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Direct measurement of electrical conductance
through a self-assembled molecular layer

F. Song'?, J. W. Wells'3, K. Handrup’, Z. S. Li4, S. N. Bao?, K. Schulte>’, M. Ahola-Tuomi®, L. C. Mayor>,
J. C. Swarbrick>*, E. W. Perkins'>, L. Gammelgaard’ and Ph. Hofmann'*

The self-assembly of organic molecules on surfaces is a promising
approach for the development of nanoelectronic devices'2.
Although a variety of strategies have been used to establish
stable links between molecules?™", little is known about the elec-
trical conductance of these links. Extended electronic states, a
prerequisite for good conductance, have been observed for mol-
ecules adsorbed on metal surfaces'?', However, direct conduc-
tance measurements through a single layer of molecules are
only possible if the molecules are adsorbed on a poorly conduct-
ing substrate. Here we use a nanoscale four-point probe'” to
measure the conductivity of a self-assembled layer of cobalt
phthalocyanine on a silver-terminated silicon surface as a func-
tion of thickness. For low thicknesses, the cobalt phthalocyanine
molecules lie flat on the substrate, and their main effect is to
reduce the conductivity of the substrate. At higher thicknesses,
the cobalt phthalocyanine molecules stand up to form stacks
and begin to conduct. These results connect the electronic struc-
ture and orientation of molecular monolayer and few-layer
systems to their transport properties, and should aid in the
rational design of future devices.

Using a good metal as the substrate when studying the electric con-
ductivity of molecular layers on surfaces is problematic because charge
will flow through the metal rather than the molecules. A promising sub-
strate for conductance measurements is the silver-terminated silicon
surface (Ag/Si(111)-(,/3 x /3); hereafter referred to as Ag/Si), on
which the ordered growth of molecular layers can be achieved>!8-2
and where the substrate consists of a semimetallic surface on a semicon-
ducting bulk. This approach has been chosen in the present paper.
Figure la shows the measured conductance of the self-assembled
layer of cobalt phthalocyanine (CoPc) thickness on the Ag/Si
surface. To achieve surface sensitivity, the conductance was measured
with a TiW-coated four-point probe with a contact spacing of only
500 nm (refs. 17, 21). Also presented are a model of the geometric
structure of the film (Fig. 1c) and an image of the type of probe used
in the conductance measurements (Fig. 1a, inset).

Two regions of different behaviour can be distinguished. Initially
the conductance drops below that of the clean surface (shown in
pink). Once the thickness is of the order of one monolayer, the con-
ductance increases again and is eventually even higher than for the
clean surface. We interpret this behaviour as the sum of the conduc-
tance through two channels: one through the Ag/Si layer and the
other as direct conductance through the molecules.

The filled blue circle indicates a situation in which the surface is
covered by one layer of flat-lying molecules, defining one

monolayer, prepared by evaporating the CoPc molecules on an
Ag/Si substrate held at elevated temperature (see preparation
details). To facilitate a comparison with the main dataset it is necess-
ary to assign a film thickness to this measurement; here we estimate
that one monolayer is equal to 0.3 nm. The conductance for one
monolayer prepared in this way agrees well with the main data
series for which CoPc was deposited at room temperature, and cor-
responds to the minimum in the conductance.

There are two factors contributing to the lower conductance when
CoPc is adsorbed on Ag/Si. The first is the introduction of disorder,
which leads to a higher scattering rate for the carriers. The second,
which we propose to be more significant, is related to an electron
transfer from the surface to the CoPc molecules. Figure 2a shows
X-ray photoelectron spectroscopy data from the cobalt 2p core
level, for increasing thicknesses of CoPc on Ag/Si. For very small
thicknesses, a low binding energy component dominates, whereas
at higher thickness, the bulk component dominates. As a compari-
son, the cobalt 2p core level of lithium-doped (that is electron-
doped) bulk CoPc is shown in Fig. 2b. Again, two contributions to
each peak can be readily identified. For highly doped CoPc, the
lower binding energy component dominates whereas for undoped
and weakly doped samples, the higher (bulk) component dominates.
Thus, by comparing these measurements with those of CoPc on
Ag/Si, we propose that the first monolayer of CoPc on Ag/Si is
strongly electron-doped.

