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Abstract 
      The continuous miniaturization and increasing 
complexity of the materials used in modern technology 
requires an access to the chemical composition and 
electronic structure, and a possibility to monitor 
variations or fluctuations in these properties at sub-
micron and nanometer scales. In principle, X-ray 
photoelectron spectroscopy (XPS) can provide this
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information. However, in a traditional experimental setup, the spectroscopic 
signal is obtained from a spot of some 100 µm to millimeters in diameter, and 
therefore averages over this area. This has led to a strong demand to perform 
XPS from areas as small as the smallest building blocks of the nanostructures 
under study, and motivated the development of special instruments which 
combine spectroscopy and microscopy and allow to perform XPS with the 
highest possible lateral resolution, namely the direct imaging and the scanning 
type photoemission microscopes. The first part of this paper reviews the 
present state and future developments in the field of direct imaging 
photoemission microscopes, in particular, the use of photoemission electron 
microscopes (PEEM) in combination with synchrotron radiation. The role of 
energy filtering and aberration correction is discussed in detail. The second 
part of the article reviews the state-of-the-art in scanning photoemission 
microscopy (SPEM). Finally, selected results obtained with PEEM and SPEM 
on self-assembled monolayers and carbon nanotubes demonstrate the power of 
these methods.  
 
Introduction 
 After almost a century of development since the discovery of the 
photoelectric effect, photoelectron spectroscopy (PES) has become a standard 
analytical tool in surface and material science providing elemental analysis of 
surface species and their chemical states [1]. However, not until the late 
1980’s, an important aspect in PES, namely the lateral resolution, has been 
seriously considered. Almost all analytical technique can benefit from lateral 
resolution [2]. PES automatically reaches high spatial resolution in the 
direction perpendicular to the surface because of the short mean-free-path of 
the excited photoelectrons. On the other hand, a conventional PES 
spectrometer, averaging over an area of the order of square millimeters, 
usually lacks lateral resolution. The main limiting factor for the development 
of PE microscopy was a relatively low intensity of the emitted photoelectrons 
per surface area at their excitation with a conventional X–ray source [3]. 
However, the rapid development of third generation soft X–ray synchrotron 
radiation light sources around the world, such as, e. g., ALS in Berkeley, USA 
[4], ELETTRA in Trieste, Italy [5, 6], NSRRC in Hsinchu, Taiwan [7–9], 
MAX-LAB in Lund, Sweden [10], BESSY II in Berlin, Germany [11], and 
PLS in Pohang, Korea [12], has allowed to overcome the photon flux 
limitation, and different types of photoemission microscopy stations have been 
developed. The main characteristic of these machines is the source brightness 
provided by insertion devices, either wigglers or undulators, which can deliver 
a photon beam of high brilliance, which is by several orders of magnitude 
more intense than that provided by the best conventional X–ray sources.  
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Figure 1. A schematic drawing of a PEEM. The sample is illuminated by 
monochromatic X–rays. The lateral photoelectron distribution is collected by the 
objective lens and transferred by a lens system to the detector. 
 
 More than 10 years ago, two basic, complementary design principles have 
been identified for photoemission microscopes [13]: the scanning and the 
direct imaging type instruments. In the scanning type instruments the photon 
beam is focused by an optical system (like a Fresnel zone plate or a 
Schwarzschild objective) on a small spot on the sample. The photoelectrons 
excited from this area are then collected by a detector. The lateral resolution of 
the instrument is given by the size of the illuminated area. A surface map can 
be obtained by scanning the sample relative to the beam. 
 On the other hand, in the direct imaging type instruments, the sample is 
illuminated in a larger area and the photoelectron yield image is magnified by 
an electron optical system. The most popular instrument of this type is the 
photoemission electron microscope (PEEM) which will be discussed in the 
following. 
 
Imaging photoemission microscopy 
 A PEEM employs electrostatic or magnetic lenses to form a magnified 
image of the local photoelectron yield of the sample on a screen [14]. Typical 
fields of view of the microscope range from 1 µm to 100 µm. To excite the 
photoelectrons, the sample is homogeneously illuminated by monochromatic 
X–rays in a spot the size of which ideally matches the field of view of the 
microscope. A PEEM allows continuous imaging with video rate [15]. No 
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sample scanning is necessary. A basic PEEM is shown in Figure 1. The 
photoelectrons emitted from the sample are accelerated by a high electric field 
between the sample and the objective lens. The image produced by the 
objective lens is magnified by the projector lens onto a detector. High fields at 
the sample are generally needed for collection efficiency and lateral resolution. 
Therefore samples with sharp tips cannot be studied since field emission starts 
at fields well below those used for imaging. 
 A PEEM can be equiped with an electron gun and operated as a low 
energy electron microscope (LEEM) [16]. The separation between incoming 
and outgoing electrons is achieved by a magnetic prism (sector field). The 
electrons emitted or reflected from the surface are transferred into the image 
plane of the microscope, where a magnified image of the sample can be 
observed with a video camera or a CCD camera. A LEEM can be used to 
obtain real space images of the sample with a lateral resolution of 7-8 nm [17, 
18], or to measure the intensity distribution in reciprocal space (low energy 
electron diffraction (LEED)). The LEED pattern can be obtained from a sub-
micrometer-sized spot on the sample. A photograph of a commercial LEEM 
system is shown in Figure 2.  
 The lateral resolution of a PEEM/LEEM is determined by three quantities: 
(a) spherical aberrations, (b) chromatic aberrations, and (c) diffraction [11]. 
Spherical aberrations can be reduced by cutting the electrons which pass the 
lenses far from the center, i. e., by reducing the angular acceptance of the 
microscope. For this purpose, a contrast aperture is usually placed in the back 
focal plane (or an equivalent plane) of the PEEM. Furthermore, due to the 
chromatic aberrations, a focal point of the microscope is smeared out along the  
 

 
 

Figure 2. Photograph of a LEEM instrument. Courtesy of Elmitec company. 



X–ray photoemission microscopy for nanocharacterization of advanced materials 261 

