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In the present contribution, we investigate how the electronic structure of a Au(111) surface covered by a
self-assembled monolayer (SAM) of conjugated molecules depends on the packing density of the SAM. To that

aim, biphenylthiol-based molecules bearing electron-rich and electron-poor substituents are studied by means
of slab-type band-structure calculations. We find that the screening effects arising from the presence of neigh-
boring molecules decisively influence the impact of the substituent as well as the adsorption-induced charge
rearrangements at the metal-molecule interface. This has profound consequences not only for the alignment of
the molecular levels with the Fermi energy and the SAM-induced work-function modification but also con-
tributes to the clarification of the nature of the thiol-gold bond. The presented findings have important impli-
cations for single-molecule transport, SAM-based chemical sensing, and electrode modification in organic

electronics.
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I. INTRODUCTION

Self-assembled monolayers (SAMs) are widely used to
modify and tune the physical properties of surfaces. Corro-
sion protection or change of wetting properties’> can be
achieved as well as modification of the substrate work
function®® and chemical sensing.”® For the realization of
organic electronic devices, the most important parameters are
the work-function modification (A¢) and the alignment of
the frontier molecular orbitals (MOs) with respect to the
electrode Fermi level (Er). While the former determines
Schottky barrier heights,>'3 which govern charge injection
into organic devices, the latter is intrinsically connected with
the electron-transport characteristics of single-molecule and
monolayer devices.'420

Recently, we reported on the interfacial processes govern-
ing these parameters for a variety of SAMs consisting of
conjugated (semiconducting) molecules adsorbed onto me-
tallic substrates.>!~3 The link between the alignment of the
MOs and A¢ was established through the formation of di-
pole layers: one originates from the intrinsic dipole of the
molecules realized by donor or acceptor substitution at the
end of the backbone that is pointing away from the metal. A
second dipole layer, the bond dipole, is due to the formation
of the chemical bond between the docking group and the
metal. It is largely independent of the substituent®>* but can
be controlled through the choice of the docking group.??

In contrast to the previous investigations which were car-
ried out for densely packed monolayers, here, in order to
gain a deeper and more general insight, we systematically
decrease the coverage 6 of a SAM of 4'-substituted
4-mercaptobiphenyls adsorbed onto a Au(111) surface. We
find a pronounced nonlinear coverage dependence of both
A¢ and the alignment of the frontier MOs with Er. These
results are of special relevance for the entire field of single-
molecule electronics, where vastly different coverages are
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probed depending on the experimental setup; more or less
isolated molecules sandwiched between two electrodes are,
for example, encountered in scanning tunneling spectroscopy
measurements>> of diluted monolayers or break-junction
investigations,”® while transport through more densely
packed systems is studied in crossed-wire?’ or nanopore®
experiments and large area® devices. Also in theoretical in-
vestigations, some studies use small metal clusters’® as
model for the electrodes (thus describing a single, isolated
organic molecule), while calculations describing infinitely
extended surfaces through periodic boundary conditions
model the case of densely packed monolayers.!>-20

The present contribution shows that varying the packing
density of SAMs can lead to significantly altered electronic
properties of one and the same type of molecule attached to
the surface. In this context, it should be noted that the pack-
ing dependent mutual depolarization of adjacent molecules
in one-dimensional and two-dimensional molecular clusters
has recently been described using semiempirical
techniques,’! and Natan et al.?* stressed the importance of
cooperative effects (and the resulting molecular depolariza-
tion) at semiconductor/SAM interfaces.

Here, we also elucidate the nature of the thiol-gold
interaction in terms of bonding-induced charge rearrange-
ments at the metal-molecule interface, which lead to the
formation of the bond dipole. This subject has been ad-
dressed in numerous experimental>®193233 and theoretical
contributions?'~2334-38 due to its relevance for A¢. In par-
ticular, we will show that, in the investigated systems, the
adsorption-induced electron transfer from the molecular
backbone to the sulfur (in the following denoted as R*S~™
following Ref. 6) is strongly pronounced at low coverages
and suppressed in densely packed monolayers.

