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1. Introduction

The intrinsic electronic properties of 
organic semiconductors (OSCs) can be 
tailored flexibly by today’s chemical syn­
thesis. Transferring this approach also 
to the frontier electronic energy levels of 
OSCs adlayers would be a powerful tool for 
controlling interfacial electronic effects and 
for adjusting the work function of metallic 
substrates, and hence reducing the charge 
carrier injection barriers of organic device 
architectures.[1–6] However, going to the 
condensed matter, the actual electronic 
properties of such OSC adlayers exhibit 
usually drastic changes compared to their 
isolated states. According to classical elec­
trostatics, the change in the work function 
through a monolayer depends on the ver­
tical component of the total dipole moment 
μ⊥ and the packing density of the mole­
cules. Usually, μ⊥ can be decomposed into 
two rather independent components.[7–10]

(i) � The interface dipole μint is associated to 
charge reorganization processes at the 
interface, which on one hand is gov­
erned by charge transfer between mole­
cule and substrate due to a difference 

Modifying the work function of metal electrodes by monolayers of molecules with 
specifically tailored electronic properties is a versatile tool, but such chemical 
modifications often also affect the adsorption geometry and packing density, 
making microscopic modeling difficult. Using scanning tunneling microscopy, it 
is shown that the recently synthesized partially fluorinated dinaphthothienothio-
phenes (DNTTs) adopt the same interface structure on different metal substrates 
independent of the degree of fluorination. Combining Kelvin probe measure-
ments and density functional theory (DFT) calculations, a highest occupied mole-
cular orbital (HOMO) pinning effect for such FxDNTTs on Au(111) and Ag(111) 
induced by collective electrostatic interactions in the monolayer is observed. 
Since the adsorption of weakly interacting molecules such as the FxDNTTs is not 
restricted to specific surfaces as is the case with SAMs, this concept is extended 
to metal substrates with quite different work function values. For a low work 
function surface such as Cs(110), a lowest unoccupied molecular orbital (LUMO) 
pinning effect is predicted at the theoretical level. Since such alkali metal surfaces 
are not experimentally accessible, a well-defined Cs monolayer on Cu(100) as a 
low work function substrate is used instead. For this substrate, however, a varia-
tion is observed in the LUMO energies and the work function as a function of the 
degree of fluorination. This is attributed to the formation of a second interface 
dipole at the buried Cs/Cu interface, which is modulated with the degree of 
fluorination and competes with the dipole at the outer molecule/Cs interface. 
Such a second internal interface dipole, which can be modified by the top layer, 
has to be considered when going to more complex heterointerfaces.
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in their chemical potentials or chemical bonds to the 
substrate and on the other hand by the push back effect 
that decreases the surface spill-out and hence the surface  
dipole of the bare metal substrate by Pauli repulsion.[11]

(ii) � The permanent dipole of the molecule µmol projected onto 
the surface normal.

Since a chemical functionalization of molecules is often 
accompanied by changes in their adsorption geometry and/
or packing density yielding hardly predictable adsorption 
areas per molecule, which in turn also affect the work func­
tion, it appears quite difficult to independently study the for­
mation of the interface dipole μint. Interestingly, covalently 
anchored self-assembled monolayers (SAMs) can be functional­
ized easily through their molecular backbone via electroactive 
substituents without perturbing their surface area A, which 
was successfully used to modify the work function shift on 
several substrates.[12–14] However, for congeneric SAMs, it was 
also found recently, that despite quite different HOMO levels of 
the various molecular entities, the resulting charge transfer at 
the interface and hence the interface dipole and work function 
change can be almost the same. Thus, counterintuitively, the 
new HOMO levels of the adlayer are almost equal due to collec­
tive electrostatic effects, which in literature has been referred to 
by some of us as HOMO level pinning.[15]

