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Scanning photoemission microscopy on MAXIMUM reaches 
0.1 micron resolution 
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We present the first results from the upgraded version of the scanning photoemission spectromicroscope MAXIMUM, based on 

synchrotron undulator light and on a multilayer-coated Schwarzschild objective. The upgrade involved nearly all parts of the 
instrument, notably the beamline and the electron analysis system. Micro-images of Fresnel zone plates and of metal test patterns 
on semiconductor substrates reached a new record in lateral resolution, well beyond 0.1 micron. The first spectromicroscopy tests 
were also successfully performed on the new instrument, with analysis of f and d core levels in different systems. 

The upgrade version of the M~~MUM (mul- 
tiple-application X-ray imaging undulator micro- 
scope) system has been recently tested in its 
photoemission spectromicroscopy mode of opera- 
tion, and the results demonstrate that it has 
reached and surpassed its target performances. 
To the best of our knowledgf, the present per- 
formances, better than 1000 A lateral resolution 
and better than 400 meV energy resolution, are 
the best in the world for photoemission spectro- 
microscopy. No evidence of obstacles has been 
found against further improvements of the MAX- 
IMUM technology, except for the photon source 
brightness. This indicates that the performances 

will be significantly enhanced by the use of ultra- 
bright synchrotron sources tike ELE’ITRA in Tri- 
este and the advanced light source (AL% in 
Berkeley. 

MAXIMUM is a collaboration program that 
involves several groups and institutions [l-3]. The 
core program is developed at the Center for 
X-Ray Lithography of the University of Wiscon- 
sin-Madison, using the storage ring Aladdin of 
the University’s Synchrotron Radiation Center. 
Other partners are the Center for X-Ray Optics 
of the Lawrence Berkeley Laboratory, the Xerox 
Corporation, the University of Minnesota and the 
Ecoie PO&technique FCdCrale de Lausanne. The 

0039-6028/93/$06.00 0 1993 - Elsevier Science Publishers B.V. All rights reserved 



C. Capasso et al. / SPM on “MAXIMUM” reaches 0.1 pm resolution 1047 

photon source, a 30-period undulator, was origi- 
nally developed by Stanford and Berkeley [4]. 

The main objective of the MAXIMUM pro- 
gram is to reach high lateral resolution in estab- 
lished synchrotron radiation spectroscopies. The 
tests have been primarily conducted in photoe- 
mission spectroscopy because this is a technique 
for which the need to achieve lateral resolution is 
most urgent. Photoemission has been for decades 
one of the leading experimental techniques in 
materials science, but with a very severe handi- 
cap: the need to average over sample areas of the 
order of 1 square millimeter, thereby losing all 
microscopic information [5]. 

In 1988, it became apparent that this severe 
limitations could be eliminated because of two 
significant technical advances [l]. First, the 
demonstrated reliable operation of undulators, 
that significantly increased the brightness of the 
synchrotron radiation sources. For example, after 
moving the Stanford-Berkeley undulator [4] to 
the storage ring Aladdin, its brightness exceeded 
by more than two orders of magnitude that of the 
ring’s bending-magnet radiation. 

Second, progress in multilayer coatings made 
it possible to enhance the reflectivity of surfaces 
- including non-plane surfaces - in the soft-X-ray 
spectral region. This opened, in particular, the 
possibility to use reflection devices like the 
Schwarzschild objective to focus this type of radi- 
ation [l-3]. 

These two elements of progress were brought 
together in the MAXIMUM system, whose artist’s 
view is shown in fig. 1. MAXIMUM is a scanning 
instrument, that takes the radiation emitted by 
the Stanford-Berkeley undulator [4] on Aladdin, 
fi!ters it with a monochromator, then focuses it 
onto the sample. This enables us [l-3] to perform 
different kinds of synchrotron radiation spectro- 
scopies on a microscopic sample area; such spec- 
troscopies include, for example, absorption, re- 
flection and desorption techniques. In the pho- 
toemission mode, photoelectrons emitted by the 
small sample area are collected and analyzed by a 
double-pass cylindrical-mirror electron energy 
analyzer. 

Besides taking spectra from a small sample 
area, we can also scan the sample position with 

Schwarzschild 

$Ele&mn AnaIyzef 

Display 

respect to the focused beam, and create two-di- 
mensional micro-images. For example, we can 
scan while measuring the photoemission signal at 
a fKed photon energy, corresponding to the emis- 
sion from a given core level of a given element in 
a given chemical status [l-3,5]. This produces 
micro-images of the lateral distribution of that 
element in that chemical status. Whereas other 
techniques exist that can perform microchemical 
analysis on the scale of MAXIMUM [6-91, no 
other technique can reach the energy resolution 
of photoelectron specromicroscopy in delivering 
fine information in the chemical status of ele- 
ments. 