II. STRUCTURE OF THE SYSTEM

In this contribution, we employ the repeated slab ap-
proach, where the interface is modeled by a 2D-periodic in-
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FIG. 1. Top: view of the biphenyl SAM adsorbed onto the
Au(111) surface for #=1. The black squares represent the unit cells
used to realize the lower coverages, as explained in the main text.
Bottom: side view of the slabs used to describe the interface

finite sheet in the x-y plane (consisting of metal layers and
the molecules), which is periodically repeated in the z direc-
tion. A vacuum gap of 22 A is introduced between consecu-
tive slabs to prevent interaction between them. The metal
part of the slab is represented by five layers of gold. The
slabs have two surfaces: the one to which the molecules are
bonded is at larger z values and will be referred to as the
right surface, and the other one will be denoted as the left
surface (see Fig. 1). The vacuum regions next to the surfaces
will be called the right and left vacuum regions accordingly.

The system under investigation consists of a SAM of
4'-substituted 4-mercaptobiphenyls assembled on Au(111).
The unsubstituted SAM is known to pack in a dense herring-
bone pattern®® and in this phase the system has previously
been investigated by means of density-functional theory
(DFT) calculations.?? A top view of the Au(111) surface cov-
ered with the densely packed SAM is shown in Fig. 1. Two
substitutions at the 4’-position are considered: an electron-
poor cyano (-CN) group (acceptor) and an electron-rich
amino (-NH,) group (donor). They point away from the sur-
face and provide the molecules with dipole moments point-
ing in opposite directions; these dipole moments will in the
following be referred to as the intrinsic dipole moments. Ad-
ditionally, the substituents significantly impact the ionization
potentials of the isolated molecules.?

In most experimental setups, the actual microscopic inter-
face and SAM structure can vary greatly. In certain break
junctions, one is actually dealing with isolated molecules
surrounded by solvent attached to a metal tip; in dilute
monolayers, conjugated molecules are typically surrounded
by alkane thiols, and in less densely packed and disordered
SAMs, one can expect strong local fluctuations of the mo-
lecular orientation. Moreover, the existence of different
structural phases in SAMs at different packing densities has
been reported. For example, for 4'-methyl substituted
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4-mercaptobiphenyl, a phase with the molecular backbones
standing upright and one with the molecules virtually lying
down on the surface has been observed in Ref. 40. While the
many different possible geometric configurations can be ex-
pected to impact the interfacial electronic structure in the
SAMs, a study of all possible cases encountered in experi-
ments would obscure the more fundamental effects of cover-
age we seek to highlight in the present conceptual study.

Therefore, we chose to identify the purely electronic and
electrostatic effects of a varying packing density by focusing
on the most straightforward model case: we created sub-
monolayers by consecutively removing molecules from the
system optimized for full coverage (6=1), retaining an or-
dered superstructure. Half coverage (#=1/2) is achieved by
removing one molecule out of the 3 X3 surface unit cell
(Fig. 1). Lower coverages are obtained by consecutively
doubling the size of the unit cell and removing all molecules
but one. In this way, #=1/4 and #=1/8 are realized through
2/3 X3 and 4,3 X3 surface unit cells. §=1/16 is obtained
by doubling the unit-cell size at #=1/8 along the y direction.
Although this does not provide a one-to-one correspondence
to any one particular experimental situation, we are confident
that the gained fundamental insight justifies our approach, as
it provides general guidelines for the understanding of
coverage-related effects in the interfacial electronic structure
of SAMs on metals.

In order to clearly discriminate between effects arising
from intermolecular interactions and effects due to the bond-
ing of the molecule to the metal, calculations were carried
out separately for the organic layer alone and for the mono-
layer adsorbed onto the substrate. In order to always deal
with saturated docking groups, the sulfur moieties are satu-
rated with hydrogen atoms in the case of the isolated mono-
layer. The position of the hydrogen atom is determined by a
geometry optimization where only the hydrogen atom is al-
lowed to relax, while the monolayer itself is kept in the ge-
ometry it adopts when bonded to the metal. For calculating
the properties of an isolated molecule, it is placed in a very
large unit cell corresponding to a coverage of #=1/64. This
is realized by doubling the unit cell at #=1/16 in the x and y
directions omitting the metal.