It is worth stressing that we deliberately avoid using the 
terminology of Fermi level pinning that has been used exten­
sively to describe the special scenario in which the unper­
turbed HOMO level of the molecule is above (or the LUMO 
level below) the Fermi level of the metal. In particular, Fermi 
level pinning is invoked in the integer charge transfer model 
typically applied to passivated metal surfaces in contact with 
OSCs, i.e., in a very weak coupling regime.[16] In a simple pic­
ture, this model implies that the HOMO level of the organic 
material cannot lie above the Fermi level EF (respectively the 
LUMO below the Fermi level) of the electrodes, in which case a 
full charge transfer would occur from the molecule to the metal 
to reposition the HOMO level below EF (or from the metal to 
the molecule to reposition the LUMO above EF). When the 
Fermi level lies in the gap of the organic molecule, a Fermi 
level pinning can also occur in the presence of a significant 
coupling between the two components and is then driven by 
the principle of chemical potential equalization (typically asso­
ciated with EF for the metal and corresponding to the midgap 
value (IP + EA)/2 for the organic semiconductor) both for 
standing up and flat-lying molecules. Such a Fermi level pin­
ning can be best evidenced by considering a series of closely 
related molecules. Previously, it was theoretically shown that 
the HOMO level can be aligned independently of the chemical 
substitution of the conjugated entity in a single molecule break 
junction in contrast to the situation prevailing for the isolated 
compounds;[17] in this case, the pinning effect arises from a 
change in the amplitude of the interface dipole as a function 
of the HOMO energy in the isolated molecule. Fermi level pin­
ning also rationalizes that the alignment of the HOMO level 
in SAMs is weakly affected when changing the nature of the 
metallic electrode due to the modulation of the interface  
dipoles.[18] On the other hand, describing changes in the elec­
tronic structure of a single molecule when embedded in a 

solid-state medium due to collective (cooperative) electro­
static effects has received much attention over the years.[19–21] 
However, it is much less recognized and discussed that a 
HOMO pinning can be observed with respect to the Fermi level 
for several closely related derivatives due to such effects. In this 
case, the pinning occurs without any variation in the ampli­
tude of the interfacial charge transfer, thus in stark contrast 
with the principle of equalization of chemical potentials. This 
has been observed theoretically in highly ordered systems such 
as SAMs, without any role played by the Fermi level of the 
metallic electrode.[7,15] This implies that cooperative effects can 
wipe out the impact of chemical derivatization. This specific 
HOMO pinning effect has recently been observed experimen­
tally in SAM-based molecular junctions containing a three-ring 
phenylene ethynylene oligomer and substituted derivatives.[15] 
Although SAMs enable to study of the influence of μ⊥ on the 
change in the work function independently of A, the upright 
molecular geometry causes a non-negligible tunnel barrier for 
charge carriers, which limits their use for device applications.[22] 
In addition, the wet chemical processing of SAMs restricts 
them essentially to noble metal substrates and does not allow to 
probe low work function surfaces such as alkali metals and to 
examine whether there is also a possible LUMO pinning effect. 
An idealized system would therefore be a set of non-covalently 
bound, flat-lying molecules whose energetic levels can be modi­
fied without changing their adsorption geometry.

2. Results and Discussion

In this study, we show that the recently synthesized partially 
fluorinated dinaphtothienothiophenes (FxDNTTs, x  = 0, 4, 8) 
meet these requirements perfectly and thus enable such an 
investigation.[23] Since the modification of the electronic proper­
ties of noble metal surfaces by molecular adlayers has already 
been discussed in detail in the literature,[7,16,24–37] which demon­
strates a controlled work function shift by organic mono- and 
thin multilayer films, we only briefly describe our experimental 
and theoretical results on the work function changes of the 
Ag[Au](111) substrates investigated at the beginning in order to 
validate our methodology. In the next step, we then analyzed 
the modification of a low work function metal surface with the 
example of cesium. While Cs crystal surfaces are only theoreti­
cally accessible due to their high chemical reactivity and low 
thermal stability, we have instead used epitaxial Cs monolayers 
on Cu(100) to mimic a low work function alkali metal surface 

Figure 1.  HOMO/LUMO energy levels (in eV) of several partially 
fluorinated DNTTs were calculated via DFT with the B3LYP functional. 
Corresponding frontier orbitals are depicted next to the energy levels.
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that enables coverage dependent work function measurements 
for the various FxDNTTs.

