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ABSTRACT We describe a technique that enables photoelec-
tron spectroscopy and STM imaging of supported clusters from
identical surface areas of a size of a few pwm? at a lateral reso-
Iution in the low nanometer regime. In this way we are able
to locally correlate properties regarding the electronic structure
of the clusters and their topography. The use of a photoemis-
sion electron microscope (PEEM) allows one to probe the local
distribution of the photoemission yield. An STM-tip is used to
remove clusters from their position and set local, well-defined
markers at the surface that are clearly visible in the PEEM im-
ages. These markers act as reference points to identify surface
areas in the PEEM image that have formerly been imaged by an
STM. The present accuracy of this local correlation technique
is at least 300 nm. We propose a scheme to further improve
this correlation so that in future experiments even selected sin-
gle clusters, which have been characterized by STM, can be
addressed by local photoelectron spectroscopy as well as local
time-resolved photoelectron spectroscopy.

PACS 73.22.Lp; 79.60.Jv; 61.46.+w

1 Introduction

Conventional photoelectron spectroscopy (PES)
and related photoemission techniques have been widely used
in the past to characterize the electronic structure of clus-
ters supported by a substrate [1-4]. Despite the undisputed
and important contribution of PES, e.g., to a better under-
standing of cluster—substrate interactions, the significance
of these results is generally restricted by the lateral integra-
tion over a macroscopic area [5, 6], even if complementary
techniques, such as scanning probe microscopy, have been
used for a representative (however in any case lateral only
selective) characterization of the surface and cluster topog-
raphy on a nanometer scale. It is, for example, often difficult
to definitely exclude a residual uncertainty of the photoe-
mission data with respect to the actual origin of the signal.
A considerable contribution to the photoemission yield can
arise, e.g., from the supporting surface or surface defects. In
view of these problems an experimental approach that allows
local photoelectron spectroscopy of selected areas, which
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have been previously characterized by STM, is desirable.
Using the technique of photoemission electron microscopy
(PEEM), local photoelectron-spectroscopy from selected sur-
face areas is possible with a lateral resolution down to the
sub-10 nm regime [7-9]. Just recently, several groups suc-
cessfully applied this technique in the study of cluster surface
systems [10—12]. It is, therefore, ideally suited to be com-
bined with high resolution STM, which gives the required
complementary information about e.g., cluster distribution
and cluster topography.

In this paper we present the realization of a locally cor-
related photoemission and STM experiment. Our approach
enables us to perform photoemission spectroscopy and STM
imaging of supported clusters from identical areas of the sur-
face down to sizes of about 1 um? and below. In this way,
a definite correlation of the photoemission signal to a surface
area completely characterized by STM is possible.

The outline of the paper is the following: After a short
description of the experimental setup, we will discuss some
details regarding the preparation and the properties of the
cluster—substrate system — Ag/HOPG - chosen for our in-
vestigations. We will first describe the general experimental
challenges that have to be solved to achieve a local correlation
between the photoemission signal and the STM. The detailed
procedure chosen to achieve this goal for the Ag/HOPG sys-
tem is then presented. In the final discussion and outlook, we
will briefly discuss the relevant conclusions that can be drawn
from the presented local correlation experiment.

2 Experimental
2.1 Experimental setup

The experimental setup consists of an ultrahigh-
vacuum chamber for sample preparation, STM and PEEM
imaging, and a tunable femtosecond Ti:sapphire laser sys-
tem. A schematic view of the experimental setup is shown in
Fig. 1. For sample preparation, the chamber is equipped with
a commercial sputter gun (50-5000 eV kinetic energy), an e-
beam heating stage (up to 1450 K) and a Knudsen cell-type
evaporation source combined with a quartz thickness mon-
itor. At the main chamber, photoemission imaging is done
by a commercial PEEM instrument (Focus IS-PEEM) as de-
scribed in [13]. The microscope is mounted in a p-metal
chamber to shield external stray magnetic fields that would
affect the imaging quality of the system with respect to the
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FIGURE 1 Scheme of the experimental setup