For all coverages, the molecules are initially kept frozen
at the equilibrium geometry at full coverage®” to highlight
effects which are of purely electronic nature. Geometric re-
laxations together with their consequences are then discussed
briefly in the Appendix for #=1/2 and 6=1/4. For lower
coverages and the corresponding huge surface unit cells, ge-
ometry optimizations are computationally too demanding.

III. COMPUTATIONAL METHODOLOGY

DFT calculations with the PW91 exchange-correlation
functional were performed with a plane-wave basis set (cut-
off of 20 Ry) using the VASP code.*'** The projector
augmented-wave method**® was applied to describe
valence-core interactions. This allows for the relatively low
kinetic energy cutoff for the plane-wave basis set. § X5 X 1,
§XS5X1, 4X5X1, 2X5X1, 2X2X1, and 1X1X1
Monkhorst-Pack grids*’ of k points were applied for cover-
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ages of #=1, 1/2, 1/4, 1/8, 1/16, and 1/64, respectively.
This ensures consistent k point sampling for all unit-cell
sizes; moreover, a Methfessel-Paxton occupation scheme
(broadening 0.2 eV) was used.*®

Following the approach outlined in Refs. 21-23, the en-
ergetic position of the states derived from the highest occu-
pied MO (HOMO) of the isolated molecule relative to Ep
was determined by the first pronounced peak (below Ef) of
the purely molecular contribution to the total density of
states of the metal/SAM system.

For practical reasons, a dipole sheet is introduced in the
middle of the vacuum gap between two consecutive slabs.*
This procedure allows extracting the work functions of the
asymmetric slabs on the right and left sides by evaluating the
difference between the Fermi energy of the system and the
value of the local electrostatic potential in the vacuum region
on the respective side of the slab.

Geometry optimizations were carried out using a damped
molecular dynamics scheme until the remaining forces were
<0.01 eV/A. The three bottom metal layers of the five-layer
slab were always kept fixed at their bulk geometry; the sulfur
docking atom is found to be situated in the fcc hollow with
only a minor distortion toward the bridge site. Three-
dimensional graphics were produced using XCRYSDEN.>"

IV. RESULTS AND DISCUSSION

To distinguish between effects arising from the interaction
of the molecules within the monolayer and between the
monolayer and the metal substrate, we first considered the
electronic structures of the noninteracting metal and SAM
systems. The combined system will be treated in the subse-
quent sections dealing with the results of bond formation and
the resulting charge redistributions.

A. Isolated self-assembled monolayer

When arranging molecules with an intrinsic dipole mo-
ment in a regular fashion in the x-y plane, a dipole layer is
formed. The area density of molecules is given by 6/A,
where A=22.6 A2 is half of the area of the 3 X 3 unit cell in
the x-y plane. The potential energy of an electron E, (defined
as the energy of a particle with negative elementary charge)
in such a monolayer (as obtained from the DFT calculation)
can be visualized along the z axis by averaging over all
points in the x-y plane. In Fig. 2, E, is shown for the -NH,
substituent at #=1 (solid line). One conceptually important
feature is that E, assumes two distinct values, Elgj and E;’;‘j’j”,
on the left and right sides of the monolayer. The difference
AE,,.=E$" - E"" is directly related to the molecular dipole

moment and the area density of molecules in the SAM
through the Helmholtz equation

eOu(0)
€y '

AEvac(g) = (1)
Here, w(6) is the component of the molecular dipole moment
in the z direction.