optical axis. Only electrons with the proper energy are focused into the 
aperture, which reduces the width of the energy distribution of the electrons 
transmitted through the PEEM [19, 20]. Therefore the use of a contrast 
aperture reduces the aberrations of the microscope, at the expense of 
transmission. Reducing the diameter of the contrast aperture, the lateral 
resolution of the microscope can be improved, until finally diffraction at the 
aperture becomes the dominating effect, and further reduction of the aperture 
diameter reduces the transmission of the microscope without further 
improvement in lateral resolution. With X–ray illumination, a standard PEEM 
like the PEEM2 at the ALS can reach a lateral resolution of 20 nm [20].  
 A photoelectron spectrum obtained with X–rays consists of three parts 
[21]: the secondaries peak at low kinetic energy (≈ 0 − 20 eV), the core level 
and Auger peaks at energies charcteristic for the elements and their chemical 
state, and the valence band or Fermi edge at the high kinetic energy cutoff. The 
width of the spectrum (i. e., the difference between high and low energy 
cutoff) equals the photon energy minus the work function of the sample, and in 
synchrotron radiation experiments can therefore be several ten to hundred eV 
large. However, lowering the photon energy to the UV, the valence band 
moves closer to the secondaries peak, and the photoelectrons’ energy 
distribution curve gets narrower, thereby reducing the effect of chromatic 
aberrations. Under such conditions a lateral resolution of up to 7 nm has been 
achieved with PEEM [22, 23].   
 The early PEEM work has been performed with deuterium or mercury 
lamps [24]. In these experiments, lateral variations of the work function of the 
sample were used as contrast mechanism. However, to do real elemental 
sensitive work, higher photon energies are necessary to excite atomic core 
levels. Therefore spectroscopic work with PEEM is usually done at a 
synchrotron. Most of this work has utilized soft X–rays and ultraviolet photons 
(10 – 2000 eV) in order to achieve high surface sensitivity. However, there are 
first attempts to use PEEM also in combination with hard X–rays which allows 
to image buried interfaces [25, 26]. Alternatively, the use of PEEM in 
transmission mode makes PEEM a bulk sensitive probe [27–31]. Basically, in 
this mode of operation, the variation in the X–ray intensity due to the 
absorption contrast of the sample is converted into secondary electrons which 
are detected by the PEEM system.  
 Spectroscopy with a PEEM can be performed by scanning the photon 
energy and measurement of the optical absorption edge of elements of interest. 
This technique is called µ–XANES (X–ray absorption near edge spectroscopy). 
It allows to perform spectroscopy with the lateral resolution of the PEEM. It 
works because the total photoelectron yield is approximately proportional to 
the photoabsorption coefficient [32]. Therefore, secondary electrons are used 
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for imaging [19, 33]. A requirement for this kind of experiments is a tunable 
X–ray source, which is naturally given in a synchrotron.  
 Even with sufficiently high photon energies, a basic PEEM (as described 
above) cannot be used for X–ray photoelectron spectroscopy (XPS) because it 
is not equipped with a photoelectron energy analyzer. Therefore, in order to 
perform photoelectron spectroscopy with a PEEM, the system has to be 
equipped with an energy filter. The advantages of such a combination were 
discussed in detail by Bauer [34]. However, the implementation of an energy 
filter in a PEEM is not only useful to obtain energy filtered images and to 
collect photoemission spectra. It also allows to reduce chromatic aberrations. 
Therefore, even for µ–XANES experiments, the use of an energy analyzer is 
beneficial: it allows to select a narrow energy window around the maximum of 
the secondary electron energy distribution and to improve the lateral resolution 
of the microscope without unacceptable loss of intensity. 
 Two principal ways lead to an energy analysis of the photoelectrons with 
lateral resolution. One possibility is to perform area selective spectroscopy: an 
aperture is used to select an interesting region within the field of view of the 
microscope. Photoelectrons from other parts of the sample are blocked, and 
only the photoelectrons from the interesting region can reach the analyzer. 
Therefore, the PEEM acts as a high–performance transfer lens for the analyzer. 
The diameter of the analyzed region can be as small as 1 µm. A commercial 
energy analyzer (hemispherical [35] or cylindrical [36]) can be used for this 
purpose, which allows to rely on tested standard equipment. An energy 
resolution of 190 meV has been demonstrated with such setup [37].  
 The second possibility is to filter the whole PEEM image energetically. 
Several methods have been proposed to achieve this goal. In a simple setup, a 
mesh is inserted in the PEEM. If the mesh is biased, only photoelectrons with a 
kinetic energy higher than the bias can pass the mesh which therefore acts as a 
high–pass filter. By taking two images at slightly different bias and calculating 
their difference, energy–filtered images can be reconstructed (spectromicroscopy). 
By increasing the bias of the mesh, more and more photoelectrons are cut out, 
and the energy spread in the image is reduced. By differentiation, the energy 
distribution curve of the photoelectrons from the sample can be obtained from 
an area as small as 1 µm (microspectroscopy). An energy resolution of about 1 eV 
is reported for this setup with synchrotron and laboratory X–ray sources [38]. 
 In a more sophisticated setup, the whole PEEM image is energy filtered by 
a band–pass filter, i.e., only electrons with a certain energy Eo ± ∆E can 
contribute to the image. Different solutions have been proposed and realized. 
 In a time-of-flight (TOF) analyzer, photoelectrons excited by a pulsed light 
source are dispersed by the time T they need to pass a drift tube of length L 
with a velocity υ = L/T. The dispersion is given by dT/dE with 2

2

m
E υ=                
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(m: electron mass). For L = 30 cm we obtain a variation of dT/dE from 8 ns/eV 
at 10 eV to 0.25 ns/eV at 100 eV. Therefore, the single light pulses should be 
separated at least by some 10 ns in order to avoid an overlap of spectra from 
consecutive pulses, which means that measurements with TOF require a 
synchrotron operated in single- or few-bunch mode. Obviously, this kind of 
PEEM requires a detector with high temporal resolution, which is the main 
technical difficulty in this approach. With a delay line detector, a time 
resolution of 0.5 ns has been achieved [39, 40], which corresponds to a 
theoretical energy resolution of 60 meV at 10 eV and of 2 eV at 100 eV. In 
first test experiments, an energy resolution of 400 meV at 43 eV has been 
demonstrated [40], while a lateral resolution of less than 100 nm has been 
reported [39]. In the future, PEEM systems with TOF analyzer might become 
very useful in combination with pulsed X–ray laser sources. 
 A Wien filter uses an electric and magnetic field which are pependicular to 
each other so that only electrons with a particular energy can pass the filter 
without deflection [41–43]. Although an energy resolution of 0.1 eV has been 
calculated for this design, only 1 eV has been demonstrated so far, mainly 
because at higher resolution the intensity would be unacceptably low [44]. 
 An Omega filter consists of four sector magnets arranged like the greek 
capital letter Omega. It is used in the SMART microscope at BESSY–II [45]. 
An energy resolution of 0.5 eV has been achieved so far [11].  
 The analyzer type most commonly used in photoelectron spectroscopy is 
the electrostatic spherical energy analyzer. Such analyzers were also combined 
with PEEM. Systems with 90o analyzer [46] and 180o analyzer [17, 47] have 
been build and successfully operated. A combination of two 90o analyzers has 
been proposed [48, 49], as has a system of two opposite concentric spherical 
deflectors connected by a relay lens [50, 51]. Recently a double hemispherical 
180o analyzer has been built and connected to a PEEM (NanoESCA) [52–54], 
The NanoESCA provides a high transmission even at high photoelectron 
kinetic energies and is therefore particularly suited for use with laboratory          
X–ray sources (Mg Kα and Al Kα). Electrostatic spherical analyzers in 
connection with PEEM have demonstrated an energy resolution of 100 meV [52]. 
 Most of the results in photoelectron spectroscopy using a PEEM published 
so far have been obtained with electrostatic hemispherical analyzers. A 
schematic drawing of such an instrument is shown in Figure 3. It is a 
commercial LEEM system with energy filter [55], based on a design by 
Veneklasen and Bauer [46, 56], and has been named spectroscopic 
photoemission and low energy electron microscope (SPELEEM). Such 
instruments are operational in Elettra [17], the Swiss Light Source [57], and 
SPring-8 [58], and several other synchrotron light sources are preparing to 
install a SPELEEM, as well. The SPELEEM is a LEEM/PEEM with full 
spectromicroscopic capabilities. Besides LEEM and LEED, the use of an electron 
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Figure 3. Schematic drawing of the SPELEEM instrument. 
 
