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Positioning nanostructures and functional molecules at surfaces and engineering their local coupling
behavior is a key challenge in nanotechnology. The recently discovered BN nanomesh on the Rh(111)
surface is a potential candidate to combine both properties, templating on the nanometer-scale and elec-
tronic decoupling. By means of low temperature scanning tunneling microscopy and spectroscopy exper-

iments we demonstrate this advantageous combination for the case of Co nanoclusters, which can be
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ordered in a hexagonal nanoarray with a nearest neighbor distance of 3.2 nm on the BN nanomesh.
The detection of a Coulomb gap of ~160 meV proves the electronic decoupling of the clusters from the

© 2008 Elsevier B.V. All rights reserved.

Templated growth, introduced nearly a decade ago [1,2] has
provided a versatile route with respect to positioning and the fab-
rication of highly ordered arrays with ultimate density. Many of
the nanotemplates are, however, metal or semiconductor surfaces
[3], which introduce unwanted substrate coupling changing the
properties of the individual nanostructures. The recent discovery
of a single layer of hexagonal boron nitride (h-BN) providing a
highly regular “mesh” with nanometric periodicity on the
Rh(111) surface [4,5] has attracted much attention due to its
promising potential applications. The BN nanomesh is a very stable
system which survives temperatures above 1000 K and can be ex-
posed to air [6] or liquid [5] without loosing its unique properties.
It has a 3.2 nm periodicity extending over very large regions, which
opens the possibility of using it as a nanotemplate [4,5]. In addi-
tion, h-BN monolayers are known to be insulating [7,8] and there-
fore the BN nanomesh could be used as an ultrathin insulating
template combining nanotemplating and electronic decoupling
capabilities.

Ultrathin insulating systems offer the exceptional possibility of
investigating the electronic properties of individual molecules and
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nanostructures that are electronically decoupled from the sub-
strate. These properties can be addressed locally by means of scan-
ning tunneling spectroscopy (STS). STS has been an unrivaled
technique to obtain the local electronic properties of metallic and
semiconductor surfaces down to the atomic scale and very recently
it has also been successfully used in the case of ultrathin insulating
films on metal surfaces [9-20].

In this work, by covering a Rh(11 1) surface only partially by the
BN nanomesh, we have been able to probe the electronic proper-
ties of the ultrathin BN monolayer and to compare it with the pris-
tine metal surface. By means of STS we have detected a clear
insulator character on the BN nanomesh, which presents an elec-
tronic gap of 5-6 eV in the density of states, in clear contrast with
the metallic behavior detected on the Rh(111) surface. This elec-
tronic gap is present on the whole BN nanomesh region, which
demonstrates that the BN nanomesh is indeed a continuous layer
with no real pores. This is also consistent with our atomically re-
solved STM images. By means of buffer layer assisted growth
(BLAG), we have deposited Co clusters on the partially covered sur-
face. These Co clusters are laterally ordered on the BN nanomesh
regions and randomly placed on the clean Rh(111) surface. Our
STS spectra prove that only the Co clusters adsorbed on the BN
nanomesh show Coulomb blockade effects whereas they show


mailto:i.brihuega@fkf.mpg.de
http://www.sciencedirect.com/science/journal/00396028
http://www.elsevier.com/locate/susc

metallic behavior on the Rh(111) surface. This clearly indicates
that the presence of the BN nanomesh electronically decouples
the Co clusters from the rhodium substrate.