At 0=1/16, the plane averaged potential energy of an
electron has a somewhat different shape, as shown by the
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FIG. 2. Potential energy of an electron E, in the -NH, substi-
tuted monolayer at #=1 (solid line) and #=1/16 (dashed-dotted
line). To allow for better comparison, the latter curve was multi-
plied by a factor of 16 and the E" were aligned.

vac

dashed-dotted line in Fig. 2 (V, at 6=1/16 has been multi-
plied by a factor of 16 and the E’$" have been aligned). In
contrast to E, for #=1, a gradual decrease of the averaged
energy from left to right can be seen, which is a consequence
of the presence of an electric field within the monolayer. For
larger coverages, this field is increasingly screened by the
neighboring molecules resulting in a reduced net dipole mo-
ment per molecule.”3!'1-33 It should also be mentioned that
in a purely classical model viewing the substituents as mere
point dipoles, the field penetration is also reduced for small
dipole-dipole distances.?*

As a consequence of this depolarization, w is significantly
reduced upon increasing 6, which gives rise to the markedly
sublinear coverage dependence of AE,,. (shown for both
substituents in the top part of Fig. 3). The limiting case of no
intermolecular interactions is given by setting u(6)=u’ in
Eq. (1), with u° being the z component of the intrinsic dipole
moment of the isolated molecules (u’=-0.51 ¢ A=-2.45 D
and u’=1.14 ¢ A=5.48 D for the -NH, and -CN substitu-
tions, respectively). The resulting linear dependence of AE,,.
on 6 is indicated by the solid lines in Fig. 3 (top). The
marked differences between the evolutions with and without
considering the intermolecular interactions highlights the im-
portance of coverage effects, especially for high packing
densities.

When neglecting effects due to the interaction between
metal and SAM (i.e., for the case discussed in the present
section), AE,,. equals the work-function modification A¢ of
the SAM covered Au(111) surface relative to the pristine Au
surface. This is the relevant quantity for many applications of
SAMs in organic electronics that aim at tuning charge injec-
tion barriers at interfaces. The data in Fig. 3 also underline
that introducing a (coverage-independent) “effective” dielec-
tric constant into the denominator of Eq. (1)*~>!° is not suf-
ficient. This would only change the slopes of the solid lines
in Fig. 3 but fail to capture the pronounced nonlinearity of
AEvac( 0)

To discuss the relative alignment of metal and molecular
states, the next quantity to be addressed is the ionization
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FIG. 3. Top: potential energy jump AE,,. as a function of cov-
erage 6 as calculated by DFT (symbols) and from the Helmholz
equation (solid lines). Triangles (circles) refer to the -NH, (-CN)
substitution. Bottom: IPX/% (open symbols) and TP5% (filled sym-
bols) for the -NH, (triangles) and -CN (circles) substituents as a
function of #. The dashed lines represent the IPs of the isolated

molecules.

potential of the isolated monolayer. In the bottom part of Fig.
3, we show the evolution of the ionization potentials (IPs) of
the SAMs with 6. For the isolated molecules, there exists
only one IP, which is in a first approximation given by the
energetic position of the HOMO relative to one unique
vacuum level. It is calculated to be 4.78 eV for the electron-
rich -NH, substituent and 5.60 eV for the electron-poor -CN
substituent. In contrast, for the SAM, there are two distinct
IPs, IP¢{}, and IP§5), as there are two distinct vacuum levels
E"" and ET8" split by AE,,, (see above and Fig. 2). For ¢
=0, AE,, vanishes and IP¢],,=IP§$}s=IP; upon increasing 6,
1P and IPgSM start deviating from the respective IP value
with the largest differences for #=1. In that case, IPEf}, is
completely insensitive to the substituent.”?

IP¢" is a crucial quantity for the alignment of the frontier
molecular orbitals with respect to the Fermi level: in the
(hypothetical) case of no electronic interaction between
metal and SAM, i.e., in the Schottky-Mott limit, the left
vacuum level E/" of the isolated monolayer aligns with the
vacuum level above the Au(111) surface. Then, the position
of the HOMO relative to the Fermi level is simply given by
AE} 0= bauiiy =Py dauiy is the work function of
the Au(111) surface and was calculated to be 5.2 eV.?! Fol-
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FIG. 4. HOMO energies with respect to the Fermi level in the
noninteracting case, AEj:, - (open symbols), and in the interacting
case, AEyoyo (filled), as a function of coverage 6. Triangles
(circles) refer to the -NH, (-CN) substitution.

lowing the evolution of IP¥/} = AEWE o at #=1 is indepen-

dent of the substitution and the molecular HOMO is located
close to the Fermi level (see Fig. 4, open symbols). At lower
0 values, the -NH, (-CN) substituted monolayer has the
HOMO located well above (below) the Fermi level with the
biggest differences between the two systems observed for 6
approaching 0, i.e., for the limit of quasi-isolated molecules.