gun and an energy analyzer allows measurement of the energy distribution of 
the electrons (electron energy loss spectroscopy (EELS)) from a micrometer 
spot on the sample. In complete analogy to this, three modes of operation are 
available when working with photons: Imaging PEEM (spectromicroscopy), 
dispersive plane imaging (microspectroscopy), and diffraction mode 
(photoelectron diffraction (PED)) [17, 59].  
 In the imaging PEEM mode, the photoelectrons from the sample are 
collected, selected in energy, and projected on a phosphorous screen where a 
magnified image of the sample surface is displayed and recorded by a CCD 
camera. The best lateral and energy resolution are 22 nm and 250 meV, 
respectively [17, 60]. In each image the intensity represents the photoelectron 
yield at a fixed kinetic energy relative to that specific location. For each pixel 
it is possible to plot the intensity as a function of energy, thereby obtaining 
local photoemission spectra. The images are isochromatic within 0.1 eV, i.e., 
within 0.1 eV each pixel of the image corresponds to the same energy [60]. 
 In dispersive plane imaging, all the photoelectrons originating from a 
micrometric region of the sample are collected and dispersed in energy by the 
hemispherical analyzer. Electrons with different energies are then projected on 
different regions of the phosphorous screen along a line. The intensity along 
the projected line corresponds to the photoemission spectrum. A best energy 
resolution of 150 meV has been achieved in this mode [60]. The dispersive 
plane mode, although at the expense of lateral resolution, has the advantage of 
faster acquisition times (of the order of seconds for a complete spectrum) 
which allows a fast time-resolved analysis.  
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 In the last years, energy-filtered PEEM has been the method of choice for 
the investigation of several material systems of current research interest, like 
semiconductor quantum dots [61–63], magnetic materials [64], oxide 
nanostructures [65–67], catalysis and surface reactivity [60, 68], surface science 
[54], carbon nanotubes [69], and self-organization processes at surfaces [70].  
 While all methods to improve the lateral resolution of the PEEM discussed 
so far did not eliminate the aberrations of the lenses but reduced their influence 
at the expense of transmission of the microscope, the ideal solution would be to 
build an optical system without aberrations. However, in contrast to light optics 
in the visible where aberrations can be corrected by a lens combination 
(achromat), Scherzer demonstrated already in 1936 that all conventional electron 
lenses have aberrations of the same sign, and therefore it would be impossible to 
construct an electron–optical achromat with conventional electron lenses.  
 Several methods have been proposed to overcome this limitation and to 
build aberration corrected electron microscopes. The moving focus method 
improves the lateral resolution of the electron microscope by a superposition of 
images taken at different focus values [71]. The time–of–flight technique 
reduces chromatic aberrations with a fast switching lens field [72]. Electrons 
with different energies (which give rise to chromatic aberrations) have 
different velocities and pass therefore the corrector at different times. If the 
corrector is fast enough, it can change the focal properties of the lens so that all 
energies are focused in the same point. A correction of spherical aberrations 
with this approach, however, seems much more complex. Multipole lenses are 
already successfully employed in scanning and transmission electron 
microscopes [73, 74], and sub–Å resolution has been demonstrated [75]. A 
similar approach, using a multipole Wien filter, is now under development for 
PEEM [76, 77]. Finally, the use of an electron mirror has been proposed for 
aberration correction in PEEM and LEEM [78]. While all conventional 
electron lenses have aberrations of the same sign, an electron mirror (like the 
multipole lenses) produces aberrations of the opposite sign and allows 
therefore to compensate for the aberrations of the lenses. 
 A new generation of aberration–corrected PEEMs is now under 
construction: the SMART project at BESSY–II [11, 79] and the PEEM3 
project at the ALS [80–84]. These instruments will use an electron mirror for 
aberration correction. For the SMART microscope, a best lateral resolution of 
0.5 nm has been calculated. Alternatively, at a lateral resolution of 10 nm the 
calculated transmission of the SMART will be 3000 times higher than that of 
an uncorrected PEEM with the same resolution [45]. For the PEEM3, the 
highest resolution predicted is 5 nm at 2% transmission, while a transmission 
of ≈ 30% has been calculated at a resolution of 20 nm. This has to be 
compared to a transmission of 1% for the uncorrected PEEM2 at its resolution 
limit of 20 nm [81, 83]. 
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Scanning photoemission microscopy 
 The direct imaging type of X–ray photoemission microscopes has been 
described in the previous section; in the following the scanning photoelectron 
microscope (SPEM) will be introduced.  
  

 
  
Figure 4. The major components of a zone-plate-based SPEM system. The combination 
of a zone plate and an order sorting aperture forms the focusing optics. The sample 
scanning system and electron energy analyzer are two other key components.  
 

 
 
Figure 5. A schematic drawing of a Fresnel zone plate (ZP) and an order sorting 
aperture (OSA). The zone plate has a diameter D, an outermost zone width ∆r, and a 
focal length of f1. Shown in the figure are only the non-diffracted and the first order 
diffraction beam. 
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 SPEM instruments employ photon optics such as Fresnel zone plate (ZP), 
Kirkpatrick-Baez (KB) mirror, or Schwarzschild objective to focus the incoming 
light, mostly in the energy range of ultraviolet (UV) and soft X–ray. By raster-
scanning the sample with respect to the focused photon beam and collecting the 
photoelectrons emitted from the illuminated micro-spot, a two dimensional 
distribution of photoemission intensity can be constructed. The three major 
components of the SPEM system are (1) focusing optics, (2) electron energy 
analyzer, and (3) sample scanning mechanism [7, 8], as illustrated in Figure 4. 
 
The focusing optics 
 Among the focusing optics that can be applied in the UV and X–ray range, 
the ZP offers the best compromise between spatial resolution, delivered photon 
flux, and energy tunability [85]. We will therefore concentrate our report on 
ZP-based SPEM.  
 A Fresnel zone plate is a circular diffraction grating with a radially 
increasing line density that acts as a lens for short wavelength radiation. A 
typical ZP consists of alternating transparent and opaque rings whose width 
decreases as the diameter increases, as illustrated in Figure 5. The transparent 
zones are arranged in such a way that the optical path difference through the 
sequential zones are exactly one wavelength, and therefore light coming 
through these zones undergoes a positive interference at the focal points [86, 
87]. Like any diffraction grating, ZP has an infinitive number of the diffraction 
orders, with the focal length fm in the mth order, expressed as [86, 87]: 
 

λm
rDfm

∆
=

              (1) 

 

where D is the ZP diameter, ∆r is the outermost zone width of the zone plate 
lens, and λ the wavelength of X–rays. In order to filter out all unwanted 
diffraction orders, an order sorting aperture (OSA) has to be inserted between 
the ZP and focal plane [87]. The geometrical arrangement of ZP and OSA is 
shown in Figure 5.  
By applying the Rayleigh criterion, the diffraction limited spatial resolution mRδ  
in the mth diffraction order of a perfect lens will be [86]: 
 

m
rRm
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22.1δ                                          (2) 

 

However, in a real system, the spatial resolution of the mth diffraction order 
( ),Rm rδ  is a function of the diffraction-limited resolution mRδ , the light 
monochromaticity δc = D∆E/E at photon energy E, and the demagnified source 
size δd,m, which is equal to the source size δs times fm divided by the source to 
ZP distance L [88]. 