lateral resolution. The resolution that we achieved at a ref-
erence sample (periodic palladium structures at silicon) was
40 nm with a 10/90 criteria at a step. Point structures can be
separated for distances > 20 nm [7]. Note, however, that in
general the surface under investigation has to be considered
as part of the PEEM-optics and that, therefore, the imaging
quality and resolution can be affected by the surface proper-
ties [14]. As well as measuring the local distribution of the
overall electron yield emitted from the surface, local electron
spectroscopy can be performed with the setup by using a Mi-
croESCA system (AE =~ 80 meV, Ax ~ 1 um) or a retarding
field analyzer (RFA) mounted in front of the imaging PEEM
detector (AE ~ 200 meV, Ax ~ 20 nm). Attached to the main
chamber is a commercial UHV-STM (Park Scientific Instru-

ments) that allows characterization of the surface topography
with a maximum scan field of 10 x 10 wm? and at this scan
size with a resolution of about 5 A. Sample transfer between
both systems is performed in-situ. Two different light sources
can be used to record PEEM images: a conventional mercury
vapor UV source (energy cut-off at 4.9 eV) and a tunable fem-
tosecond Ti:sapphire laser system (80 MHz rep. rate, 120 fs
pulse width, wavelength tunable between 750—850 nm) fre-
quency doubled in a 0.2-mm-thick beta barium borate (BBO)
crystal to produce blue light at #v 2.9-3.3 eV. Using the UV
source, the lateral distribution of regular one-photon photo-
emission (IPPE) close to threshold emission is imaged by
the PEEM. In the case of the pulsed femtosecond laser sys-
tem, the high peak intensities of the output lead to nonlin-
ear photoemission by means of multi-photon absorption. For
the present experiments, the ultra short laser pulses are fo-
cused onto the sample so that sufficiently high intensities are
achieved to induce two-photon photoemission.

22 Sample Preparation

The well-defined cluster—surface system chosen
for these investigations has been studied in detail before by
means of STM, UPS and 2PPE [2,4,5,15]. This particu-
lar system provides reasonable referencing of our measure-
ments to experimental data obtained with well established
techniques. The sample was prepared following a procedure
described in detail in [5, 16]. The graphite sample was tape
cleaved in air, then annealed in UHV at pressures lower than
10~% mbar at 600 °C for about one hour and finally at 1000 °C

FIGURE 2 (a) 400 x 400 nm?> STM image of
a HOPG-substrate sputtered with 100eV Argon
ions after 8 min oxidation at 560 °C and (b) ac-
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FIGURE 3 (a) 400 x 400 nm?> STM image of the sur-
face shown in Fig. 2 (b) after evaporation of 1 ML of
silver. The cluster density is 625 cluster/pum?, corres-

2 3 4

for a few minutes. STM images of the HOPG after this pro-
cedure showed a flat surface over extended areas, separated
by steps and a negligible defect density, as typically observed
for these systems. In the next step, the graphite was argon-
sputtered for 20 seconds at 100 eV kinetic energy to create
one mono-layer (IML) deep vacancy defects (VD), which act
as a point of attack for oxygen in the subsequent oxidation
step. The use of a low kinetic energy for the sputtering proced-
ure is motivated by detailed studies by Hahn and Kang [17]
and significantly improved the homogeneity of the final hole
distribution (see Fig. 2a,b) in comparison to an earlier publi-
cation of our work [11]. The so-prepared sample was oxidized
at 560 °C in air for 8 min and the vacancy defects (VD) were
expanded by the oxidation to 3—10 nm holes. After anneal-
ing in vacuum, 1 ML of silver was evaporated at room tem-
perature at a deposition rate of 0.4 ML/min resulting in the
condensation of silver clusters in the holes at a defined and
narrow size distribution [5, 16]. Figure 3a shows an STM scan
(0.3 V gap voltage, 0.1 nA tunnel current) of the final sam-
ple state. In order to assure constant-current mode of the STM
and to minimize the influence of the STM tip to the sample,
alow scan-speed of 50 nm/s was chosen. Advanced scanning
with these parameters over a longer period shows that the tip
does not influence the cluster distribution. The shape of the
so-formed clusters is slightly oblate at a height to diameter
ratio of 0.7, independent of cluster size [16]. The diameter
can, therefore, be directly inferred from the measured clus-
ter height. The visible lateral extension of the cluster in the
STM scan can only be regarded as an upper limit of the ac-
tual diameter; for objects of this size, the tip diameter and
shape significantly contribute to the signal [5]. For the present
sample we find an average cluster height of 3.5 nm corres-
ponding to a diameter of 5 nm. The size distribution is rather
narrow, in correspondence to reference literature [16, 18]],
and is displayed in Fig. 3b as represented by the height dis-
tribution. The cluster density of the sample is determined to
625 cluster/pum?, corresponding to a mean distance between
two clusters of about 40 nm.