The first stage of the MAXIMUM program 
adopted several technical compromises to fit a 
limited budget [l]. For example, the first 
monochromator was borrowed from the Syn- 
chrotron Radiation Center and not optimized for 
the undulator output. Severe problems were 
identified, for example those related to the 
roughness of the Schwarzschild lens surfaces. 
These problems notwithstanding, we were able to 
demonstrate good lateral resolution for total-yield 
photoelectron micro-images [l-31. In the years 
1989-1990, the lateral resolution of these images 
improved from a few microns to one-half micron 
[2]. Breaking the micron barrier opened the pos- 
sibility to use the instrument for life-science ex- 
periments on neuron systems [3]. 
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Fig. 2. Photoelectron micro-image of a portion of a Fresnel zone plate. From the 2mallest distinguishable zones we estimated a 
lateral resolution of approximately 900 A. 

In 1991-1992, the system was rebuilt and opti- 
mized. Virtually every portion of the instrumenta- 
tion was improved, but the most important 
changes concerned the beamline. The borrowed 
monochromator was replaced with a spherical- 
grating instrument from the Lawrence Berkeley 
Laboratory. After extensive computer simulation 
of the beamline response, the optical system was 
optimized to the undulator’s output. By the end 
of 1991, most of the rebuilding work had been 
completed, and tests were initiated of the new 
instrument’s performances. 

Since then, we completed a long and extensive 
series of such tests, that demonstrated, on one 

hand, a marked improvement with respect to the 
previous performances, and on the other hand, 
performance levels that are unmatched at present 
for this kind of instruments. 

Perhaps the most important element in the 
new performance level is the lateral resolution. 
Fig. 2 shows the image of a portion of a Fresnel 
zone plate, used as a standard for one of the 
lateral resolution tests. By analyzing the features 
from progressively smaller zones, we observe that 
MAXIMUM is capable of imaging features whose 
size is consistent with a resolution of the order of 
900 A. Furthermore, we tested the spectroscopic 
capabilities of the instrument by analyzing core- 

Fig. 3. Three-dimensional reconstruction of a photoelectron micro-image of a portion of a neuron specimen. The reconstruction 

was performed with the ‘Spyglass software. 
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level and valence-electron spectra of different 
systems, in particular f and d core levels of semi- 
conductor surfaces and interfaces. These tests 
demonstrated a limit energy resolution better than 
400 meV. 

The MAXIMUM system in its new version was 
already tested in real experiments, both in mate- 
rials science and in the life sciences. These last 
are quite demanding, and absolutely require a 
lateral resolution better than the typical size of 
cell components [3]. Fig. 3 shows the three-di- 
mensional reconstruction of a photoelectron-yield 
image of portions of a neuron specimen, with 
cells and connections. This reconstruction em- 
phasizes the already observed topographic com- 
ponent in the photoelectron image formation 
process, that has not yet been completely clari- 
fied. 

From the point of view of biological photoe- 
mission spectroscopy, MAXIMUM was success- 
fully used [lOI to detect elements in the neuron 
cell membrane: see, for example, the potassium, 
sodium and calcium features from the ion cban- 
nels in fig. 4. Note that the detection of these 
elements is made possible by the surface sensitiv- 
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Pig. 4. Spectrum from a 1 X 1 Km2 area of cell body in a 
neuron network [lo], with features related to elements in the 

ion channels of the cell membrane. 

ity of photoemission spectra at these energies. In 
a sense, results like those of fig. 4 are the first 
applications of su~ace-scien~ techniques to bio- 
logical experiments. 

As to the future, we are now planning to 
extend MAXIMUM’s technology to the new ul- 
trabright s~chrotron sources ELETIRA and 
ALS. The motivation is quite clear: even with the 
extensive improvements and fine tuning, MAXI- 
MUM does not reach its ultimate performances, 
and the limit is primarily the brightness of the 
present photon source. On the new sources, the 
brightness will further increase by 2-3 orders of 
magnitude, so that the ultimate (diffraction) limit 
of lateral resolution can be reached with addi- 
tional photons available, that can be used to 
improve other MAXIMUM performances. 

The ~IMU~ program is primarily sup- 
ported by the US National Science Foundation 
(directly and through the Wisconsin Synchrotron 
Radiation Center), with additional cont~butions 
from the Wisconsin Alumni Research Founda- 
tion, the US Department of Energy, the Fonds 
National Suisse de la Recherche Scientifique, the 
Ecole Fol~echnique Fed&ale de Lausanne and 
the Italian National Research Council. We thank 
our colleagues Delio Mercanti, Maria Teresa 
Ciotti and Tiziana Dell’orto for their crucial role 
in the neuron experiments. 
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