Chia-Hao Chen et al. 268

( ) ( ) ( )
222

2
,

22
,

22.1
⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛ ∆

+⎟
⎠
⎞

⎜
⎝
⎛ ∆

=

++=

L
f

E
ED

m
r

RR

ms

mdcmrm

δ

δδδδ
   

                                                    

 (3)

 

 
Most of the ZP-based SPEM stations are located at synchrotron radiation light 
sources. The typical energy resolving power of soft X–ray beamlines is in the 
range of several thousands, and the source to ZP distance is at least several 
meters. According to Eq. (3), the diffraction-limited spatial resolution given by 
Eq. (2) is therefore still a good approximation.  
 As mentioned above, the focal length of a ZP depends on the photon 
energy, outermost zone width, and the diameter of the ZP. For a ZP of 200 µm 
diameter and 100 nm outermost zone width, the focal length will be 4-13 mm 
for a photon energy ranging from 250 to 800 eV. The OSA, however, is only 
about a quarter of the focal length away from the sample, which can be 1 mm 
or even less for smaller-sized ZPs. Consequently, the precise positioning of the 
ZP and OSA is essential for the optimum performance of a SPEM system. A 
practical way is to mount the ZP and OSA on piezoelectric-driven crossroller- 
slide stages, which can move ZP and OSA both separately and together through 
their common base plate [7–9]. If ZP and OSA are perfectly aligned, a symmetric 
doughnut-shaped pattern can be observed on a phosphor screen behind the sample 
 

 
 
Figure 6. A photo taken from inside the SPEM chamber, showing the analyzer input 
lens, focusing optics, and the alignment mechanism of the optics. Note that the sample 
stage has been removed to make the optics visible. 
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stage. Figure 6 shows the ZP and OSA positioning mechanism used at the 
NSRRC-SPEM station.  
 One of the disadvantages of the ZP-based SPEM system is its dependence of 
the focal length on the photon energy. When the photon energy is lowered, the 
OSA needs to be placed closer to the sample, which can shade the emitted 
photoelectrons. For applications involving a low photon energy but requiring a 
high lateral resolution, like spatially resolved UPS, Schwarzschild optics will, 
therefore, be a better choice [6, 89, 90].  
 Another disadvantage of ZP optics is its low diffraction efficiency. The 
efficiency of a standard Au amplitude ZP in the first order diffraction is about 
10% [91]. By replacing the opaque zones with transparent but phase-shifting 
ones, the efficiency can be enhanced to about 20% [92]. Note that the spatial 
resolution of a ZP can be improved by using higher diffraction orders as shown 
by Eq. (2). However, the respective photoelectron signal will be, regretfully, too 
low for imaging, since the diffraction efficiency is inverse proportional to m2 [85]. 
 
The electron energy analyzer 
 In the pioneering age of the SPEM development, the analyzer mostly used 
was the cylindrical mirror analyzer (CMA) [93, 94]. However, due to the poor 
energy resolution and the low analyzer acceptance [95], the analyzers 
employed in most SPEM systems nowadays are hemispherical sector analyzers 
(HSA) with a multi-channel detector (MCD). Since the photoelectrons are 
energy dispersed in the exit plane of the HSA, the use of a MCD allows a 
simultaneous collection of photoelectrons of different kinetic energies. The 
respective signals can be used for image formation. For example, the SPEM at 
NSRRC has a 16-channel detector that allows a simultaneous acquisition of a 
set of 16 images corresponding to different kinetic energies of photoelectrons 
in a single scan [7–9]. The images can be further processed, including 
summing of all channels and the selection and subtraction of the individual 
channels, necessary, for example, for background correction. 
 
The sample scanning mechanism 
 Generally, it is easier to move the sample than the focusing optics. Therefore, 
most of the synchrotron-based SPEM stations utilize the synchronized scanning of 
the sample relative to the focused photon beam provided by the optics.  
 In order to scan the sample surface in both millimeter and micrometer 
length range, SPEM stations are usually equipped with two sets of sample 
positioning and scanning mechanisms, viz., a mechanical step motor for long 
range x-y-z motion and coarse scanning, and an ultrahigh vacuum (UHV)-
compatible piezoelectric stage for precise x-y positioning and scanning [3, 7]. 
Both scanning mechanisms are operated under computer control and are 
synchronized with the data acquisition.  
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 SPEM can operate in either imaging (spectromicroscopy) or 
microspectroscopy mode. In the imaging mode, the sample is raster scanned 
with respect to the photon beam, and the photoelectrons emitted from the beam 
spot are synchronously collected. Each pixel of the image corresponds to the 
intensity of the photoelectron signal at a particular place on the sample surface.  
The image represents then the distribution of the photoelectron yield related to 
a specific chemical element, which is a measure for its local concentration. In 
addition, binding energy shifts can be used for mapping chemical states of 
each element on the sample surface. 
 With the multi-channel detection capability, images of several different 
chemical states can be obtained in one scan, which can reduce the acquisition 
time drastically. An example of the chemical state mapping taken with a 16-channel 
MCD is given in Figure 7. The sample is a silicon-based IC chip with patterns 
 

 
 
Figure 7. The Si 2p SPEM images of a silicon-based IC chip. The intensity contrast is 
due to the spatial variation of different chemical states, namely SiO2, poly-Si, and TiSi2. 
The images were taken at a photon energy of 382 eV with an image size of 200 pixel × 
200 pixel, a pixel width of 300 nm, a dwell time of 50 ms, and a total acquisition time 
of about 30 minutes. 
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of poly-silicon and titanium silicide (TiSi2) on a silicon substrate with a thin 
silicon dioxide surface layer. The energy window of the MCD was selected to 
cover the whole Si 2p range. The images related to the channels number 8, 11, 
and 12 correspond to the binding energies of silicon in SiO2, poly-Si and TiSi2, 
respectively, and represent, thus, the spatial distributions of the respective 
chemical states. 
 The second mode of a SPEM system is PE spectroscopy from a small spot 
area, so-called µ-XPS or µ-UPS. It is a detailed PE spectroscopic analysis of 
selected areas where the SPEM images show particularly interesting features. 
µ-XPS spectra from uniform areas can also be taken while keeping the sample 
scanning [96], which decreases the photon exposure per surface area. This is 
particularly useful for radiation-sensitive samples, which can degrade fast upon 
photon illumination.  
 It should be pointed out that some restrictions exist for the SPEM 
technique. The samples need to be a conductor or semiconductor. While a 
flood gun is frequently used for XPS measurements on insulating samples, it is 
regretfully not applicable for ZP-based SPEM: since the optics is quite close to 
the sample surface, the electrons delivered by the flood gun cannot easily reach 
the sample and compensate the charging. Secondly, since the light is focused 
into a tiny spot, the local photon density is extremely high, which can cause 
artifacts in the images, as well as radiation-induced damage of the sample [97]. 
Several ZP-based SPEM systems are presently in operation, e.g., at ELETTRA 
in Italy, at PLS in Korea, and at NSRRC in Taiwan. The standard spatial 
resolution of those systems is in the range of 100 nm. A HSA with a 48-
channel MCD has been implemented at the ELETTRA-SPEM [85]. A larger 
number of channels within the energy window defined by the pass energy 
reduces the energy steps between the images related to the individual channels. 
 It is important to mention that besides SPEM, there is another scanning 
type microscope employing ZP as the focusing optics: the scanning 
transmission X–ray microscope (STXM). STXM detects the intensity 
distribution of transmitted photons of a particular energy. This technique relies 
upon X–ray absorption spectroscopy to obtain chemical information [95]. 
Since it is a photon-in photon-out technique, no UHV is needed, and the range 
of materials is not only limited to conductors and semiconductors. This makes 
STXM a quite versatile instrument with easier operation and generally higher 
spatial resolution, but of course with lack of the surface sensitivity that 
photoelectron spectroscopy can offer.  
 With continuous efforts devoted to the improvements of the focusing 
optics [98, 99] and the development of new synchrotron radiation light sources 
with higher brightness, the spatial resolution and overall performance of SPEM 
are expected to improve, and, hopefully, more systems will be built in the near 
future. However, the demand on new SPEM systems will essentially depend on 
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the scientific merit. The already existing systems have recently been applied to 
investigations of the local electronic structure of various semiconductor 
nanostructures, such as GaN nanowires [100], ZnO nanorods [101, 102], and 
AlN nanotips [103], and the atomic force microscopy (AFM)-induced formation 
of silicon carbide nanowires [104]. Other studies included the dynamics of 
surface chemical processes on catalytic transition metal surfaces [105, 106], the 
defect formation in organic light-emitting devices [107], and the spatial chemical 
inhomogeneity of ferromagnetic semiconductors [108]. The above list shows a 
broad range of scientific and technological areas where SPEM can significantly 
contribute. Moreover, SPEM is truly a microprobe technique, which offers an 
additional option of using the focused beam for pattern fabrication. This will be 
addressed in detail in the first part of the following section. 
 