The experiments were performed in an ultra-high-vacuum sys-
tem equipped with a home-built low temperature STM. The sam-
ple preparation procedure was the following. First, we obtained
clean Rh(11 1) surfaces from a Rh(11 1) single crystal by successive
cycles of argon sputtering and annealing. Then, in order to prepare
surfaces partially covered by the BN nanomesh, we exposed the
clean surface to borazine gas while keeping it at 1070 K. Doses of
401 (11=10"CTorrs) of borazine already formed a complete BN
layer. By decreasing this dose, we obtained partial coverages, and
the fraction of surface covered by the BN nanomesh was approxi-
mately the dose used divided by 401. Even for doses as low as
51, regions covered by the BN nanomesh were always quite large.
For the present experiments we used doses of 20 1, which gave rise
to samples with half of the surface covered by the BN nanomesh.
We used buffer layer assisted growth (BLAG) to deposit Co clusters.
We first adsorbed a Xe buffer layer on the surface at 50K, then
deposited Co on top in order to minimize the interaction with
the substrate and finally desorbed the Xe layer by warming up
the sample to room temperature. After each stage of preparation
we transferred the sample into the STM, where we carefully
checked its cleanliness. All STM and STS data shown here were
measured at a temperature of 4.2 K. STM data were acquired with
a home-made software and analyzed using WSxM [21].

Typical STM images measured on the BN nanomesh show a reg-
ular hexagonal structure with a 3.2 nm periodicity (left part of Fig.
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1a). On the BN nanomesh two different kinds of regions are de-
tected: a brighter one which is continuously connected (“wires”
on the following) and isolated darker regions with the appearance
of cavities (named “pores”). This appearance can vary depending
on the precise STM tip conformation, which has given origin to
the existence of two different structural models for the BN nano-
mesh. Originally, a double layer model with real pores was pro-
posed [4]. This double layer model is now challenged by a single
layer one based on very recent density functional theory calcula-
tions [22] and STM experiments [5]. Our atomically resolved STM
images are in perfect agreement with the one layer model. In these
high resolution images (inset Fig. 1a), one can observe that the BN
nanomesh is formed by a continuous layer and that the pore re-
gions present a hexagonal arrangement of atoms with 2.5 A period-
icity coming from the BN layer (when imaging the Rh(11 1) surface
with atomic resolution the periodicity obtained is 2.7 A).

The general morphology of our partially covered samples is
shown in Fig. 1a. We have the coexistence of regions covered by
the BN nanomesh (left part of the image) together with clean
Rh(111) regions (right). The interface between both regions is very
clear and abrupt and sometimes takes place on the middle of a
Rh(111) terrace (white arrow in the lower part of the image) while
on other terraces the BN nanomesh growth is limited by aRh(111)
step edge (black arrow in the upper part of the image). We studied
the apparent step height of the interface by means of bias voltage
dependent STM images, as the ones shown in Fig. 1b-e, in order to
obtain information on the conduction and valence band of the BN
monolayers [17,18]. In Fig. 1f, both the apparent height of “pore”
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Fig. 1. (a) STM image showing the general morphology of the partially covered samples. Only the left part of the image the Rh(111) surface is covered by the BN nanomesh.
The inset in (a) shows a 10 x 10 nm? BN nanomesh region with atomic resolution. (b)-(e) STM images of exactly the same interface region at different sample voltages.
Depending on the voltage used the BN nanomesh appears higher or lower than the Rh(11 1) surface. (f) Graph with the voltage evolution of the apparent height of the BN
nanomesh regions (wires and pores) compared to the Rh(111) clean surface. Image sizes 100 x 100 nm? (a), 10 x 7 nm? (b)-(e). Tunnel currents 0.2 nA (a), 1.0 nA (b)-(e).

Sample voltages —1.0V (a), —5.5V (b), —1.0V (c¢), +1.0 V (d), and +3.5V (e).
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Fig. 2. (a) I vs V curves measured with exactly the same STM tip and tunneling conditions on the Rh(111) clean surface and on the BN nanomesh region. (b) dI/dV spectra
extracted from (a) using a lock-in technique. The whole BN layer shows a clear insulating character presenting two different gap values of ~5 eV for the “wire” regions (green
curves) and ~6.5 eV for the pore ones (red curves). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and “wire” regions measured with respect to the bare metal are
plotted as a function of sample voltage. For relatively low biases
the nanomesh appears with the same (“wires”) or lower (“pores”)
height than the clean Rh(111) surface. Only when measuring at
sufficiently high biases the nanomesh starts to appear higher than
the Rh(111) surface. This indicates that when measuring at low
bias the tunneling process is taking place through the BN nano-
mesh directly to the metal surface. This gives a first estimation of
the band gaps with a value ~5eV for the “wire” regions and
~7 eV for the “pore” ones.

