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Abstract

Electrospray deposition of fullerenes on gold has been successfully observed
by in situ room temperature scanning tunneling microscopy and
photoemission spectroscopy. Step-edge decoration and hexagonal
close-packed islands with a periodicity of 1 nm are observed at low and
multilayer coverages respectively, in agreement with thermal evaporation
studies. Photoemission spectroscopy shows that fullerenes are being
deposited in high purity and are coupling to the gold surface as for thermal
evaporation. These results open a new route for the deposition of thermally
labile molecules under ultra-high vacuum conditions for a range of high

resolution surface science techniques.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Electrospray ionization provides a highly promising route for
the deposition of non-volatile molecules onto surfaces in ultra-
high vacuum (UHV). The technique, widely used in mass
spectroscopy to introduce large and fragile biomolecules into
the gas phase [1], has been successfully applied to the ambient
deposition of materials with a wide range of uses, from
batteries to biotechnological thin films [2]. The technique has
also been applied in vacuum for the deposition of polymers
and biomolecules [3, 4]. More recently, we demonstrated that
the electrospray event could be performed in a high vacuum
environment [5] for the deposition of carbon nanotubes from
a liquid suspension, with investigation by ex sifu atomic force
microscopy [6].

Deposition of carbon structures such as nanotubes and
fullerenes by electrospray presents a promising pathway
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to the in vacuo deposition of interesting thermally labile
molecules.  Preparation of arrays of such molecules in
UHV opens up the possibility of using a large range of
techniques for the characterization of these systems such
as high resolution photoemission spectroscopy (PES) and
scanning tunneling microscopy (STM). Moreover, the potential
for surface contamination during preparation is greatly reduced
in comparison to ambient deposition methods.

The formation of molecular ions by electrospray involves
drawing a solution through a highly charged narrow capillary.
The resulting electric field is sufficient to overcome the surface
tension of the liquid and create a Taylor cone shape at the tip of
the capillary [7], whereupon a cone-jet of highly charged liquid
particles is formed [8]. These particles then undergo a cascade
of Coulomb fission [9] and desolvation events, producing
progressively smaller droplets and, in some cases, individual
ions. The ions or nanoscale droplets can then be transported
through a differentially pumped vacuum system to impinge on
a surface held in UHV.
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Figure 1. Schematic illustration of the electrospray system. The
emitter tip (E) is at ambient pressure. The spray passes through a
three-stage differentially pumped system (P1 and P2 are pumped by
scroll pumps, P3 is pumped by a turbomolecular pump) and into a
vacuum chamber to impinge on the sample surface (S) in the low
1077 Torr range during operation. See text for more information.

Here we present a room temperature UHV STM and PES
study of fullerenes deposited onto an Au(111) surface using
in situ electrospray deposition. We confirm by STM that Cg
may be deposited onto the surface and resolved with molecular
resolution, decorating the step edges at low coverages. Upon
deposition of multilayers, hexagonal close-packed islands of
Cg are observed with a periodicity of 1 nm. These results are
consistent with previous work where deposition was carried out
by thermal evaporation [10]. C 1s PES shows no evidence of
co-adsorption of solvent molecules and that the peak line-shape
changes are consistent with deposition of layers of Cgy on the
surface [11]. Autoionization measurements and observation of
C 1s shake-up features show that the deposited Cg is coupled
to the surface in the monolayer as for thermally deposited films.