3 Experimental results
3.1 Local correlation of PEEM and STM

Figure 4 shows a high resolution PEEM image
(field of view = 7 x 7 um?) of the HOPG surface, after cluster

ponding to a mean distance of the clusters of 40 nm. (b)
measured height distribution of the silver clusters in fig-
ure (a)

5 6 7

height of the silver cluster in nm

FIGURE 4 A7 x 7 um? large area of the cluster covered surface imaged by
PEEM in the 2PPE modus

condensation, recorded in the 2PPE modus using the short-
pulse laser source. The clear structuring of the photoemission
yield distribution is in contrast to the homogenous and low
yield observed for an uncovered (but sputtered and etched)
HOPG surface. Moreover, the photoemission yield from sin-
gle areas of the silver covered substrate exceeds that of the
pure HOPG by a factor of about 50. The structure in the PEEM
image reflects properties of the silver cluster distribution at
the HOPG surface (see also detailed discussionin [11]). How-
ever, the visible structure density in the PEEM image is sig-
nificantly reduced in comparison to the actual cluster density
at the surface as determined by STM (see Fig. 3 and note
the different length scales in image 3 and image 4). For the
present case we find that the cluster density exceeds the struc-
ture density of the photoemission distribution by a factor of
about 20. This deviation is in qualitative agreement with an
earlier PEEM investigation of Ag-clusters on HOPG prepared
under slightly different conditions [11]. In the latter work we
interpreted the reduced density in the PEEM images in terms
of a distinctive selectivity of the 2PPE process to specific clus-
ter properties. Although we made extensive use of the degrees
of freedom of the experimental setup as offered by the laser
source (polarization, tunability in laser wavelength), the ob-
served results did not allow us to identify these properties. We
have already suggested in this earlier work that an enhanced,
high local correlation of STM and PEEM images is necessary
to specify the origin of this selectivity. Therefore, a useful ex-
perimental approach has to be found that enables a complete
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lateral characterization and identification of identical areas by
PEEM and STM.

In the experimental setup, STM and PEEM are separate
imaging components and a sample transfer has to be per-
formed in order to apply both microscopy techniques to image
the surface. After a transfer process from the STM sample
holder to the PEEM sample holder any information about the
absolute position of the STM scan field(s) at the surface will
be lost. Therefore, to locate an area in a PEEM image that
has been previously topographically characterized by STM,
a local reference feature or marker within the scan area is re-
quired that can be unambiguously identified by the STM as
well as by the PEEM. The lateral signal distribution from the
silver clusters is not a suitable characteristic as it appears too
homogeneous for both imaging techniques and also differs
significantly in its appearance between STM and PEEM, as
described above.

The use of unique and pronounced surface defects, par-
ticularly intersecting large steps (height bigger than 20 nm),
which can be clearly identified in STM and PEEM, is in prin-
ciple possible but rather impractical for the present system
for the following reasons. These defects appear in general
rather arbitrarily and — at least for a well prepared HOPG-
substrate — at a length scale of a tenth of a millimeter. The typ-
ically restricted scan area of STM (maximum 10 by 10 pm?
for the used system) generally requires multiple attempts to
find a sample area exhibiting such a feature. Furthermore, for
typical studies of cluster substrate systems (local) sample con-
ditions should be defined as well as possible; one in general
intends to avoid experimental studies nearby such substantial
substrate modifications.