Application examples 
Self-assembled monolayers  
 The development of novel approaches for the fabrication of structures and 
patterns on micro- and nanometer length scales attracted a lot of attention in 
recent years, especially in the field of chemical and biological research. 
Promising materials for these applications are chemisorbed monomolecular 
films: self-assembled monolayers (SAMs) [109, 110]. SAMs are well-ordered 
and densely packed 2D-assemblies of long chain molecules attached to a 
suitable substrate [111]. The flexible molecular architecture of the SAM 
constituents allows using a wide range of substrates and provides an easy way 
to tailor surface properties, such as wetting, lubrication, adhesion, and 
corrosion. These properties can be controlled by both selection of suitable 
molecules and the physical modification of the respective SAMs through their 
exposure to ions, X–ray photons, UV light, or electrons [112]. Such modified 
monolayers can then be used as templates for the selective attachment of 
various functional moieties and macromolecules. The adjustable properties and 
molecular size of their constituents make SAMs an ideal platform for the 
fabrication of micro- and nanostructures.  
 Various approaches for the fabrication of micro- and nanopatterns on the 
SAM basis have been developed during the past two decades, including 
microcontact printing [113, 114], dip-pen lithography [115, 116], ultraviolet 
interferometric lithography [117], scanning microprobe printing [118–122], 
electron beam patterning [123–125], and X–ray lithography using a focused 
soft X–ray beam from SPEM [126, 127]. Among the above approaches, 
electron beam patterning is probably most attractive due to a deep 
understanding of the phenomena occurring upon irradiation of ultrathin 
organic films with ionizing radiation and the possibility to use well-established 
setups from conventional electron beam lithography.  
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 The precise adjustment of the properties of a SAM resist relies on the 
detailed knowledge of the physical and chemical processes upon its irradiation. 
Such knowledge is predominantly gained by various spectroscopical 
techniques, such as, e. g., X–ray photoemission spectroscopy, X–ray 
absorption spectroscopy, mass spectroscopy, and infrared spectroscopy. 
However, most of these methods lack lateral resolution. For micro-patterned 
SAMs, these techniques will be unable to offer microscopical or mesoscopical 
information. On the other hand, the imaging of the SAM-based lithographic 
patterns was mostly carried out by scanning electron microscopy (SEM) or 
AFM, offering a high spatial resolution, but lacking chemical information. It 
was, therefore, desirable to implement an imaging technique based on the 
chemical identity of the SAM constituents and to perform a direct 
spectromicroscopical characterization of the patterned SAMs [7, 128]. This has 
been achieved by SPEM [7, 126, 127] and PEEM [129–131] techniques, as 
will be demonstrated in the following sections. 
 
SAM-based lithographic patterns by SPEM 
 The spectroscopic analysis of the complex phenomena occurring at the 
interactions of electrons or X–rays with SAMs showed that there are two major 
competitive processes, viz., decomposition/desorption of the film and cross-
linking of the neighboring moieties [109]. The former process is the dominant 
effect for the aliphatic SAMs, whereas quasi-polymerization prevails in the 
aromatic films, which greatly reduces their damage [132]. Keeping such a film 
intact, one can modify the functional tail group to create a new chemical 
identity of the film surface or a surface area [133]. Note that the response of 
SAMs to low-energy electrons and soft X–rays is similar, since the major 
impact on SAMs upon X–ray irradiation is provided by photoelectrons and 
inelastic secondary electrons [134]. 
 SPEM is not only a powerful tool to provide chemical information on the 
submicrometer length scale, but also an approach to create chemical patterns 
on the basis of monomolecular resists by the focused soft X–ray beam. The 
advantages of this approach lie in its high flexibility and applicability to both 
fabrication and characterization of the monomolecular chemical patterns. With 
these advantages, in situ characterization of the fabricated SAM patterns 
becomes possible, which makes the chemical analysis more reliable               
[126, 127], and which is not easy to achieve by other means of the pattern 
fabrication.  
 Two different kinds of SAMs were used in this series of studies, namely, 
the SAMs formed from alkanethiols (AT) and semifluorinated alkanethiols 
(SFAT). The AT SAM used was hexadecanethiolate or C16 (CH3(CH2)15SH) 
while SFAT SAMs were CF3(CF2)9(CH2)2SH (F10H2) and CF3(CF2)9(CH2)11SH 
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(F10H11). The substrate and film preparations were performed in accordance 
with the standard procedure [109, 135]; a detailed description of the synthesis 
of the SFAT compounds can be found elsewhere [136–139]. 
 The ex situ e-beam patterning was carried out in an UHV system by a 300 
eV electron beam (an electron dosage of 10000 µC/cm2) through a mask with 
mesh sizes of #2000 (proximity printing). The resulting patterns were exposed 
to ambient and inserted into the SPEM chamber for further characterization 
[126].  
 The samples for the in situ patterning experiments were F10H11 on Au 
and F10H2 on Ag substrate. The spot size of the focused soft X–rays was 
about 100 nm. The parameters of the focusing optics were kept the same for 
both writing and imaging so that the smallest line width for the patterning and 
the best spatial resolution for the imaging were achieved. The exposure time 
and step size have been chosen differently to perform a desirable film 
modification at writing and achieve the best compromise between the image 
quality and beam damage during the imaging [127].  
 
Electron-beam patterned SAMs 
 Alkanethiolates on gold substrate are the most studied SAMs and often 
used as a test system. Figure 8(a) shows the 16-channel µ-XPS Au 4f spectra 
for a C16/Au pattern, along with the Au 4f7/2 image, which corresponds to 
channel 10 (a higher channel number corresponds to a lower binding energy). 
The spectra were derived from a stack of 16 successive SPEM images making 
the intensity summation over 20 pixel × 20 pixel squares either on the mesh 
stripes or the square openings, as indicated in the figure by the arrows. Figure 
8(b) presents the C 1s image along with the respective 16-point C 1s spectra. 
The image corresponds to channel number 9. 
 The Au 4f7/2 and C 1s images in Figures 8(a) and 8(b), respectively, 
exhibit inverse contrast. The Au 4f intensity from the nonirradiated areas 
(mesh stripes) is higher than that from the irradiated areas (square opening), 
whereas the inverse intensity relation is observed for the C 1s image.  
 The contrast observed in the Au 4f7/2 and C 1s images is in contradiction 
with the results of in situ spectroscopic measurements, which revealed a 
reduction of the SAM thickness as a result of irradiation-induced desorption of 
the SAM constituents and their fragments [109, 140]. The respective thickness 
reduction depends on the length of the alkyl chain and the electron dosage. In 
the case of C16/Au, 30% of thickness reduction (with respect to the pristine 
layer) has been reported for a dose of 10000 µC/cm2 [140, 141]. In accordance 
with these results, the areas exposed to the electron irradiation of the patterned 
SAMs should reveal a larger Au 4f and a smaller C 1s signals. On the  
contrary, the opposite intensity relations are observed in Figure 8. This apparent  
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Figure 8. SPEM images and 16-channel small spot HRXPS spectra of electron-beam 
patterned C16/Au taken at a photon energy of 388 eV. (a) Au 4f spectra derived from 
the mesh stripe (triangles) and square opening (solid circles) of the 16- channel SPEM 
image. The image shown here is the Au 4f7/2 image from channel number 10. (b) 16-
channel C 1s spectra taken from the same area as the Au 4f spectra along with the C 1s 
image from channel number 9. The size of both images is 24 µm × 24 µm (120 pixel × 
120 pixel). A pixel dwell time was 60 ms. 
 