B. Charge rearrangements upon bond formation

When allowing SAM and metal to interact and to form a
chemical bond, rearrangements in the charge density, App,,q
occur at the interface. To calculate Apy,, . the noninteracting
electron density is subtracted from the electron density p of
the combined metal-monolayer system.?'~23 The former is
derived from the electron density of the isolated metal slab,
Pau(111)> the isolated monolayer, p,,,,,, and the isolated hy-
drogen atoms, py. For the z-dependent quantities per mol-
ecule one obtains by integration over the xy plane within the
unit cell,

Appd) =11 = [omat 1(2) + Prenl2) ~ (2]

(2)
Here, M denotes the number of molecules in the unit cell.
S
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FIG. 5. Charge rearrangements Ap,,; (bottom), amount of
transferred charge Q.4 (center), and resulting potential energy of
an electron E,,,, (top) for an idealized simple electron transfer case,
where an electron is removed from the region between 7z’ and z
and placed in the region between Z and 7. R,, denotes the middle
of the vacuum gap and c is the unit-cell vector along the z direction.
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FIG. 6. Charge rearrangement Ap,,,; and charge transfer Q4
(definition see text) per molecule as well as the resulting potential
energy of an electron, Ej,,; for the -NH, (left) and -CN (right)
substituted monolayers. Apy,,,; and Q. have been integrated over
the x-y plane of the respective surface unit cell. The solid lines
correspond to #=1 and the dashed lines to §=1/16.

In order to facilitate the interpretation of Apy,,;, we first
consider a simplified one-dimensional case where a dipole
layer is created through transfer of one electron from the
region between —z’ and z" to the region between z and z”.
Apyona (2) 1s then given by step functions, as shown in Fig. 5.
In order to quantify the amount of charge transfer occurring
upon adsorption, one can consider Q,,,4, Which is calculated
by integrating Apy,,.s Over z,

Qbond(z):fv Apbond(Z’)dZ,' (3)

In the example in Fig. 5, Q,,,,,, adopts a triangular shape with
Opona (2)=e, i.e., the maximum of Q,,,; equals the total
amount of transferred charge. The corresponding potential
energy of an electron, Ej,,,(z), is then obtained by solving
the one-dimensional Poisson equation (e being the elemen-
tary charge; see also Fig. 5),

dEppni(z) €8
g T g ). (4)
For the case of the biphenyl-type SAMs adsorbed on
Au(111), Ap,,,.s and its impact on level alignment and work-
function modification have already been discussed for full
coverage (6=1).22 Here, we will focus on differences arising
from variations in the packing density. In Fig. 6, Ap,,,s at
0=1 and 6=1/16 are compared. All intermediate densities
(not shown) lie between these two limiting cases.
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FIG. 7. Isodensity representation of Apy,./(x,y,z) at 6=1/16
for the -NH, substituent. The molecule is shown from the side, i.e.,
the plane of the biphenyl backbone is vertical to the drawing plane
to show the 7 character of the electron depletion in the backbone.
Electrons flow from the regions shown in the left image to the

regions shown in the right image.

To analyze local charge redistributions, we will focus on
Appona» While the net charge transfer between larger regions
is best revealed by close to triangular features in Q,,,s (see
above). At high coverage, we see in the molecular region
(encircled in Fig. 6) that the rapidly varying features of
Appona are of positive and negative signs and decay rapidly at
larger distances from the immediate metal-molecule inter-
face. The small triangular feature of Q,,,, in the region be-
tween the sulfur atom and the first three carbon atoms is
indicative of electron density being shifted toward the sulfur
region. In the region of the metal, Ap,,,, displays much
larger oscillations. The feature seen for Q,,,, between the
second metal layer and the sulfur atom is a clear indication
of electron density being shifted from the interface region to
the first approximately. 1.5 layers of gold. This feature is
attributed to the bond formation between sulfur and gold and
the push-back effect arising from Pauli repulsion, i.e., the
electron density leaking out from the pristine metal surface
into the vacuum is pushed back into the metal due to the
mere presence of the molecules.”* The fact that the two close
to triangular features of Q,,,,, are relatively well separated by
a minimum at the position of the S atom with Q,,,;,~0
shows that there is virtually no net charge transfer between
the metal and the molecules.