A more sophisticated and satisfactory approach would be,
if the reference marker to be identified could be purposely
placed at the surface. This would considerably reduce the
accidental nature of such a correlation experiment. It is the
potential of the STM-tip to manipulate the surface topogra-
phy which can be used to realize such an approach. The main
task is to make sure that such a STM-marker can be read
out, by identifying it with the PEEM. A potential scheme for
a PEEM-STM correlation experiment can then be performed
as follows:

In a first step, an area of interest is scanned and charac-
terized by the STM. After a successful scan, a marker (size
about a few pm?) is set by the tip at a defined distance with
respect to this scanned area. This is possible because of the
highly accurate and reproducible positioning performance of
the STM scanner and because of the capability of the tip to
sweep the silver cluster out of the scanned area using adequate
scan parameters [11, 16]. According to the large difference
of the photoemission yield between pure HOPG and silver-
covered HOPG, especially in the 2PPE-mode, these cleaned
areas are visible as dark rectangles even in PEEM images of
a rather large field of view (PEEM overview mode: field of
view is about ~ 500 pm). It is possible to span a coordinate
system in the relevant region by multi markers as, e.g., shown
in Fig. 5.

After the transfer of the sample plate into the PEEM, the
surface is imaged in the overview mode and moved by the
sample coarse position system until the markers are relocated
at the PEEM image. This can be done with passable expense.

FIGURE 5 2PPE-PEEM (hv =3.1¢eV) image of an Ag/HOPG surface
with distinct markers set by the STM. This image shows an HOPG-substrate
that was Argon sputtered at 1 keV, oxidized for 20 min at 530 °C and covered
with 0.5 ML silver. The field of view is about 30 pum in diameter. At the cor-
ners of the maximum scan range of the STM (10 x 10 um), three 2 x 2 um?
and one 2 x 4 um? big markers are visible. The white rectangle indicates the
maximum possible scan range of the STM scanner

The next step is to zoom into the marked area and identify the
location of the sector previously characterized by STM using
the set reference markers visible in the PEEM image. This al-
lows a distinct and highly local correlation of the STM image
and high resolution PEEM.

Figure 6b is a striking example of the capability of STM to
set the required markers to be identified in the PEEM image.
It shows a 14.5 x 13 um? cut out of an PEEM image where
we canrecognize a9 x 9 um? area and ainterleaved 3 x 3 pm?
area where the photoemission yield is significantly lower than
in the surrounding region. In this areas the sample surface was
destructively scanned and “marked” by STM scans with high
bias-voltages (about 3 V), high tunneling currents (around
1.5 nA), high scan-speed and low feedback loop. According to
this scanning in constant-height-mode, the STM tip moved all
silver particles out of the scanned area leaving a clean HOPG
surface. Figure 6a is the STM scan of the 9 x 9 um? big area
after removal of the silver cluster showing the topography of
the underlying HOPG substrate. Characteristic points at the
image are marked. The circles A and D mark scratches at the
surface and the circle C the crossing of a scratch and HOPG
step of about 30 nm height (see also B). These points are also
marked in the PEEM image in Fig. 6b. As expected for a clean
HOPG surface, the swept area shows negligible photoemis-
sion, and only topographic structures, such as scratches and
steps, deliver a significant photoemission yield. In contrast,
the silver-covered surrounding areas which have not been
modified by the STM give rise to a strong uniform photoemis-
sion yield modulated by the topographic contrast.

An example of a defined coordinate system set in this way
and imaged with the PEEM is shown in Fig. 5. At the cor-
ners of the maximum STM scan range, markers of different
size have been placed. The allocation of a non-destructive
STM scan relative to this marker can be done with an accuracy
higher than 300 nm. The white rectangular in Fig. 5 indicates
the maximum scan area of the STM.

Figure 7 shows an example of a local correlation of an area
within a PEEM-image and an imaging STM scan of a clus-
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ter covered HOPG area realized in this way. The STM scan
(3 x 3 um?) has been performed in the upper left corner of
the maximum area that can be covered with the scanner. The
corresponding image (Fig. 8a) shows that this area is exclu-
sively decorated with well separated clusters with a diameter
of 3—5 nm and a cluster density of 625 cluster/um?. Each dot
in the STM image corresponds to a cluster. No other topo-
graphic structure is visible in this field. Due to the relatively
large area to be scanned, a slow scanning rate had to be cho-
sen to avoid destruction of the clusters; therefore, a single
scan takes about 25 min. To prove that this scan did not re-
sult in destruction of the surface, it was imaged several times.
No change in the cluster decoration and topography could be
observed. After this imaging procedure, two markers of differ-
ent size were set with the STM tip at opposite corners of the
maximal scanner range, below and to the right of the imaged
field. To locate these markers in the PEEM image after sample
transfer we used the above-described procedure. After detec-
tion of the markers, a photoemission image of the relevant
area was taken. The corresponding PEEM images of this sam-
ple area are shown in Fig. 8b and c. The markers, where the
Ag-Cluster had been removed by the STM tip, appear dark in
the 1PPE PEEM image (Fig. 7a) as well as in the 2PPE image
(Fig. 7b) and are clearly distinguishable from the non-scanned
areas. Note that at the top border of these fields an enhanced