As depicted in Figure 1, the HOMO and LUMO levels of the 
FxDNTTs shift on a theoretical level toward lower energies with 
an increasing degree of fluorination, while the optical band gap 
remains almost constant in full consistency with experimental 
spectra.[23] The interface structure of the non-fluorinated DNTT 
on the noble metal surfaces Ag(111) and Au(111) was extensively 
studied previously yielding completely flat-lying molecules 
with a molecular surface area of A  = 1.3 nm2.[38,39] With this 
knowledge, we performed scanning tunneling microscopy 
measurements of all three DNTT derivatives on Ag(111), which 
are depicted in Figure 2.

A comparison of the structure models (cf. Figure  2d–f) 
shows that the F4DNTT monolayer adopts the exact same 
unit cell and consequently the same area per molecule as the 
non-fluorinated DNTT. Only the unit cell of the F8DNTT mon­
olayer is slightly azimuthally rotated compared to the other two 
derivatives, but exhibits the same molecular area. Since the 
investigated unit cells on Ag(111) are almost independent of the 
degree of fluorination and the non-fluorinated DNTT adopts 
the same unit cell both on Ag(111) and Au(111), we assume 
that the FxDNTTs have similar unit cells also on Au(111). 
Consequently, this set of FxDNTTs monolayers provides an 
excellent model system in which electronic properties are mod­
ulated without changing the flat-lying adsorption geometry. 
Thereby, any permanent dipole moments along the z-direction 
arising from the molecular backbone are safely excluded, which 
allows to study solely the influence of the HOMO/LUMO posi­
tions on the resulting interface dipoles without limitations to 
specific surfaces.

In the next step, we performed in situ Kelvin probe (KP) 
measurements of those FxDNTTs monolayers on Au(111) as 
well as on Ag(111) in order to probe the work function change 
they induce to the metal surfaces. As depicted in Figure 3a, all 
FxDNTTs decrease the work function of the bare Au(111) from 
5.3  eV down to 4.6  eV upon deposition of a nominal mono­
layer. A similar trend is observed for Ag(111), which is shifted 
from 4.5 eV down to 3.9 eV. Complementary, we analyzed the 
FxDNTT monolayers by means of DFT calculations based on 

the PBE functional, using the structure models deduced from 
the STM measurements discussed above (see SI for full details 
of the modeled structures). Since the primary goal of the theo­
retical modeling is to rationalize qualitatively the experimental 
trends, we have first assessed whether we could neglect van der 
Waals corrections in order to reduce the computational time. 
The comparison of the two sets of data obtained for F4DNTT on 
Au, Ag, and Cs/Cu points to very similar trends, with actually 
a quite good quantitative agreement for most of the calculated 
parameters (see SI). As a result, only DFT/PBE data will be 
discussed in the remaining of the paper. Doing so, the calcu­
lated theoretical work functions of bare gold (5.17 eV) and silver 
(4.43  eV) are in good quantitative agreement with those gath­
ered experimentally. Moreover, a similar final work function of 
4.6 eV is obtained for each modeled FxDNTT/Au(111) interface, 
in full consistency with the experimental data. The same trends 
are also recovered for FxDNTT/Ag(111) interfaces in spite of a 
small difference between the computed (3.7 eV) and measured 
(3.9 eV) WFs. This leads us to the conclusion that the WF shift 
(ΔΦ) is independent of the degree of fluorination of the DNTT 
also on a theoretical level.