Also from Fig. 2a, it is clear that the lower binding energy com-
ponent does not vanish for thicknesses greater than one monolayer.
Rather, the higher binding energy component appears in addition.
This indicates that the interfacial monolayer of CoPc does not
undergo any re-organization. Thus, for thicker films (in which the
molecules form in the bulk o geometry), we understand that we
still have a strongly electron-doped and flat-lying first monolayer,
as shown schematically in Fig. 1c. We later show that the initially
confined electron-doping of the first layer is then able to propagate
freely through the entire film, leading to increased conductivity.

The photoemission measurements in Fig. 2c show the evolution of
the valence band with increasing CoPc deposition. For very thin films
(<1 monolayer), there is an increase of intensity close to the Fermi
level, but no signature of a peak derived from the highest occupied
molecular orbital (HOMO). This, combined with the observed lower
conductivity in this thickness range, points towards a strong and loca-
lized bonding of the first-layer molecules to the substrate. For thicker
films (>1 monolayer), the HOMO begins to appear in the spectra, and
from its position and work function measurements (not shown), the
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Figure 1 | Conductance, structure and model of CoPc. a, Room-temperature conductance of CoPc on (/3 x /3)Ag-Si(111) as a function of CoPc average
film thickness. Open black circles show data for molecular deposition at room temperature, and the filled blue circle applies to a substrate temperature of
300 °C during deposition, resulting in a film thickness of exactly one monolayer'®, that is, one layer of flat-lying molecules. This thickness is marked by the
dashed vertical line. The pink region indicates the conductance of the clean (/3 x /3)Ag-Si(111), including experimental uncertainty. The dashed line fitted
to the >1 monolayer data points is the result of a conductance model for the system. The inset shows an image of the nanoscale probe used for the
measurements'. b, Structure of a single CoPc molecule. ¢, Model for the geometric structure of CoPc on (/3 x /3)Ag-Si(111) based on NEXAFS results (see
Supplementary Information). The first monolayer of molecules lies flat on the surface. In a multilayer system the molecular plane encloses an angle of 26°
with the surface normal. Note that only the molecules in the first and last layer of a multilayer are shown.

band alignment at the CoPc interface can be estimated (as shown
schematically for a thick film in Fig. 2d).

An electron transfer from the surface to the molecular layer can be
expected to have a strong influence on the electronic structure and
transport properties of the underlying Ag/Si surface termination.
The electronic structure of Ag/Si is well known to be semimetallic: it
is dominated by a free-electron-like surface state and the bottom of
the surface state band is located precisely at the surface Fermi
energy??. The state is thus unoccupied at zero temperature. At finite
temperature it is occupied by thermally excited electrons. Electron-
doping of the surface, for example by a small excess silver coverage,
shifts the surface Fermi energy upwards, such that the number of
free carriers on the surface?” and the conductivity® are strongly
enhanced. In the present case the opposite effect is observed; carriers
are transferred to the CoPc layer and the surface conductivity drops,
as expected.

Interestingly, the minimum conductance is reached when the
surface is covered with one layer of flat-lying molecules (the blue
filled circle in Fig. 1). This flat-lying structure is observed for thick-
nesses up to and including one monolayer using scanning
tunnelling microscopy'® and by near-edge X-ray absorption fine
structure  (NEXAFS) measurements (see  Supplementary
Information). Hence, an electron-doped but flat-lying layer does
not possess a particularly high conductance.

For a higher thickness of CoPc the trend of decreasing conduc-
tance is reversed. This is interpreted as conductance through the
molecular layer, induced by electron-doping combined with a struc-
tural change as more CoPc is deposited on the surface. Our
NEXAFS data show that at thicknesses above one monolayer, the
molecules start to stand more upright on the surface, forming a
layer with stacked r-systems, with an angle of ~26° between the
plane of the molecule and the surface normal (Fig. 1; see also
Supplementary Information). This stacking is similar to the struc-
ture of the o phase of the phthalocyanines?!. The assumption of
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an increased conductance through such a layer is consistent with
the observations made for thick films of the CoPc « phase.
Although bulk o CoPc is a wide-gap semiconductor, strongly
increased conduction can be achieved by n-doping® (for a
review of the electric properties of similar stacked -systems
see ref. 24).