Careful STS experiments were carried out at 4.2 K to extract the
local electronic properties of the BN nanomesh. In order to obtain
reliable STS data and to avoid tip artifacts, it is advantageous to
have a reference for checking the STM tip configuration. In this
work the clean Rh(111) surface, which coexist with the BN nano-
mesh, was used as such reference and only tips showing a clear
featureless metallic character were taken into consideration in
our STS analysis. We have mapped the whole surface by means
of differential conductance (dI/dV) spectra measured with open
feedback loop using a lock-in technique. STS data were always ac-
quired with initial tunneling parameters for which the BN nano-
mesh regions have a positive apparent height (see Fig. 1f). The
reproducibility of all spectra was carefully checked by varying
the initial tunneling current and hence the tip-sample distances
and using different tips. Our experiments show that from the spec-
troscopic point of view both regions (“wires” and “pores”) show a
marked insulating character, which definitely discard the possibil-
ity of the existence of real pores and clearly demonstrate that the
BN nanomesh is a continuous insulating layer. Fig. 2 shows STS
curves acquired on the BN nanomesh and on the Rh(111) surface
with exactly the same STM tip and using identical tunneling
parameters before opening the feedback loop. The experiments re-
vealed a clear decrease of the conductance at low biases for the BN
nanomesh regions compared to the Rh(111) surface. From the dI/
dV spectra shown in Fig. 2b band gaps of ~5 eV for the “wire” re-
gions and of ~6.5 eV for the “pore” regions are obtained. These val-
ues are very reproducible for all tunneling conditions and are in
very good agreement with the ones initially inferred from the
apparent height measurements discussed above.

Previous ultraviolet photoelectron spectroscopy data [4]
showed the splitting of the BN band in two components at
—4.6eV and —5.7 eV, which were associated with two different
layers of the BN nanomesh [4]. Very recently, it was suggested
[5,22] that these peaks are associated with the “wire” and “pore”
regions. Our STS spectra (see Fig. 2b) show that the BN ¢ peak posi-
tions correspond to the energies where an appreciable increase of
the local density of states can be observed for “wires” (low energy

peak) and “pores” (high energy peak), confirming that they can be
attributed to these regions.

In order to test the insulating capabilities of the BN nanomesh
and to combine them with its templating effect, we deposited Co
clusters using BLAG. In this way, the BN nanomesh acts as a tem-
plate selectively accommodating Co clusters of almost identical
size on the pores (see Fig. 3¢c). As shown in Fig. 3a, a highly ordered
ensemble of Co clusters with a hexagonal 3.2 nm periodicity is ob-
tained on the BN nanomesh regions, while a random distribution of
Co clusters is found on the clean metal ones (see Fig. 3b). This dem-
onstrates the templating capabilities of the BN nanomesh for metal
clusters. The density of Co clusters on the BN nanomesh can be
controlled by the number of BLAG cycles; filling factors up to
80% can be achieved [23]. When depositing Co on the partially cov-
ered surface, the clusters can be found on the Rh(111) clean sur-
face as well as on the BN nanomesh regions as shown Fig. 4a.
While Co clusters on the BN layer keep a nearly spherical shape,
the clusters on the pristine Rh(11 1) surface flatten due to the large
interfacial free energy.