This is in contradiction to the simple picture, where the 
chemical potential μchem of the isolated molecules changes 
with the degree of fluorination and hence the amount of charge 
transfer, resulting in a different work function shift. Actually, 
the HOMO states of the three derivatives in the monolayer are 
pinned to the same value by collective effects (cf. Figure  3b); 
this is in contrast to the isolated molecules, which reveal an 
energetic spread of this orbital of 0.54 eV (as indicated by the 
colored arrows in Figure  3b). From an experimental point of 
view, a similar decrease of the WF in the order of 0.5–0.7  eV 
could also indicate a pure pushback effect without any charge 
transfer. We have already shown in a previous study that 
the non-fluorinated DNTT causes an additional WF shift 
when going to multilayer films (ΔΦDNTT,Ag  =  −0.9  eV and 
ΔΦDNTT,Au = −1.0 eV),[39] which is either caused by some charge 
transfer or by a permanent dipole moment of the film. Since 
the DNTT molecule has no significant dipole moment, there 
has to be a charge transfer between the molecular layer and 
the metal substrates. It is quite interesting that this HOMO 
pinning effect, which is schematically shown in Figure  3c on 
the right side, is not only present for covalently bound SAMs 
with molecular backbones in close contact but also for weakly 
interacting systems like the FxDNTT molecules lying flat on 
noble metal surfaces. Here, as described before, collective elec­
trostatic effects lead to HOMO levels in the adsorbed organic 
layer, which are pinned to a specific value, such that the work 
function shift is similar for all FxDNTTs. This situation differs 
from a Fermi level pinning, in which the equalization of the 
electronic levels originates from a charge transfer of different 
amplitude between the organic layer and the metal, leading in 
turn to different vacuum shifts and hence work function shifts 
among the FxDNTTs, as depicted schematically in Figure 3c on 
the left-hand side.

These results motivated us to further investigate whether 
there is also a corresponding LUMO pinning effect within 
the same molecular systems for surfaces with a very low work 
function, which has not been conducted experimentally in lit­
erature yet. Due to the quite weak interaction of these organic 

Figure 2.  a–c) STM images of a nominal monolayer (0.2 nm) of FxDNTT 
on Ag(111). Samples were held at 110 K during measurement to reduce 
admolecular diffusion (Ubias = −1.92 V, It = 60 pA). d–f) Corresponding 
structure models.
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molecules with the substrate, the deposition is not limited to 
specific metals as it is the case for SAMs, which allows us to 
further investigate their electronic properties on alkali metals. 
However, their low thermal stability and high reactivity make 
corresponding experiments on alkali metal single crystals 
impossible and have therefore hardly been considered in the 
literature so far. Only the usage of alkali metals as dopants 
for organic thin films has been shown, which leads to a cer­
tain Fermi level pinning effect in the molecular adlayers.[40] 
Therefore, we first investigated the effect of FxDNTT layers 
on the work function of alkali metal surfaces on a theoretical 
level for the case of cesium. To compare the results with the 
previously studied densely packed fcc(111) surfaces of Au and 

Ag, we considered the corresponding bcc(110) surface of Cs. 
At our DFT level, our calculation yields a work function for 
a Cs(110) slab of 1.73  eV, which is in close agreement with 
the work function reported for polycrystalline Cs films of 
1.82 eV.[41] To simulate the FxDNTT adlayer, starting from the 
previously determined monolayer structure, we approximated 
it by a commensurate superstructure on the Cs(110) surface 
(see SI). The DFT geometry optimization revealed only a 
slight bending of the adsorbates but no evidence for strong 
chemical interaction with the substrate. For the FxDNTT 
monolayers, the calculated work functions are significantly 
increased and yield almost the same values for each mole­
cular species, ΦDNTT: 2.9  eV, ΦF4DNTT/ΦF8DNTT: 2.8  eV  

Figure 3.  a) Coverage dependent KP measurements for FxDNTTs on Au/Ag(111) and on Cs/Cu(100). On the right side corresponding DFT predictions 
of the WF for 1 ML of FxDNTT. b) Calculated projected density of states (PDOS) of nominal FxDNTT monolayers with respect to the Fermi levels of the 
corresponding substrates. Colored arrows mark the involved energetic levels of the isolated molecules. c) Energy level scheme that compares Fermi 
level pinning (in this case at the LUMO levels) and the HOMO level pinning effect.
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(see Table S5 in the SI), which in fact confirms the pres­
ence of a LUMO pinning effect (as depicted schematically in 
Figure 3c on the left).