“disagreement” has been explained [126] as the adsorption of airborne carbon-
containing molecules on the irradiated areas during the air exposure. An 
enhanced adsorption affinity of the irradiated areas is related to their roughness 
and the presence of chemically active sites created by irradiation [109, 142]. 
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Soft X–ray beam patterned SAMs 
 Another example that can show the power of chemical imaging by SPEM 
is the chemical modification of SFAT SAMs, which were F10H11/Au and 
F10H2/Ag. Both films are composed of a hydrocarbon chain anchored to the 
substrate by the thiolate headgroup, and a fluorocarbon chain forming the 
SAM-ambient interface [138]. Previous HRXPS studies from the pristine film 
showed three distinct C 1s emissions corresponding to the CH2, CF2, and CF3 
moieties [138, 143]. Upon the irradiation, the emissions related to the 
fluorocarbon moieties decrease while the intensity of the peak originally 
assigned to the CH2 entity increases. The latter was explained by the reduced 
attenuation of the photoelectrons stemming from the hydrocarbon part and the 
transformation of CF2 and CF3 into C-C and C=C species [137, 144, 145]. 
 Figure 9 shows the C 1s SPEM images of in situ X–ray patterned 
F10H11/Au. The writing of an “S” shape pattern was carried out by scanning 
areas of rectangular shape with the focused X–ray beam using an irradiation 
time per pixel of 90 ms and pixel width of 500 nm. The photon energy was set 
at 387 eV. The imaging was performed by scanning a 70 µm × 70 µm area with a 
dwell time of 60 ms and a pixel width of 700 nm. The images were taken from 
channels 6 and 13, corresponding to the CF2 and CH2 moieties, respectively. 
Along with the images, Figure 9 presents the 16-channel spectra from the 
patterned area (orange triangles), the non-patterned area (blue solid circles), 
 

 
 
Figure 9. SPEM images (image size 70 µm × 70 µm) and 16-channel HRXPS spectra 
of a SPEM patterned F10H11/Au taken at a photon energy of 387 eV. 
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and the spectra difference between the patterned area and non-patterned area 
(red crosses). The spectra were obtained by the integration over the selected 
areas of 10 pixel × 10 pixel. The curve below the image of channel 13 is the 
intensity profile along the dashed line in the image. 
 As described above, upon X–ray illumination, fluorocarbon species were 
transformed into C-C and C=C moieties; the contrast inversion of the CF2 and 
CH2 images visualizes this effect. The peak related to the fluorocarbon chain 
(channel 6) becomes noticeably weaker while the hydrocarbon-related 
emission (channel 13) shows a strong enhancement in the intensity after the 
irradiation. This observation is also confirmed by the spectra difference. 
     Another example of X–ray microbeam patterning is F10H2 on Ag. The 
writing was carried out by scanning rectangles with same width (10 µm), but 
different lengths varying in steps of 5 µm. Due to the common origin of the 
rectangles, this resulted in an exposure time gradient ranging from 30 ms to 
180 ms along the stripe [146], as illustrated in the right of Figure 10. The pixel 
size for the writing was kept at 200 nm. The purpose of this gradient pattern 
was to study the soft X–ray exposure effect on the SFAT film. The imaging of 
the gradient pattern was performed with 400 nm pixel and 30 ms of dwell time. 
 Figure 10 shows the C 1s 16-channel spectra taken from the different areas 
of the F10H2/Ag gradient pattern, along with the images corresponding to 
channel 13 (CH2) and 6 (CF2). The exposure time was increased from the top to  
 

 
 
Figure 10. 16-channel C 1s spectra taken from areas inside and outside of a 
microbeam-patterned F10H2/Ag sample. The exposure time along the written gradient 
stripe was varied from 30 to 180 ms, the size of the stripe is 10 µm × 30 µm, as shown 
on the right. The SPEM images correspond to CH2 (channel 13) and CF2 (channel 6) 
moieties. 
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bottom of the stripe. The brightness in the image corresponds to a higher C 1s 
photoelectron yield. The spectra are the intensity summation over 18 pixel × 10 
pixel rectangles selected along the stripe, to monitor the effect of different 
exposure times. The spectra show that the fluorocarbon moieties (the peaks at 
lower channel numbers, i. e., higher binding energies) were gradually transferred 
to C-F species and different nonsaturated hydrocarbons (the peaks at higher 
channel numbers) with increasing exposure time. The first 30 ms of exposure 
results in a sudden intensity drop of the CF2 peak, which becomes more gradual 
at further exposure. The inverse contrasts of the “CF2” and “CH2”  images and 
the gradual intensity increment of the signal related to hydrocarbons (or 
decrement of the signal associated with fluorocarbons) suggests that a gradual 
chemical modification of fluorocarbons to hydrocarbons can be achieved 
through a precise control of X–ray exposure time. 
 The above examples show the strength of SPEM for X–ray lithography 
and subsequent analysis of the prepared structures. The major advantages of 
this technique lay in its high flexibility, visualization of different chemical 
state, and the possibility of in situ characterization of the fabricated patterns. 
Particularly, chemical patterns can be produced and studied. Also, gradient 
patterns can be fabricated, chemically modified (by exposure to suitable 
molecules inside the SPEM system), and characterized within a single 
experiment. Although it can be difficult to image weak signals related to small 
functional groups or buried head groups, and modification of the film is still 
going on during the imaging process, the above examples showed that SPEM 
can still provide a unique information that other techniques are difficult to 
offer. 
 
Imaging and characterization of SAM-based lithographic patterns by 
PEEM 
 Along with the SPEM approach, SAM based lithographic patterns can be 
imaged and characterized by an X-ray PEEM [130]. Since most of the PEEM 
facilities do not posses an energy filter, the method of choice is usually the 
tuning of the photon energy, i. e., X-ray absorption microscopy (XAM) in a 
total electron yield (TEY) mode. As an example, we show in Figure 11 a 
π*(NO2) XAM image of a chemical lithographic pattern obtained by the 
transformation of the nitro tail group of a 4-nitro-1,1’-biphenyl-4-thiol (NBPT: 
NO2-(C6H4)2-SH) SAM into amino (NH2-) group (see schema) [133], along 
with the respective N K-edge X-ray absorption microspot spectra related to the 
pristine and irradiated areas of the pattern and an intensity profile taken 
through a similar lithographic pattern. Both image and spectra have been 
acquired by the PEEM2 [20] at the microscopy branch (7.3.1.1) of the 
beamline 7.3.1 at the ALS. The pattern in Figure 11(a) has been fabricated by 
irradiation of NBPT SAM through a mask - carbon QUANTIFOIL membrane 
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with 1.2 µm circular hole arrays, arranged in squares (Plano). As seen in Figure 11(a), 
the pattern could be clearly imaged by XAM. The observed contrast results 
from an interplay of chemically specific spectromicroscopic contrast and non-
specific topographic and work function contrasts. In most cases, the 
spectromicroscopic contrast is the dominating one, as, e. g., in the presented 
image. According to the N K-edge microspot spectra (Figure 11(b)), the 
irradiation-induced transformation of the nitro groups of NPBT to amino ones 
is accompanied by the disappearance of the respective absorption resonance, 
which results in a low emission intensity as soon as the photon energy will be 
tuned to its position. In fact, the irradiated areas (dots) of the NPBT-based 
lithographic pattern deliver a lower TEY signal than the pristine areas. Note 
that the microspot spectra derived from different areas of the SAM patterns 
provide specific chemical information. Even at a feature size of about 1 µm, 
the quality of the microspot spectra was comparable with that of the analogous 
X-ray absorption spectra acquired from homogeneous SAM samples [130]. 
 