FIGURE 6 (a) Topographic STM image (9 x 9 wm?) recorded after
a destructive STM scan where the silver clusters had been swept away
from the area. (b) Sector of an PEEM image comprising the scanned
area shown in figure (a). The used excitation source is a conventional
mercury vapor UV source (energy cut-off at 4.9¢eV). (¢) Line scan
drawn in the STM image. (d) Line scan drawn in the PEEM image. In
both images the circles A and D mark scratches at the surface, B marks
an ca. 30 nm high HOPG step and C the crossing of a scratch with this
step. The characteristic substrate defect structure in this area is clearly
visible in the STM and PEEM image

FIGURE 7 PEEM images recorded in
1PPE (a) and 2PPE (b) modus. In both im-
ages the white rectangular outlines the 10 x
10 ern2 wide area, that can be scanned and
manipulated by the STM. The dot rectangle
located at the left top corner marks the area
where the cluster decorated HOPG has been
imaged by the STM. Both rectangles corres-
pond to square areas which are horizontally
distorted by about 15% due to aberration of
the PEEM optics at large magnification

PE contrast is observed, visible in Fig. 7a and b particularly in
the left bottom rectangle. It is a result of the accumulation of
silver that had been removed by the STM-tip from the scanned
area. The chosen corner position of these markers with respect
to the maximum scan range of the STM enables us to recon-
struct the maximum possible field of view of the STM in the
PEEM image. The white rectangle in Fig. 7a and b indicates
this 10 x 10 pm? large area.

These two markers and their well-known relative position
with respect to the maximum scan field allow one to locate
the area that has been imaged by the STM in the PEEM im-
ages in an unambiguous way. This area is marked in Fig. 7a
and b by the white dotted rectangle located at the upper left
corner. For better comparison, we display the 1PPE-PEEM
and 2PPE-PEEM signal distribution from the marked area
scaled to the size of the corresponding STM image in Fig. 8a,
b and c. To our knowledge, this figure represents the first dir-
ect correlation of the lateral photoemission distribution and
the topography of supported clusters from identical surface
areas.

3.2 Discussion and outlook

The main purpose of this paper was to describe an
experimental approach that allows a high local correlation of
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FIGURE 8 STM (a), 1PPE (b), and 2PPE (c) image of an identical surface area of the cluster covered HOPG marked in Fig. 7 by the white dotted rectangular
(size: 3 x 3 um?). For the 2PPE image we find, in comparison to the 1PPE image and the STM scan, a structure density reduced by about a factor of twenty.
The STM scan showd interferences in scan direction (here vertical) due to the extreme scan parameters necessary to perform a non destructive scanning of the
relatively large area. Even though the lateral resolution is somewhat reduced, the measured height of all visible dots is between 2 to 4 nm, in correspondence
with the measured cluster height distribution (Fig. 3). Every feature represents a single silver cluster or a few close-lying silver clusters

photoemission and STM data from a cluster—surface system.
Figure 7 and 8 show that this is indeed possible by making
use of the surface-manipulating capabilities of the STM-tip.
The STM, 1PPE and 2PPE images shown in Fig. 8a, b and
c respectively, contain complementary information about the
clusters from an identical area at the surface. Statements about
cluster density and the homogeneity of the cluster system with
respect to shape and size can be made from the STM image.
We find by STM imaging that this area is covered with well
separated clusters, with sizes ranging from 3—5 nm and dens-
ity of 625 cluster/um? corresponding to a mean distance of
about 40 nm. The actual size of the clusters lies obviously
beyond the lateral resolution of the PEEM. Considering the
mean distance between two clusters which lies in the range
of the PEEM resolution, the cluster should appear as sepa-
rable spots in the PEEM image. This is indeed the case for
the 1PPE PEEM image; a clear structuring is visible resem-
bling the cluster density as determined from the STM scan.
Due to the uncertainty in the local correlation between STM
and PEEM image of 300 nm and due to the statistic distribu-
tion of the cluster decoration, an unambiguous identification
of identical local structures in the STM and PEEM image is
not possible for the present sample.