In order to make such a substrate with low work function 
also experimentally accessible, we followed an approach intro­
duced before by Papageorgopoulos et al. using a highly ordered 
monolayer of Cs adsorbed on Cu(100).[42] Such an adlayer 
reveals a complete wetting of the copper surface and forms an 
epitaxial monolayer with a quasi-hexagonal structure. In addi­
tion, the monolayer is chemically and thermally more stable 
due to the strong coupling to the metal support,[42–45] thus 
providing a densely packed metal surface with a low work func­
tion of 2.3 eV, which is only slightly larger than for Cs bulk. As 
shown in Figure 3a, the WF increases with coverage upon dep­
osition of FxDNTT molecules and the monolayer value shifts 
stronger with higher degree of fluorination: ΦDNTT  = 2.7  eV, 
ΦF4DNTT = 3.0 eV, ΦF8DNTT = 3.3 eV. Hence, these results do not 
evidence a LUMO pinning predicted from the DFT calculations 
on the Cs(110) slab.

In order to decipher this apparent discrepancy, we also 
examined the adsorption of the FxDNTTs molecular films on 
Cs/Cu(100) in the frame of DFT. In order to make this com­
plex system calculable, we first approximated the point-on-line 
epitaxy of the Cs adlayer[45] by a commensurate monolayer 
and also considered the molecular film as commensurate 
(for details see SI). While the calculation reproduces well 
the trend that the higher fluorinated species cause a large 
WF increase (cf. Figure  3a), the absolute values are slightly 
smaller, which can be explained by the somewhat lower 
packing density used in the DFT structures. The calcula­
tions reveal a negligible molecular distortion thus indicating 
only weak interaction, which is experimentally confirmed by 
reproducing the WF of the bare Cs monolayer after thermal 
desorption of the FxDNTT adlayers at about 470 K without 
any indication of dissociation. Therefore, the influence of 
bending of adsorbed FxDNTT molecules, which can lead to a 
relevant contribution of a perpendicular molecular dipole and 
thus to a work function change,[46] is unlikely to explain the 
present observation. On the other hand, the corresponding 
PDOS depicted in Figure 3b exhibits small but notable differ­
ences in the LUMO levels of the molecular adlayer between 

the FxDNTTs, especially a similar energetic order as the iso­
lated molecular states, thus indicating indeed the absence of 
a LUMO pinning effect.

To understand in more detail why the work function changes 
and especially why the trend for the various FxDNTTs is so 
different for the Cs(110) and Cs/Cu(100) substrates, we have 
analyzed the adsorption induced charge density profile at the 
FxDNTT/metal interface obtained at the DFT level. Figure 4 
compares the differential charge density distribution Δρ(z) 
of the FxDNTT monolayers adsorbed on the various surfaces 
(averaged over the adlayer unit cell) with respect to the bare 
substrates along the surface normal (z-axis). The adsorption 
of all FxDNTTs on the Ag(111) and Au(111) surfaces results in 
a similar charge redistribution within the admolecules and 
the interface regardless of the degree of fluorination. Adsorp­
tion of all FxDNTT monolayers leads to an increase of the 
total charge of about QFxDNTT = +0.3|e| on silver and +0.4|e| on 
gold, which reflects a charge transfer from the molecules into 
the noble metal (cf. Table S3, SI). A closer look at Figure 4b,c 
shows that the center of the transferred charges is located 
mostly at the top of the metal layer, thus pointing to the co-
existence of a push-back effect through the molecular adlayer 
and (weak) chemisorption. Since the corresponding adsorption-
induced molecular dipoles have similar spatial expansions and 
the same area density, the metal work functions of both noble 
metals are decreased by almost the same amount. In contrast 
to the noble metals, the calculations for the Cs(110) slab show 
a distinct charge transfer from the substrate into the molecules 
(QDNTT: -1.15|e|, QF4DNTT: -1.45|e|, QF8DNTT: -1.56|e|), leading to 
an oppositely oriented interface dipole and thus an increased 
work function (cf. Table S4, SI). Moreover, the center of positive 
transferred charges in the first cesium layer are located in the 
center of the atoms in contrast to the Ag/Au surfaces, hence 
reflecting a stronger charge transfer into the Cs layer. A closer 
look at the charge profile in the metal (Figure 4d) reveals that 
in addition to the first layer of cesium, the second layer is also 
charged, but negatively. Thus, the large electron depletion (i.e., 
positive charge accumulation) at the first cesium layer caused 
by the charge transfer into the molecules induces a charge reor­
ganization of the Cs bulk and leads to a smaller negative charge 
accumulation in the second Cs layer below. Consequently, this 