At low 6, the features of Ap,,,, in the molecular region
are all of negative sign and decay much more gradually over
the molecule. Here, the depletion of electrons from the back-
bone (R*) is accompanied by a sharply localized accumula-
tion of electrons in the sulfur and interface region (S~) which
justifies the term R*-S~ electron transfer previously used for
thiol-bonded SAMs.® Within the metal, the main difference
between high and low coverages is that in the latter case, the
charge redistributions are no longer confined to the two top-
most layers but extend over the whole five-layer slab (see
Fig. 6). The lack of strong features in Q,,,; in the region of
the three bottom layers, however, shows that these fluctua-
tions are of only local nature and are not associated with
long-range charge transfer.

Furthermore, while at high coverage there is virtually no
difference between the -NH, and -CN substituted SAMs, the
R*-S™ electron transfer at low coverage is much more pro-
nounced for the -NH, substituent. This can be explained by
the fact that -NH, as a donor promotes the transfer in con-
trast to -CN, which as an acceptor counteracts it.

The spatial distribution of Ap,,,,; at low coverage is visu-
alized by an isodensity representation in Fig. 7. It shows that
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the electron transfer from the backbone to the interface (sul-
fur) region occurs from the 7 system of the molecule. In
contrast to the previous analysis for high coverage at #=1,%!
here, the entire backbone is involved in the process consis-
tent with electron transfer being much more pronounced at
low coverage.
Epona(z) as induced by the charge rearrangements [see Fig.
6 and Eq. (4)] displays a steplike shape of magnitude BD(6).
It is smaller at low coverage despite the fact that then the
electron transfer per molecule is more pronounced. This fol-
lows from the linear scaling of E,,,,; with the packing density
0 [Eq. (4)]. The bond dipole moment gy, however, which
is again defined per molecule as
E20pp(g), (5)

Mbond = Oe

is much more pronounced at low coverage. At =1, w4
=-0.15¢ A (-0.72 D) for both the -NH, and -CN cases,
while for 6=1/16, w,,,;=—0.79 ¢ A (=3.79 D) for the -NH,
and fppng=—0.54 ¢ A (=2.59 D) for the -CN substituents.
This shows that the dipole is not only substantially bigger at
low coverage but also highly sensitive to the substituent, i.e.,
the chemical structure of the SAM.

C. Implication of the charge rearrangements for work-
function changes and level alignment

This is of relevance for previous works,’>!0 where the

SAM-induced work-function modifications are estimated
based on the intrinsic dipole moments of the molecules, u,
and a certain bond dipole wy,,s Our findings, however, un-
derline that both dipoles are highly depending on coverage;
 because of the screening of the molecular dipole moments
by the neighboring molecules and the resulting depolariza-
tion and w,,q as a consequence of the coverage dependent
R*-S~ transfer. The localization of this charge transfer at high
coverage can again be attributed to the screening properties
of the neighboring biphenyl backbones, effectively decou-
pling the sulfur end of the monolayer from the substituent
end. We believe this screening effect to be of relevance also
for chemical sensing based on the cooperative molecular
field effect,” where chemical substitution on one side of the
molecular layer induces a charge redistribution on the other
end. According to the present findings, the redistributions per
molecule will be strongly suppressed at high coverage.