The lateral intensity distribution of the conventional
1PPE-PEEM image reflects local properties related to the
electronic density of states in the initial and final state of the
photoemission process as well as local variations in the clus-
ter and substrate work function. The 2PPE-PEEM images are
additionally affected by the coupling of the exciting laser light
(hv =~ 3.1eV) to localized collective plasmon excitations of
the silver clusters (hw ~ 3.0-3.6eV) [11, 18] and the involve-
ment of single electron excitations in the 2PPE process which
are located between Fermi energy and vacuum level [19]. The
visible differences between the 2PPE images and the 1PPE
and STM image, respectively, in the lateral signal distribu-
tion can be related to these specific properties. The significant
difference in structure density between the 2PPE image and
the STM image has been mentioned before and was already
discussed in some detail in [11]. The local correlation of the
PEEM image and the STM scan unambiguously shows that
this difference is intrinsic to small clusters exhibiting a rather
narrow size distribution.

The selectivity of the 2PPE process appears to be highly
sensitive to very small differences in the cluster properties
with respect to their topography (see cluster height distri-
bution in Fig. 3). Plasmon resonance energy and resonance
width, however, can be strongly modified by only relatively
small changes in the cluster shape, the cluster size and the
cluster—substrate coupling [20,21]. In this regard, it is intu-
itive that 2PPE particularly address clusters exhibiting a plas-
mon energy in resonance with the chosen photon energy of
3.1eV. ‘Off-resonant’ clusters stay hidden in a 2PPE image.
The signal distribution visible in the 1PPE-image (Fig. 8a)
supports this conclusion. The 1PPE process (hv ~ 4.9 V)
cannot be affected by selective coupling of the light to the
plasmon resonance. In consequence, the structure density ap-
pears much denser in comparison to the 2PPE image, and is
compatible with the cluster density in the STM image.

It is obvious that the achieved correlation of PEEM and
STM is a first and important step to match our photoemission
and topographic results. However, more quantitative state-
ments require further improvement of the local correlation
between PEEM and STM. Although e.g., effects due to local
variations in the cluster density are possible, they cannot be
considered in detail at the present state. It seems that it is first
necessary to relate a specific photoemission feature to a se-
lected cluster characterized by the STM (single cluster spec-
troscopy). This can be achieved for samples with smaller clus-
ter densities so that identical structure signatures can be iden-
tified in the STM and the PEEM image at the same time. An
alternate approach would involve the use of a pattern recogni-
tion algorithm. Highly local spectroscopy of plasmon excita-
tions, and highly local 1 photon and 2 photon photoemission
spectroscopy can also be performed with the used PEEM
system, and will be able to complement these experiments.
Most exciting, however, is the capability of 2PPE (2PPE-
PEEM) to be combined with femtosecond pump—probe spec-
troscopy (time-resolved 2PPE) [22]. This technique allows
one to measure the decay dynamics of electronic excitations
at a resolution in the femtosecond regime. In combination
with the presented approach, experiments will be possible ad-
dressing the femtosecond decay dynamics in single clusters,
in which size and location will have been previously probed
on a nanometer scale by STM.
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4 Summary

An experimental scheme has been realized that al-
lows a complete characterization of identical surface areas
of a cluster—substrate system by means of local photoemis-
sion spectroscopy using photoemission electron microscopy
(PEEM) and STM. The local correlation achieved so far is bet-
ter than 300 nm for an area size of 3 x 3 pm?. We assume that
the use of low density cluster systems and pattern recognition
schemes will significantly improve this correlation by an ac-
curacy of several nanometers. In future experiments we plan
to use the potential of this technique to perform highly local
femtosecond pump—probe photoemission of deposited clus-
ters which are well-characterized on a nanometer scale.
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