Figure 4.  a) Vertical adsorption geometry of FxDNTT monolayers. b–e) Adsorption induced planar averaged charge density differences along the 
z-direction for a nominal monolayer of FxDNTT on the various substrates. f) Schematic representation of the formed interface dipoles between FxDNTT/
Cs and Cs/Cu.
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causes the formation of an additional internal dipole between 
the first and second Cs layer. This internal dipole and the domi­
nating dipole at the molecule/Cs interface sum up and yield an 
overall similar work function change for the various adlayers, 
although there are small differences in the charge transfer 
between the fluorinated and non-fluorinated DNTT derivatives. 
Thus, interestingly a LUMO pinning effect is present (at least) 
for the monolayer of fluorinated FxDNTTs on Cs(110) at a 
theoretical level.

Despite a similar work function as for the Cs(110) surface, 
the experimentally realized Cs/Cu(100) heterostructure shows 
a clearly different interface electronics and distinctly different 
work function changes for the various FxDNTT adlayers. The 
corresponding theoretical analysis reveals a yet larger charge 
transfer from the Cs layer into the molecular adlayer, which 
increases with the degree of fluorination (QDNTT: -1.36|e|, 
QF4DNTT: -1.51|e|, QF8DNTT: -1.59|e|). While this causes the Cs 
layer to be positively charged, as in the case of the Cs(110) 
substrate, the polarization at the Cs/Cu(100) interface is 
quite different. As depicted in Figure 4e (a magnified version 
is provided in Figure S8, Supporting Information), an addi­
tional dipole moment is formed at the internal Cs/Cu inter­
face, whose magnitude and direction depend on the degree of 
fluorination of the FxDNTT admolecules. While the adsorp­
tion-induced charge distribution at the outer FxDNTT/Cs 
interface hardly depends on the degree of fluorination of the 
admolecules, one finds much larger and very different charge 
distributions at the inner Cs/Cu interface. While a Cs bulk 
counteracts the charge transfer into the molecules through 
a charge reorganization within the first 2–3 layers, which 
leads to similar interface dipoles, this does not occur for the 
Cs/Cu heterostructure because the metals involved have dif­
ferent chemical potentials. The dipole moment at this internal 
Cs/Cu interface, which is schematically shown in Figure  4f, 
adds to the dipole at the metal/molecule interface and signifi­
cantly contributes to the overall surface dipole and hence to 
the work functions change. This shows, that although a single 
layer of cesium can successfully reduce the work function, 
the internal metal/metal interface significantly contributes to 
and even dominates the surface energetics. A similar internal 
charge accumulation effect was also reported for metal/gra­
phene/metal sandwich structures,[47] and thus appears to be 
a general phenomenon occurring for encapsulated 2D-layers 
supported by metals. This demonstrates that the overall sur­
face electronic properties of such layered systems result 
from a competitive interaction between the outer and buried 
interface dipoles.

3. Conclusion 

To conclude, we were able to demonstrate a HOMO pinning 
effect, which was first observed for covalently bound SAMs on 
gold surfaces, also for weakly interacting adsorbates such as 
the FxDNTT monolayers on Au(111) and Ag(111) investigated 
here. Due to the uniform interface structure of the FxDNTTs 
and their non-confinement to specific substrate surfaces, we 
were further able to probe the extent of LUMO pinning effect 
within the same molecular system on low work function metal  