In general, the total coverage-dependent work-function
modification A¢(6) is obtained via>'->3

Ag(6) =BD(6) + AE,,(6). (6)

It is shown as a function of @ in Fig. 8. For comparative
reasons, the solid lines from Fig. 2, which depict the situa-
tion neglecting depolarization and the bond dipole, are in-
cluded as well. A comparison of Figs. 2 and 8 reveals that,
due to BD(6), Ap(6) is systematically shifted to more nega-
tive values compared to AE,,.(6). Interestingly, in contrast to
what was observed for AE,,.(6), an almost linear increase of
A¢ is now obtained for the -CN substituent, although the
slope is much smaller than one would expect when only
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FIG. 8. Work-function modification A ¢(#6) induced by the SAM
in the combined metal-molecule system as a function of coverage 6.
Open symbols refer to the calculations where the geometries were
kept fixed to the equilibrium geometry at #=1. Triangles (circles)
refer to the -NH, (-CN) substitution.

considering the intrinsic molecular dipole moment (compare
the straight line in Fig. 8). For the -NH, substituent, a clearly
sublinear evolution is observed. The significant differences
in the 6 dependence of A¢(6) between the two substitutents
are due to the fact that AV,,.(6) and BD(6), which add up for
the -NH, substituent but partly cancel for -CN, display
somewhat different evolutions with 6. Moreover, these evo-
lutions are not the same for the two investigated systems.
This shows that if one intends to modify, e.g., the work
function of electrodes by adsorbing chemically bonded
SAMs, changes in the chemical structure of the molecule can
have profound effects for the dependence of the work-
function modification on the film quality (exemplified here
by the packing density).

In Fig. 4, we show how the HOMO-derived state in the
combined metal-molecule system aligns relative to the Fermi
level. The energy difference AEy,0 between this state and
Ep is a direct measure for the hole-injection barrier from the
metal into the SAM. The HOMO is systematically down-
shifted compared to the noninteracting case discussed in Sec.
IV A (AEgou0 is clearly more negative than AE},,, in Fig.
4). This is a direct consequence of E,,,; which shifts the
potential landscape in the molecular region to lower ener-
gies. As a result, when including the bond dipole, the HOMO
is located clearly below the Fermi level of the metal in all
investigated cases.

A closer analysis of the trends reveals that, in fact,
AEyomo cannot be directly obtained by simply adding BD to
the HOMO position in the noninteracting case. Rather, a
small correction term E,,,,(6) has to be added,>* which turns
out to be also coverage dependent, as shown in Fig. 9,

AEpomo(6) = AEZiOMo +BD(6) + E,,,.(6). (7)

We assign the origin of E,,,,(6) to two competing contribu-
tions. (i) The potential drop BD is not sudden at the interface
(Fig. 6); thus, the potential well of the molecule is perturbed
close to the interface resulting in an upward shift of the
HOMO. (ii) The m-conjugated backbone of the molecule is
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FIG. 9. Energy correction of the molecular states, E,,, resulting
from the change of the molecular potential as a function of cover-
age 0. Triangles (circles) refer to the -NH, (-CN) substitution.

depleted of electrons due to R*-S~ charge transfer and the
resulting unscreening of the nuclei introduces a downshift of
the HOMO. As the latter effect gains in importance upon
lowering the coverage, we see a transition from positive
E.,.(0) at high 6 toward negative E,,,(6) at low 6.

Importantly, Fig. 4 clearly shows that there still exists a
strong correlation between AE}. (0) and AEoy0(6). In
particular, the negligible difference between the two substitu-
ents at #=1 and the significant difference at =1/16 is pre-
served. This underlines that for tuning the level alignment of
molecules on surfaces, the control of IPQ%,, is of great
importance.”> Most importantly, for single-molecule trans-
port applications, the observation of a highly coverage-
dependent level alignment implies that the /-V characteristics
of a single isolated molecule between two contacts can be
markedly different from those of a densely packed mono-
layer of the same molecule.

V. SUMMARY AND CONCLUSIONS

We investigated the coverage dependence of the elec-
tronic structure of biphenylthiol-based SAMs on the Au(111)
surface. Two different substituents, an electron-rich -NH,
and an electron-poor -CN group, were attached to the top end
of the molecules to provide them with different molecular
ionization potentials and to realize SAMs with opposite di-
pole moments.

