed in part (e),
divides space into two regions with different vacuum levels
Vet and ViEM" [Fig. 2(b)]. This causes a step AV, =

mehl _ yleft in the electrostatic potential across this layer
(Table I). Consequently, the /P of the molecular layer now
depends on which side an electron is extracted from
[Fig. 2(b)]; there is a left (thiol) and a right (substitution
X) IP, IP" and IP"¢" (Table I). For all three molecules,
the IP"" values are practically identical [Table I and
Fig. 2(b)] [12]. In contrast, the TP values strongly
depend on the substitutent X, and the trend in the molecular
IPs is significantly enhanced. Thus, the donor-acceptor
groups X affect only “their end” of the molecular layer,
while the 77-conjugated core and the thiol side of the layer
(facing the gold surface) are hardly affected [Fig. 2(b)].

Conceptually, the adsorption of the molecular layer onto
the Au(111) surface can be described as follows: The thiol
hydrogens are removed from the molecular layer [i.e., the
charge density, py, associated with the hydrogen layer
[part (f)] is subtracted from that of the molecular layer,
Pmol» Part (e)]; instead of this layer of hydrogens, the
Au(111) surface is placed next to the molecular layer
[i.e., its charge density, p,, is added; part (d)]. The charge
reorganization upon S-Au bond formation, pgy, is then
given by the difference between these superimposed
charge densities and the actual equilibrated density, p, of
the final combined Au(111)-SAM system [part (c)]:

Paitt = P ~ (Pmol — PH T Pauci1) (1)

It thus represents the difference between bonding of the
molecular layer to gold vs the bonding to the thiol hydro-
gens [Fig. 3(a)]. The following important conclusions can
be drawn from Fig. 3(a): Integrating over pg;; (Within the
uncertainty of where the metal actually ends and the mole-
cule begins) yields no net charge transfer from metal to
molecule or vice versa in spite of the significant offsets
(Table I) between the molecular /Ps and @4,y [12].
Rather, a series of dipoles is induced upon adsorption,
which suggests looking at charge transfer in a more local
way (e.g., between Au and S, pgy clearly indicates the

TABLE I. HOMO energy relative to Ep (AE), work function modification (A®), molecular ionization potentials (/P), left and right

ionization potentials (P and 7P"&") of the hydrogen terminated layers of molecules, steps in the vacuum level across the molecular
layer (AV,,.), BD, ionization potential of the adsorbed SAM (I Pg'il;\[,[), and energy correction to the HOMO level (E,,). All values are

given in units of eV (per elementary charge); X denotes the substituent.

X AE AD IP [Pkt [ pright AV, BD IPgEN, Eoon
NH, —0.96 -2.69 4.81 512 3.62 ~1.49 ~1.19 347 0.15
SH —0.95 -1.02 5.16 5.08 527 0.19° ~1.19 5.13 0.13
CN ~0.99 2.66 5.69 5.17 9.01 3.84 ~1.17 8.84 0.16

“For the symmetric substitution, AV, arises from the fact that the (slightly asymmetric) atomic positions of the final relaxed structure

of the adsorbed SAM were used for the hydrogen terminated molecular layer.
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FIG. 2. (a) Plane-averaged electrostatic potential (eV per ele-
mentary charge ¢g.) of a 5-layer Au(111) slab (left). Also
indicated is the metal Fermi energy Ep, its work function
® y(111), the vacuum level V., and the molecular HOMO levels
(horizontal lines, right) as well as the molecular ionization
potentials (/P). (b) Plane-averaged electrostatic potential, left
and right vacuum levels (VI V') and jonization potentials
(IP*ft, [Prehty of the hydrogen terminated molecular
layers (right) compared to the isolated gold slab (left).
(c) Potential of the SAMs adsorbed onto Au(111). The HOMO
is located at AE below Ep, ®,,yy) is changed to P, and
[Pt to JPUEN . The gray boxes indicate that the isolated
molecules and the hydrogen terminated molecular layers have
been calculated separately, in the absence of any gold.

formation of a bond). The charge rearrangement upon
SAM formation rapidly decays in both the metal (within
the first two layers) and the SAM (within the first aromatic
ring). Moreover, pg is virtually identical for all systems

(note that in Fig. 3(a) data are shown for all three com-
pounds), underlining that the very different offsets between
the molecular /Ps and @ 4,117 are inconsequential for the
charge rearrangement at the S-Au interface.