If we assume that conductance of the thin CoPc film is pro-
portional to its thickness x and given that x is smaller than the
spacing between the contacts, we obtain

GCOPC = xTra-CoPc/ln 2 (1)
where o¢p. is the bulk conductivity of doped CoPc (ref. 26).
Because this film is deposited onto the Ag/Si surface, one can
assume that the current can pass through both the silver and
CoPc layers, and thus the measured conductance is approximated
as the sum of the conductance of each layer. The combined conduc-
tance (G_, ) of the two layers is then given by

G

comb T GAg + xTro-CoPc/ln 2 (2)
where G, is the conductivity of the depleted silver monolayer (that is,
the conductance of Ag/Si plus one ordered monolayer of CoPc, corre-
sponding to the minimum in the conductance curve). From the data in
Fig. 1, G,, is found to be 3.14£0.5 x 10~* Q7", and by fitting the
model parameter o,p. to the data corresponding to x > 0.3 nm,
Ocope is found to be 1.3+0.5x 10* Q' m~'. The result of the
model is depicted by the dashed black line in Fig. 1a and agrees very
well with the data.

From the work of others?® on potassium-doped films of ~20 nm
thickness, one can also extract a value for o p. in an electron-doped
system. This is found to be ~0.3 x 10* Q™! m~'. This is in excellent
agreement with our value, given the differences in the experiments
and the possible role of defects such as grain boundaries in both our
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Figure 2 | Photoemission spectra from different CoPc systems. a, The cobalt 2p core level for CoPc on Ag/Si. The thickness is given in monolayers (ML).
Both the bulk component and a smaller surface component (at lower binding energies, marked with dashed lines) are observed. b, The cobalt 2p core level
for lithium-doped bulk CoPc with the number of lithium atoms per CoPc molecule indicated (hv =920 eV). Two contributions per peak are present, and the
lower binding energy components (marked by dashed lines) are stronger as the lithium doping is increased. ¢, The evolution of the valence band of CoPc on
Ag/Si, with the position of the HOMO marked by a dashed vertical line. d, Schematic representation of the interface between Ag/Si and bulk CoPc.

work and in ref. 25. Note also that the agreement between our model
and the data justifies our assumption of a thickness-independent
film conductance. This is consistent with the physical picture of
the doping presented above: we assume that charge transfer takes
place from the substrate to the molecules in the first layer and this
charge is then delocalized throughout the entire film. In thicker
films the number of carriers will be smaller, but others have
shown that the conductance of electron-doped CoPc is roughly con-
stant over a wide doping range®.

Note that the space charge layer under the surface does not play
any role in the conductance. In the case of clean Ag/Si and for the
same bulk doping as in the present study, it has been shown that the
space charge layer contribution to the conductance is insignificant?’.
The adsorption of CoPc could, in principle, change the nature of the
space charge layer such that it becomes more conductive, but the
lower conduction in the initial stages of adsorption cannot be
explained by the presence of the space charge layer.

In conclusion, we have shown how the electrical conductivity of
self-assembled CoPc evolves as a function of thickness due to the
interplay between the geometry and electronic structure of the
self-assembled layer and substrate. Once the self-assembled layer
reaches a certain thickness, the molecules stack, and conduction
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occurs mostly through the molecular layer rather than the substrate.
For CoPc on Ag/Si, good conductivity is achieved only for films that
exhibit -1 stacking between the molecules, and because there is no
covalent chemical link between the molecules, the conduction is
similar to that in a doped bulk crystal. This is encouraging for strat-
egies that build molecular wires through w- systems’ and the
general approach outlined here is promising for achieving similar
progress for molecules lying on surfaces as for molecules placed
between two electrodes®>?’.
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