For the isolated monolayers (no metal present), we ob-
served energetic decoupling of the substituent side from the
thiol side (found in Ref. 22) only at high coverage, where
effects due to end-group substitution are efficiently screened
by the polarizable m-conjugate backbone of the molecules.
These screening effects result in a (nonlinear) reduction of
the dipole moments of the molecules with increasing packing
densities (depolarization). At low coverage, an electric field
arising from the intrinsic dipole moments of the SAM form-
ing molecules is present in the loosely packed layer.

For the interacting SAM/Au(111) system, a markedly
coverage-dependent electron transfer from the entire conju-
gated backbone toward the sulfur and interface region is ob-
served (R*-S™ charge transfer) at low packing densities. It is

PHYSICAL REVIEW B 77, 045113 (2008)

more pronounced for the -NH, than for the -CN substituent.
At high coverage, the electronic rearrangements upon
Au—S bond formation are confined largely to the sulfur
region and, consequently, are unaffected by the substituent.

The SAM-induced work-function modification (originat-
ing from the molecular dipoles and the Au—S bond dipole)
also displays a pronounced coverage dependence. Interest-
ingly, the observed trends differ significantly for the two sub-
stituents. While in the -CN case the work-function modifica-
tion is seen to depend almost linearly on the coverage, it is
strongly sublinear for the -NH, substituent. This is highly
relevant for the more and more common application of
SAMs for tuning the charge injection properties of electrodes
in organic electronics.

Additionally, the packing density of the molecules in the
SAM has a profound impact on the energetic alignment be-
tween the frontier molecular orbitals and the metal Fermi
level. Therefore, the electron-transport characteristics of
single-molecular junctions can be expected to be strongly
influenced by the presence of neighboring molecules and the
corresponding packing density. We conclude that, for an
efficient design of SAM-based molecular -electronics,
coverage-related effects do play a decisive role.
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APPENDIX: GEOMETRY RELAXATIONS

For the higher packing densities, steric hindrance amongst
the molecules constrains their atomic structure. When per-
forming a structural relaxation of a completely isolated mol-
ecule (no surface included), two major differences are ob-
served with respect to the geometries considered so far: (i)
the inter-ring twist angle between the two central phenyl
rings is increased from 5.6° to 24.6°, which results in an
increase of the band gap by 0.2 eV, and (ii) some bond
lengths are modified. In particular, the bond length from the
outer phenylene to the substituent changes from
1.415 to 1.399 A in the -NH, case, while it remains largely
constant for the -CN substituent (1.427 and 1.428 A). Due to
this distortion, the intrinsic dipole moment of the -NH, sub-
stituted molecule increases from —0.51 ¢ A (=2.45 D) to
-0.58 ¢ A (=2.79 D), while in the -CN case it remains at
1.14 ¢ A. (2.48 D). The difference between -NH, and -CN
can be rationalized by the fact that for -NH,, two different
resonance structures exist, R—NH, and R‘:NH2+, which
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is empirically known to result in the observed bond-length
changes. Such two resonance structures are not possible for
the -CN substituent.

The situation of relaxing the molecules on the surface is
very similar to the case just described. These relaxations
were investigated for the #=1/2 and 6=1/4 systems and
were started from the geometries considered before. The in-
clination of the long molecular axis with respect to the sur-
face normal was not changed during the optimization, while
the molecule approaches the surface by about 0.2 A at 6
=1/4. The latter is consistent with the before-mentioned in-
crease of electron density in the spatial region between sulfur
and gold. For #=1/4, the inter-ring twist angle increases to
23° which is very close to the value of the isolated molecule.

PHYSICAL REVIEW B 77, 045113 (2008)

This can be rationalized in terms of the intermolecular pack-
ing forces being already largely reduced at this coverage.

The fact that the molecules approach the surface slightly
increases BD and, as a consequence, also the energy levels of
the molecule are slightly lowered (~0.1 V) in agreement
with Ref. 55, where the effect of increasing the distance to
the surface was studied in detail for dithiolbenzene. The re-
laxations make the previously discussed differences in the
coverage dependence of Ag(6) even more pronounced. Now,
in the -NH, substituted monolayer, |A¢| increases by only
8% (instead of 23%) when going from half coverage to full
coverage, whereas a 73% (instead of a 63%) increase is ob-
served for the -CN substituted monolayer.
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