 
 

Figure 11. (a) XAM image of a chemical lithographic pattern obtained by the 
transformation of the nitro tail group of a NBPT SAM into amino group as shown in the 
schema; the image has been acquired at the position of the π* resonance of the nitro 
group (404.0 eV); the diameter of the dots is 1.2 µm, (b) normalized N K-edge X-ray 
absorption microspot spectra related to the pristine and irradiated areas of the pattern,  
(c) intensity profile taken through the irradiated dots (1 µm) of a similar lithographic 
pattern. 



Chia-Hao Chen et al. 280

 The lateral resolution of SAM based lithographic patterns as well as the 
pattern shown in Figure 11(a), in particular, was estimated to be better than 
150 nm, which allowed to distinguish the fine structure of 1 µm features. This 
is demonstrated in Figure 11(c), where an intensity profile taken through a 
NBPT-based chemical lithographic pattern (similar to the pattern shown in 
Figure 11(a)) is presented. This intensity profile shows that the illumination of 
the SAMs within the dot-like openings (1 µm) of the membrane was 
inhomogeneous during the patterning - there is a systematic intensity rise in the 
dot centers. Considering that the initial electron flux was homogeneous, it 
could be only a lens-like effect of these openings, which resulted in a focusing 
of electrons in their centers. 
 
Carbon nanotubes 
 SPEM and PEEM have also been successfully employed for the study of 
carbon nanotubes. This will be discussed in the following. Since their 
discovery [147], carbon nanotubes (CNTs) have attracted much attention 
because of their unique structural, electrical, and mechanical properties, such 
as their highly one-dimensional structure, low threshold voltage for electron 
field emission, ballistic electron transport, and high mechanical strength 
[148]. CNTs can be classified into two types, that are multi-walled carbon 
nanotubes (MWNTs) and single-walled ones (SWNTs). MWNTs consist of 
coaxial assemblies of several graphene cylinders with diameters in the range 
of 2-30 nm, separated by the c-plane spacing (approximately 0.34 nm) of 
graphite. From the application point of view, MWNTs are promising 
materials as field emitters for flat panel displays. Aligned carbon nanotubes 
as field emitters are a major advance in this field. Thus, the investigation of 
the electronic properties of the nanotube tip region is becoming more 
important. SPEM, a powerful tool to investigate electronic structures, can be 
utilized to study aligned MWNTs along the nanotube axes with high spatial 
resolution in order to clarify the local electronic properties directly at the tip 
region. 
 In contrast, SWNTs consist of a single graphene sheet rolled into a 
cylinder with diameters in the range of 1-2 nm exhibiting either metallic or 
semiconducting behavior depending on their chirality. Several research groups 
have succeeded in growing suspended SWNT networks on Si and SiO2 pillars 
using the chemical vapor deposition (CVD) method assisted by catalyst 
precursor materials [149, 150]. The electrical properties of the suspended 
SWNTs are the most important issue in their applications such as self-
assembled nano-networks of interconnected nanoelectronic devices. One of the 
most powerful analytical tools for directly studying the electrical properties of 
such suspended SWNTs is imaging photoemission microscopy, even though 
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there remains the issue that the diameters of SWNTs and SWNT bundles are 
one order of magnitude smaller than the lateral resolution of the microscope.  
 In the following, the results on the electrical properties of such carbon 
nanotubes will be shown by means of two types of synchrotron radiation 
photoemission spectromicroscopes. First, the spatially resolved electronic 
structure of aligned MWNTs along the tube axes has been analyzed by SPEM 
at ELETTRA. It has been found that the tips have a larger density of states 
near the Fermi level than the sidewalls. Next, suspended SWNTs grown on a 
patterned Si substrate have been studied by means of the SPELEEM system at 
ELETTRA. The individual suspended SWNTs and/or SWNT bundles have 
been successfully observed with bright contrast, and work function differences 
between the SWNTs have been clarified.  
 
Electron density of states of multi-walled carbon nanotube tips 
 As described in detail in the previous section, a SPEM system consists of a 
photon focusing system (a combination of a Fresnel zone plate lens and an 
order sorting aperture), specimen positioning and scanning system, and a 
hemispherical capacitor analyzer with a 16-channel detector. For the 
ELETTRA–SPEM, the angle between the incident light (normal to the sample) 
and the electron energy analyzer is 70o. The MWNTs aligned perpendicularly 
on a Si substrate were grown using microwave plasma-enhanced chemical 
vapor deposition with Co as a catalyst. The diameter and the length of the 
nanotubes were about 30 nm and 10 µm, respectively. The catalytic Co 
particles are encapsulated at the bottom of the nanotubes [151]. A typical 
cross-sectional scanning electron microscope (SEM) image of a cleaved 
sample is shown in Fig. 12(a). The sample was cleaved in air and then 
annealed at about 200oC for 12 h in the SPEM preparation chamber in order to 
remove physisorbed molecules. Before annealing, several atomic percent of 
oxygen were detected by core-level X–ray photoemission spectroscopy (XPS). 
The oxygen is due to physisorbed molecules and can easily be removed by 
annealing. After annealing, no other elements than carbon are detected by 
XPS. The sample was then transferred into the SPEM analysis chamber where 
the cross-sectional measurements were carried out at room temperature [152]. 
The lateral resolution, energy resolution, and photon energy are 90 nm, about 
0.3 eV, and 497.0 eV, respectively. Figure 12(b) shows a cross-sectional image 
of the cleaved sample obtained by collecting the C 1s photoelectrons. Figure 13 
shows a higher magnification C 1s image. Prominent MWNT bundles are 
clearly observed, and are found to split into three branches near the tip, 
indicating that precise focusing was achieved. Figure 14(a) shows the C 1s 
image of another cross-sectional position. The contrast is dominated by cross-
sectional surface topography. The grazing acceptance angle of the analyzer 
enhances the topographic effects. Brighter parts are seen around the tips and  
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Figure 12. (a) Cross-sectional SEM image of the aligned MWNTs. (b) Cross-sectional 
SPEM image of the cleaved sample obtained by collecting the C 1s photoelectrons. 
 