2. Experimental details

The design of the electrospray apparatus is shown schemati-
cally in figure 1. In these experiments dilute solutions (typ-
ically <1 mgml™') of Cg (99.5% purity) in a matrix of
toluene:acetonitrile (4:1 by volume) were prepared by ultra-
sonication. The solution was passed to a stainless steel emitter
(E, 100 pm tip internal diameter, New Objective) held at a volt-
age of between 1.5 and 2.0 kV, where the electrospray is cre-
ated at ambient pressure. The spray enters the system through
a skimmer cone and passes through a further three differen-
tially pumped skimmers (0.5 mm diameter) before entering the
UHV preparation chamber (base pressure 5 x 10™!! Torr both
in Nottingham and at the SRS). With the gate valve open to
the electrospray system in the absence of spray, the pressure in
the preparation chamber is in the mid 10~ Torr range, which
gives a direct indication of the level of contamination due to
air entering the first aperture. During electrospray operation
the pressure rises to the low 1077 Torr range, the additional
pressure being due solely to the solvent molecules of toluene
and acetonitrile (this was confirmed by quadrupole residual gas
analysis in Nottingham). The total distance from the tip to the
sample (E-S) is approximately 70 cm. The sample was aligned
by shining a laboratory light source through the final two aper-
tures of the electrospray system.

An 8 mm x 4 mm gold on mica sample (1500 A thickness,
Agilent) was used as a substrate for the STM studies. Prior

Figure 2. (a) STM image (107.8 nm x 117.6 nm, —0.70 V, 0.03 nA)
of Cg decorating step edges of a Au(111) surface following
electrospray deposition; (b) high resolution image (22 nm x 24 nm,
—0.70 V, 0.03 nA) showing step-edge decorative features.

to deposition, the sample was prepared by repeated cycles
of sputtering (Ar™) and annealing (~600°C) until a clear
herringbone reconstruction pattern could be observed on the
Au(111) surface by STM [12]. STM measurements were
conducted in an adjoining chamber with a base pressure of
5 x 107" Torr. The STM was operated in constant current
mode at room temperature using a chemically etched tungsten
(W) tip that was cleaned in UHV by electron bombardment
prior to use. The WSxM package was used to process the STM
images [13].

PES studies were carried out at the UK Synchrotron
Radiation Source (SRS), Daresbury, on beamline 5U.1 using a
concentric hemisphere electron energy analyzer (VG-CLAM).
A 10 mm x 10 mm gold single crystal was used as the substrate
for these measurements. The sample surface was cleaned by
Ar™" sputter and anneal cycles, as in the STM experiments.
Cleanness was verified by observing no detectable C 1s
signal (hv = 390 eV) and only gold features in the survey
spectra. Total yield near edge x-ray adsorption fine structure
(NEXAFS) was taken by use of the sample drain current.

3. Results

3.1. Scanning tunneling microscopy

Initially the sample was aligned several millimeters below the
direct line of sight of the electrospray. The sample was then
exposed to 1 h of electrospray deposition of Cgy solution. The
resulting STM images (figure 2) show decoration of the step
edges, indicative of a low coverage of Cg at the surface [10],
suggesting that the Cgp molecules are mobile on the surface
after spraying. A blank solution (containing no Cgy) was
sprayed for the same duration with the sample in the same
position. The resulting images showed no step-edge features
(figure 3), confirming that the features in figure 2 are due to
adsorbed Cgy molecules and not to a residual solvent effect.
However, in the cases of both the Cg and blank solutions some
disruption in the herringbone reconstruction is observed in the
images. It is speculated that this disruption is caused by the
transfer of energy to the surface by the impinging molecules.
A realignment of the sample caused significant changes in
the total coverage of Cg. The clean sample was adjusted to be
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Figure 3. STM image (220 nm x 240 nm, —1.80 V, 0.03 nA) of a
Au(111) surface after 1 h electrospray of toluene/acetonitrile
mixture.

Figure 4. (a) STM image (26.4 nm x 24 nm, +2.00 V, 0.03 nA) of
Cgo multilayers deposited by electrospray; (b) high resolution image
of central region of (a) (9.7 nm x 9.2 nm, +2.00 V, 0.03 nA)
showing hexagonal close-packed islands of Cg; (c) image

(9.7 nm x 10.6 nm, +2.00 V, 0.03 nA) as (b).

directly in line of sight with the electrospray and was exposed
to 30 min spray of the same Cg solution. The resulting STM
images (figure 4) clearly show at least two layers of hexagonal
close-packed structures with an average periodicity of 1 nm.
The periodicity of 1 nm (an average of the periodicity of rows
of features from figures 4(b) and (c)) agrees with previous
studies of close-packed islands of Cgy [10]. The creation of
ordered islands on the surface also indicates that the molecules
have a similar mobility upon electrospray deposition as after
thermal sublimation.