surfaces. To do so, we simulated monolayers of the FxDNTTs on 
a Cs(110) slab, which is as densely packed as the (111) faces of 
gold and silver. Here, we found regardless of a different charge 
transfer depending on the actual fluorination of the molecules 
a pronounced LUMO pinning, resulting in an overall similar 
work function change for the adlayer. Since single-crystalline 
alkali metal surfaces cannot be prepared, we used cesium mon­
olayers stabilized on Cu(100), which also provide an atomic-flat 
hexagonal surface with a low work function of about 2.3  eV. 
In contrast to the expected LUMO pinning, we observed both 
experimentally and theoretically a different work function 
change upon adsorption of the various FxDNTT molecules, 
which is dependent on the degree of fluorination. A detailed 
analysis of the actual charge profiles of that molecular adlayer/
metallic monolayer/metal substrate hetero-interface reveals 
an additional charge accumulation and formation of a dipole 
moment at the internal interface between the Cs layer and the 
metal substrate that contributes to the overall interface dipole. 
The latter finding appears to be characteristic for molecular 
adlayers adsorbed on metallic heterolayers as well as sandwich 
structures of 2D materials and different metals where dipoles 
are formed at the outer and the buried interfaces. To investi­
gate these phenomena, it was necessary to systematically study 
a prototypical set of congeneric organic molecules such as the 
FxDNTTs on several metal substrates with quite different work 
function values.

4. Experimental Section
Sample Preparation: The single crystalline Ag(111) and Au(111) samples 

were prepared by epitaxial growth of the specific metal onto freshly 
cleaved and degassed mica substrates under high-vacuum conditions 
(typical thickness: 100  nm). This yielded highly ordered (111) surfaces 
with atomically flat terraces extending more than 100  nm, separated by 
monoatomic steps.[48] Before organic film deposition, the metal surfaces 
were cleaned in situ by several cycles of Ar+ sputtering at low energy 
(Eion ≈ 500 eV), in order to avoid incorporation of Ar atoms in the metal 
surface, and annealing (≈750 K) until a sharp LEED pattern with low 
background signal was observed and no contaminations were found via 
STM. For the Cu(100) single crystal slightly higher annealing temperatures 
of about 800 K were applied. On top of the clean Cu(100) surface, we 
deposited cesium films from SAES getters dispenser with typical heating 
currents of 6.0 A, which were monitored by a quartz crystal microbalance 
(QCM). As described by Papageorgopoulos et  al.[42,43] cesium exhibits 
a stabilized, hexagonal-shaped monolayer on top Cu(100), while 
subsequent grown layers will desorb quickly at room temperature after 
deposition. DNTT (Sigma–Aldrich, purity: 99%) and new synthesized 
F4DNTT/F8DNTT thin films were prepared by organic molecular beam 
deposition from aluminum crucibles of a resistively heated Knudsen cell 
under high-vacuum conditions, monitored also by a QCM.

Sample Characterization: The interface structures of the molecular thin 
films were characterized under ultra-high vacuum (UHV) conditions by 
means of STM (OMICRON VT STM XA), operated in constant current 
mode (typically It  = 400 pA) and using etched tungsten tips. The work 
functions of all samples were measured in the same UHV chamber by 
means von KP technique (Besocke Delta Phi GmbH, Kelvin Probe S). Highly 
ordered pyrolytic graphite (HOPG, NT-MDT, quality: A) samples were used 
to reference the gathered contact potentials with a value of 4.4 eV.[49]

DFT Calculations: For the electronic properties of the various (Fx)
DNTT/metal interfaces, calculations have been carried out at a periodical 
DFT level, as implemented in the 4.1 version of the SIESTA code.[50,51] 
We used a MeshCutoff of 250 Ry with the exchange-correlation treated 
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using the PBE functional. Core electrons were described using Troullier-
Martins pseudopotentials while a DZP (double-ζ  + polarization) 
numerical atomic basis set was used for the treatment of the valence 
electrons with the following configurations : H 1s1, C 2s22p2, F 2s22p6, S 
3s23p4, Au 6s15d10, Ag 5s14d10, Cu 4s13d10, Cs 6s15p6. In our experience, 
this theoretical approach yields very similar electronic properties when 
compared to a planewave-based method such as VASP.[52]
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