By means of STS we studied the electronic properties of the Co
clusters focusing on the role played by the BN nanomesh. Our re-
sults show the presence of an electronic gap in the Co clusters sep-
arated from the metal substrate by the BN layer. In small metallic
clusters isolated from metallic electrodes, the tunneling process is
affected by Coulomb blockade effects [24-27]. The addition of an
electron into the cluster increases the energy of the system by a
factor Ec = e?/2C. If the capacitance C of the clusters is small en-
ough, then this capacitive charging energy Ec is larger than the
thermal energy kgT and a Coulomb gap V, = e/C, originating from
the charging of the clusters by a single electron, is observed. For
the present system, the capacitance of the Co clusters can be
roughly estimated using a plate capacitor model C = goegnA/d.
Assuming for the BN layer a thickness thickness d=0.2 nm
[22,28] a dielectric constant egy = 4 [29] and using the contact area
A obtained from the STM topography, an approximate capacitance
of C~1x 107 18F is estimated for a Co cluster of 2.7 nm diame-
ter!. For this value of the capacitance a Coulomb gap Vg ~ 160 meV
is expected, which scales very nicely with the Coulomb gap width of
the Co clusters adsorbed on the BN nanomesh (see Fig. 4b-c).
Moreover, while all the spectra measured on Co clusters on the
BN nanomesh show the Coulomb gap, STS spectra measured with
exactly the same tip and stabilization conditions on Co clusters on

1 The total Co Cluster capacitance is indeed formed by the addition of the Co
cluster/substrate capacitance (Cgy) and the STM tip/Co cluster capacitance (Cr).
However, for normal tunnel conditions Cgy should be much larger than Cy, thus, for
the order of magnitude analysis used here we only take into consideration Cg.
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Fig. 3. (a) Large scale STM image demonstrating the lateral order of Co clusters deposited on top of the BN nanomesh using three cycles of BLAG. The inset shows its Fourier
transform (FT). The six bright spots, originating from the Co cluster arrangement, match perfectly with the 3.2 nm hexagonal periodicity of the BN nanomesh. (b) Large scale
STM image of Co clusters adsorbed on the clean Rh(11 1) surface. The absence of lateral order of these Co cluster is reflected in the fuzzy appearance with no bright spots of its
FT shown in the inset. (c) 17 x 17 nm? STM image of the BN nanomesh after one Co deposition cycle where it can be observed how the Co clusters are placed on the pores of
the BN nanomesh. Size of (a) and (b) 100 x 100 nm?. Tunnel currents and sample voltages are 1.2V and 2.0 nA (a and b) 1.5V and 0.1 nA (c).
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Fig. 4. (a) 25 x 25 nm? STM image of the partial covered surface after the Co deposition using BLAG. Co clusters can be observed both on the BN nanomesh region (bottom)
and on the clean Rh(111) one (top). (b), (c) I-V (b) and dI/dV (c) spectra measured with exactly the same STM tip and stabilization conditions (I; = 1.0 nA; Vsampie = +1.5 V) on
the bare BN nanomesh (red dashed curves), on top of a Co cluster adsorbed directly on the Rh(11 1) surface (black curves) and on top of a 2.7 nm diameter Co cluster adsorbed
on the BN nanomesh (red curves). The BN nanomesh and the Co cluster in direct contact with the Rh(11 1) show a clear metallic behavior, while the Co cluster electronically
isolated from the metal by the BN nanomesh presents an electronic gap due to Coulomb blockade effects (see text). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

the Rh(111) surface show a clear metallic behavior (Fig. 4b-c). Ref-
erence spectra measured on the bare BN nanomesh with the same
tip also show a metallic behavior (as explained above, when mea-
suring on the BN nanomesh at these voltages electrons are directly
tunneling into the metal) which excludes the possibility that the gap
is also present on the BN confirming that it is an intrinsic feature of
the Co cluster electronically isolated by the presence of the BN
nanomesh.

In conclusion, by means of STS experiments we have proven
that the BN nanomesh is a continuous layer with insulating and
templating capabilities. The preparation of a partially covered sur-
face allowed us to use the bare metal as a reference and also to
investigate the influence of the BN layer on the electronic proper-
ties of deposited cobalt nanoclusters. Our results show that the
combination of the insulating and templating properties of the
BN nanomesh, together with the possibility of having at the same



I. Brihuega et al./Surface Science 602 (2008) L95-L99

time a clean metal surface, make the BN nanomesh an ideal play-
ground for the study of the electronic properties of adsorbates
electronically decoupled from the substrate.
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