3.2. Photoemission spectroscopy

Figure 5 shows the C 1s core level spectra for monolayer (ML)
and multilayer (~3.5 ML) coverages taken at 1v = 390 eV to

290 289 288 287 286 285
Binding Energy / eV

Intensity (arb. units)

TTTrTrrTT
290 288 286 284 282 280
Binding Energy / eV

Figure 5. C 1s core level spectra for an electrosprayed monolayer
and multilayer (3.5 ML) films (hv = 390 eV). Spectra have been
normalized to the top of the peak and shifted on the binding energy
scale for ease of comparison. The inset shows the shake-up features
on the high binding energy side of the C 1s peak.

avoid a large gold Auger feature and to place the C 1s peak on a
small background. Surface coverages were estimated by using
the ratio of the C 1s to Au 4f7/, peaks and referencing them to
a monolayer prepared by annealing a multilayer deposition at
~670 K until the ratio of peaks remained constant and the

C 1s line-shape remained the same. A single peak is observed
in figure 5 for the monolayer, attributed to Cg. No evidence for
co-deposition of solvent is observed in the C Is region, where
a higher binding energy feature would be expected for the -CN
group of acetonitrile. This was also supported by the lack of
features in the N 1s region of the spectrum (not shown), which
rules out acetonitrile (CH3CN) adsorption. The line-shape and
shake-up features of the C 1s peak also closely matched core-
level spectra from thermally deposited Cgp [11], suggesting
that any co-deposition of toluene was below detectable limits.
The C 1s line-shape changes from an asymmetric shape in the
monolayer to a more Gaussian-like profile for multilayers. The
shake-up features on the higher binding energy side of the C 1s
peak are very weak in the monolayer spectrum, but become
more pronounced in the multilayer spectrum.

Resonant photoemission spectra (RPES) was also per-
formed to monitor the highest occupied molecular orbital
(HOMO) participator in the prepared surfaces. RPES (also
commonly known as autoionization) provides information
about the decay of core-excited states (the final state in NEX-
AFS) [14]. The participator pathway is detailed in figure 6,
where a core-hole excited state decays by the initially ex-
cited electron (specifically from the lowest unoccupied molec-
ular orbital (LUMO) in these experiments) fills the core—hole
which excites an electron from the HOMO to the vacuum
level. If the adsorbate is electronically coupled to the sub-
strate then charge transfer can occur from unoccupied molec-
ular levels lying above conduction band edge [15-17]. This
charge transfer depopulates the unoccupied adsorbate levels,
reducing the participator intensity compared to a decoupled
system [18].
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Figure 6. Schematic of the participator decay process.
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Figure 7. C 1s edge NEXAFS spectrum of multilayers (3.5 ML) of
Cg electrospray deposited on Au(111). The photon energies of
on-resonance (284.4 e¢V) and off-resonance (285.2 eV)
photoemission spectra are indicated around the LUMO.

Figure 7 shows a NEXAFS spectrum, showing the 7*
region, taken from the multilayer preparation, which shows
m* features matching those previously reported for thick films
of Cgp on gold [11]. Two valence band spectra were taken
at hv = 284.4 eV (on LUMO resonance) and at hv =
285.2 eV (off resonance) for all preparations. These spectra
were then normalized to the C 1s second-order photoemission
peak (to ensure that photoemission intensity was normalized,
not shown). The off-resonance (hv = 285.2 eV) spectrum
for each preparation was subtracted from the on-resonance
(hv = 285.2 eV) spectrum from the same preparation to yield
the RPES spectra in figure 8. Whilst this method does not
provide an absolute measure of the participator intensity (as
a small amount of participator intensity is present in the off-
resonance spectrum) it provides a consistent and expedient
estimate, as no fitting of the C 1s second-order feature is
required. This estimate is adequate for the purpose of these
experiments. The RPES spectra show a decrease in participator
intensity for both the electrosprayed and annealed monolayers
compared to the multilayer preparation, with the latter having
a greater reduction in intensity.
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Figure 8. RPES spectra for electrospray deposited films of Cg, on
Au(111) and a reference annealed monolayer taken at an excitation
energy of 284.4 eV. The spectra are shifted on the binding energy
scale so that the HOMO participator lies at 2.0 eV for ease of
comparison. See text for more information.