 
 
Figure 13. Higher magnification C 1s SPEM image. MWNT bundles split into three 
branches near the tip. 
 
also in some middle parts with disordered nanotubes, where the disorder is 
probably caused by cleavage. On the other hand, some middle parts appear 
very dark due to a shadowing effect by neighboring nanotubes. Figure 14(b) 
shows a photoelectron intensity profile measured along the line shown in Fig. 
14(a). Photoelectron intensity peaks having widths of several hundred 
nanometers can be clearly observed, corresponding to the diameter of bundles 
of MWNTs. The valence-band spectra in Fig. 15(a) were measured in spots 
along the nanotube axes as indicated in Fig. 15(b). Although the overall 
valence-band spectra from the tips and sidewalls are very similar, a distinct 
difference is observed in the vicinity of the Fermi level. Spectra 1 and 7 were 
obtained from tip regions and all others from sidewall regions, including the 
bright and dark parts, as denoted in the image in Fig. 15(b). The spectra from 
the sidewall positions are reasonably similar to each other. However, the two 
tip positions show a substantially larger spectral intensity in the energy range 
down to approximately 1 eV below the Fermi edge. This is clear evidence that 
the MWNT tips possess a larger density of states in the vicinity of the Fermi  
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Figure 14. (a) Cross-sectional C 1s SPEM image of the aligned MWNTs, and (b) C 1s 
photoelectron intensity profile along the line in (a). 
 
level than the sidewalls. Figure 15(c) shows the C 1s spectra of tips and 
sidewalls. There is a reproducible slight shift of the C 1s spectra from the tips 
to a lower binding energy by about 50 meV. This slight shift might be due to 
band bending near the tips, implying that the Fermi level is located inside the 
valence band at the tips. This will slightly increase the density of states at the 
Fermi level at the tips. However, the large spectral difference between the tips 
and sidewalls shown in Fig. 15(a) cannot be explained by a Fermi level shift of 
only 50 meV at all. Thus, the tips are thought to have a characteristic 
enhancement in the density of states near the Fermi level, which is not caused 
by band bending. The results can be interpreted assuming a higher density of 
dangling bonds at the tips, consistent with the defective nature of the MWNTs. 
Indeed, our previous TEM study has revealed that most of the graphene sheets 
in deintercalated MWNTs had a continuous length of only around 10 nm 
[153]. At the present time, details of the defect formation mechanism are not 
yet clear.  

(b)
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Figure 15. (a) Valence-band photoemission spectra in the vicinity of the Fermi level 
from spatially selected regions. The positions of the measurements are shown in the C 1s 
SPEM image in (b). (c) C 1s photoemission spectra from spatially selected regions. The 
numbers correspond to the measurement positions indicated in (b). 



X–ray photoemission microscopy for nanocharacterization of advanced materials 285 

 
 
Figure 16. (a) SEM and (b) cross-sectional TEM images of the suspended SWNTs 
grown on a patterned Si sample. 
 
Work functions of single-walled carbon nanotubes 
 The work functions of individual SWNTs suspended between patterns on a 
Si substrate was measured by means of the SPELEEM system, which has a 
lateral resolution of around 30 nm [59]. This technique is a direct way to 
evaluate the local work function. Line and space patterns were fabricated on a 
Si substrate using synchrotron radiation lithography. Line width and height 
were 400 and 500 nm, respectively. The pattern period was chosen to be 1 µm. 
SWNTs were grown on the patterned Si using CVD at 900oC and Fe 
nanoparticles as catalysts [150]. Typical SEM and TEM images of the sample 
are shown in Fig. 16. Spectromicroscopic experiments were carried out at 
room temperature after annealing the sample at around 650oC under ultra-high 
vacuum conditions in the preparation chamber of the SPELEEM. The 
synchrotron photon energy used here was 350 eV. The synchrotron light 
illuminates the sample at a grazing incidence angle of 16o from the sample 
surface. Figure 17 shows typical C 1s images. The individual suspended 
SWNTs and/or SWNT bundles between the line patterns are successfully 
observed with bright contrast owing to the shade of the line patterns under the 
grazing incidence illumination condition of synchrotron light. Secondary electron 
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Figure 17. C 1s PEEM images of suspended SWNTs grown on a patterned Si sample. 
The individual suspended SWNTs and/or SWNT bundles between the line patterns are 
observed in each image. The energy values as indicated in the figure are kinetic 
energies. Field of view is 5 µm. 
 

 
 
Figure 18. Secondary electron PEEM images of a different sample position as shown in 
Fig. 17. The energy values as indicated in the figure are kinetic energies. Field of view 
is 5 µm. 
 
PEEM images are shown in Fig. 18. The kinetic energy of the secondary 
electron threshold depends on the local work function, which means that 
SWNTs having lower work functions can be observed at lower kinetic 
energies. As shown in Fig. 18, work function differences between the 
respective SWNTs were clearly observed. The work functions of more than 90 
SWNTs were analyzed. The work functions are distributed within an energy 
range of 0.6 eV with a single peak at the center of the range. A splitting 
distribution into two groups, suggesting a large work function difference 
between metallic and semiconducting tubes, was not observed. Furthermore, 
the results also showed that nearly 90% of the work functions are distributed 
within an energy range of 0.2 eV. These two specific application examples 
mentioned above show the effectiveness of both the SPEM and SPELEEM for 
analyzing the local electronic properties of carbon nanotubes. The results of 
the spatially resolved electronic structure of aligned MWNTs along the tube 
axes by SPEM showed that the tips have a larger density of states near the 
Fermi level than the sidewalls. Even though the diameters of SWNTs and 
SWNT bundles are one order of magnitude smaller than the lateral resolution 



X–ray photoemission microscopy for nanocharacterization of advanced materials 287 

of SPELEEM, the isolated SWNTs and/or SWNT bundles suspended between 
patterns on the Si substrate were successfully observed as bright contrast.  
 
Conclusions 
 The complexity of today’s advanced materials and specific chemical and 
electronic properties related to their reduced dimensions have boosted new 
developments in the field of microcopy. Photoemission microscopies are taking 
advantage of the well-established method of photoelectron spectroscopy for 
material analysis and characterization. The two different microscopic tools, viz., 
PEEM and SPEM offer complimentary capabilities. SPEM has high surface 
sensitivity and energy resolution, providing direct information on chemical and 
electronic state, but the acquisition of images or microspot spectra is often 
accompanied by a partial radiation damage of the sample. PEEM, on the other 
hand, has comparable or better spatial resolution than SPEM and is capable of 
fast imaging using various image contrast mechanisms. The community of 
PEEM users is wide spread largely due to the availability of highly sophisticated 
commercial systems, which is the driving force for rapid improvements of this 
technique. It is expected that the ultimate spatial resolution for PEEM will 
clearly reach a few nm. In comparison, SPEM has a much smaller user group 
with only a handful of home-made systems available worldwide. However, with 
the improved fabrication of high-resolution focusing optics, a spatial resolution 
of SPEM below 50 nm can certainly be achieved. Both microscopes have been 
proven to be powerful tools for surface and materials science probing the          
sub-micron regime. Their future depends on their impact on the field of 
nanoscience and nanotechnology. The selected examples in this article are new 
approaches. Self-assembled monolayers can provide a basis for the fabrication of 
different chemical patterns. Complex changes in those monomolecular films, 
occuring due to the patterning process and subsequent chemical reactions, can be 
imaged and analyzed by photoemission microscopy. Furthermore, such a 
drawback as the radiation damage by the focused X-ray beam of SPEM can be 
transformed into an advantage and utilized for the SAM patterning. The in situ 
patterning and characterization is certainly a novel and promising application of 
SPEM. Carbon nanotubes as well as any other type of nanowires and nanorods 
have very distinct electronic properties, which leads to their technological 
importance. Although the diameters of the tubes are beyond the present 
resolution capability of the photoemission microscopes, the particular setup of 
the experiment by taking cross-sectional images of aligned CNTs or measuring 
suspended CNTs on patterned substrates allows a clear distinction of the local 
electronic structure. Both examples showed that the combination of SPEM                
and PEEM is a perfect match in characterizing advanced nano-structured 
materials. 
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