Since pg;sr is essentially a series of dipole layers, it leads
to an additional potential step across the S-Au bonding
region. Numerically integrating the (one-dimensional)
Poisson equation V2V = — pyi¢/ &0 yields the microscopic
structure [Fig. 3(b)] and magnitude (Table I) of this inter-
facial bond dipole, BD [3,14]. The main effect of BD
(calculated to be ca. —1.2 eV [14,15]) is to rigidly shift
the potential well of the whole molecular layer, in particu-

lar VIE™ relative to the potential inside the metal, its
electronic states, and Eg [Fig. 2(c)]; the molecular levels
are shifted accordingly. As a secondary effect, the modifi-
cation of the potential at the sulfur atoms and, to a lesser
extent, on the first aromatic ring [Fig. 3(b)] results in a
small renormalization of the MO energies. The magnitude,
E_.., of this perturbation for the HOMO is determined by
the difference between IP"e" and the /P of the adsorbed

SAM, IPEY [Fig. 2(c)]. We find a slight destabilization of

the HOMO with respect to Vi£™ (Table I).

The values obtained for AE and A® (Table I) can now
be rationalized on the basis of the more instructive micro-
scopic description developed above: As was stressed be-
fore, what is relevant for the level alignment are not the
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FIG. 3. Plane-integrated charge density difference pg; (a) in
units of elementary charge g./A and the electrostatic potential
drop BD (b) across the SAM/metal interface resulting from the
difference between the S-H and S-Au bonding in eV per ele-
mentary charge ¢g.. The vertical lines mark the positions of the
gold, sulfur, and substitution (X) atoms.
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molecular /Ps (lying somewhere between [P and
IP1eht) but rather the offsets between IP*" and ® 4,1
[12]. Starting from this energy difference, the HOMO of
the molecular layer is then shifted by BD and corrected by
E.. to yield AE (its energetic position relative to Ep):

AE = (I)Au(lll)*IPleﬂ + BD + Ecorr (2)

Because the 1P"! values are virtually identical for all three
compounds (as are the BD and E,, values), also the AE
values are practically the same (Table I). Thus, all HOMOs
line up at the same energy below Ex [Fig. 2(c)] [12,15].

In contrast, the modification of the gold work function,
which can be expressed as [3,14]:

A® = AV,,. + BD 3)

is very different for the three investigated molecules
(Table I). The numbers reported in this Letter should be
regarded as upper limits for what can be observed in
experiments, where the high coverage and order assumed
for the calculations can be realized locally at the best [8,9].
Note that the choice of the symmetric substitution X = SH
conveniently provides direct access to the BD at the S-Au
interface, since here A® = BD (the difference of ca.
0.2 eV is due to the geometry distortion of the isolated
molecule upon adsorption into the SAM). The values for
AE [A®] obtained via Eq. (2) [Eq. (3)] are within max.
0.02 eV of those extracted from the self-consistent calcu-
lations on the full systems [part (c)].

To summarize, we theoretically studied representative
m-conjugated organic molecules assembled on, and cova-
lently bound to a metal electrode. We focused on the
mechanism of level alignment and work function modifi-
cation. Our work demonstrates that, for such systems, an
offset between the molecular /Ps and ® ;1) alone does
not give rise to any net long-range charge transfer and,
thus, does not impact the alignment of the HOMOs with
the metal Eg. Rather, the local electrostatic potential at the
binding site of the (closely packed layer of) molecules
must be considered together with the localized charge
fluctuations at the metal-molecule interface induced by
the covalent bond formation. Consequently, the molecular
HOMOs line up at the same energy below Er regardless of
chemical substitutions outside the immediate interfacial
region. The work function of the SAM covered gold sur-
face, however, can be tuned over a wide range. By shed-
ding new light onto the general properties of molecule/
metal interfaces at the atomic level, our findings suggest
that different strategies need to be applied depending on
whether the SAM is to act as the active transporting entity
or as the injection promoting entity in (macroscopic) or-
ganic electronic devices.
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