4. Discussion

The STM images clearly show the appearance of features
that can be attributed to individual Cgy molecules on the
surface of the gold substrate. There is some disruption of the
Au(111) herringbone reconstruction visible at low coverages.
It is speculated that this disruption could arise from energetic
collisions of charged Cgy and solvent molecules; however,
this disruption appears not to result in the embedding of
adsorbates or the creation of pits in the surface. At high
coverages, the formation of hexagonal islands of Cg indicates
that the molecules have a similar mobility, after electrospray
deposition, as thermally deposited Cg.

Turning to the PES, there is a clear line-shape change
between in the monolayer and multilayer coverages, in good
agreement with the previously reported change from a Doniac—
Sunjic shape in a monolayer to a more Gaussian shape in
a thick film of Cgy thermally evaporated onto a Au(110)
surface [11]. This result, along with the fact that no other
observed features in the C 1s or N 1s core level spectra can be
attributed to the co-deposition of solvent molecules, indicates
that Ce is being deposited intact and with an undetectable level
of solvent contamination. The C 1s shake-up features (figure 5,
inset) are only weakly observed in the monolayer as compared
to the multilayer preparation. This broadening of the shake-
up features can be understood as the hybridization of occupied
and unoccupied molecular states and the substrate conduction
band [19], providing strong evidence for the chemisorption of
the electrosprayed monolayer.

The RPES spectra also support the conclusion that the
monolayer is chemisorbed to the surface in a similar way
to films prepared by thermal evaporation, by showing a
reduction in HOMO participator intensity over the LUMO
resonance attributed to charge-transfer to the electronically
coupled substrate. The slight increase in participator intensity
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compared to the reference annealed monolayer can be
attributed to the fact that the latter has been subjected to
a prolonged period of heating, resulting in a more ordered
monolayer, whereas the electrosprayed monolayer is likely to
have more disorder resulting in the presence of a small amount
of uncoupled Cg trapped above the layer in direct contact with
the surface.

The above results demonstrate the great potential for the
use of electrospray deposition in the growth of thin films of
carbon nanostructures on surfaces under UHV conditions and,
moreover, as a general technique for depositing non-volatile
molecules in vacuum. The microscopic and spectroscopic
measurements are in strong agreement with previous studies
and suggest that deposition by electrospray forms very similar
thin films as other UHV deposition methods.

It is also interesting to note that since the additional
pressure above the steady-state leakage pressure of ~5 X
10~° Torr is due to the spray itself, the deposition pressure can
be reduced by decreasing the flow into the system. This results
in a corresponding reduction in the flux of molecules and is
therefore more suited for the studies of individual molecules
and sub-monolayer coverages.

5. Conclusion

In situ deposition of fullerenes by electrospray has been
successfully performed at pressures in the low 10~7 Torr range
and provides a route to the controlled deposition of endohedral
fullerenes and similar thermally labile nanostructures. STM
and PES of our Cgp/Au(111) surfaces show similar features
to those observed after thermal evaporation and formation
of ordered islands, and this suggests that the molecules
are similarly mobile following electrospray deposition and
chemisorbed to the surface in a similar fashion. These
initial investigations show that electrospray deposition is a
valid alternative to thermal evaporation to achieve a range
of coverages of fullerene molecules in vacuum, from sub-
monolayer to multilayer films.
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