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EUPS, and the new analysis methods pioneered by EUPS.

In Subchapter 1.2, we outline the history of LPP application 
research up to the creation of EUPS, and in Subchapter 1.3, 
the characteristic of LPP sources will be explained. The ideas 
for making EUPS as a practical device using an LPP source 
is explained in Chapter 2, the history of prototype units that 
led to the current working unit is described in Chapter 3, and 
the details of the elemental technologies that configure the 
current working unit will be presented in Chapter 4. The new 
analyses methods pioneered by EUPS will be introduced in 
Chapter 5.
 
1.2 History of the research of laser-produced plasma 
(LPP) sources
First, we present the history that led to the creation of EUPS 
that is probably the only one LPP application technology that 
has been put to practical use.

When a pulse laser is focused on a solid, an ultrahigh 
temperature state is achieved since the energy is injected 
before cooling by thermal conduction occurs. Several 
million degrees centigrade can be achieved. In such high 
temperature conditions, the solid becomes plasma consisting 
of electrons and multivalent ions. Since the density is high 
and the temperature is high, ultrahigh pressure is also 
achieved. Plasma is ejected at high speed, the solid target 
that is irradiated with the laser is pushed by the reaction, 

1 Introduction

1.1 EUPS pioneers new applications for photoelectron 
spectroscopy
In 1992, extreme ultraviolet-excited photoelectron spectroscopy 
(EUPS) was devised as an application of laser-produced 
plasma (LPP) sources.[1] Since then, for a quarter of a century, 
we have been developing technologies for making EUPS 
a practical analyzing tool and pioneering applications of 
photoelectron spectroscopy. As we worked on gaining users 
to spread the use of EUPS analysis and met users’ demands, 
new potential of EUPS were pulled out, and it became possible 
to conduct various analyses that are difficult or impossible 
with conventional photoelectron spectroscopy. It is a joy of the 
inventor to watch that the much wonderful potential of EUPS 
has become clear. The devices to be developed in the future 
to maintain and advance people’s quality of life will require 
innovative functions, not just simple improvements. We expect 
EUPS will be one of the innovative analysis technologies that 
will promote technological innovations.

Currently, the EUPS system as shown in Fig. 1 is disclosed 
and offered for use to general users, as one of the analysis 
devices of AIST Nanocharacterization Facility (ANCF) 
which is a part of the Nanotechnology Platform Project[2] 
of the Ministry of Education, Culture, Sports, Science and 
Technology (MEXT). In this paper, we describe the process 
that led to the practical use of EUPS, the configuration of 

- Materialization of laser-produced plasma source application and EUPS observed 
fascinating surface-

A quarter century has passed since the principle of EUPS (extreme UV excited photoelectron spectroscopy) was invented as the most 
promising application of a laser-produced plasma source. EUPS enables analysis of electronic states of the topmost atomic layer, band 
bending of semiconductors, estimation of carrier density, and evaluation of electrical conductivity from secondary electron signals. These 
newly emerged analyses provide useful information for developing catalysts, protective insulators and other materials. These new analyses 
were born when problems needed to be solved were brought in by users. We can say that EUPS was sophisticated by the needs of users. In 
this paper, we describe the historical background leading to the invention of the principle of EUPS, the selection and development of the 
component technologies that constitute the EUPS system, and the birth processes of novel analyses that emerged.
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and this force is usable as the propulsion of rockets in space. 
The idea for inertial confinement fusion, where the nuclear 
fusion is caused by creating an ultrahigh density condition 
by compressing the interior material by the reaction of 
exploding plasma, became realistic after the publication on 
laser oscillation by Maiman.[3] The paper published in Nature 
by Nuckolls et al.[4] in 1972 stated that there is a possibility 
that a breakeven, where the input energy and nuclear fusion 
output energy become equal, can be achieved with 1 kJ of 
energy, and this sent a shock around the world. Perhaps 
also because it was immediately after the Oil Crisis, three 
labs at the Electrotechnical Laboratory, which is one of the 
precursors of AIST, formed a group to tackle the inertial 
confinement fusion research. One of the authors (Tomie) 
was employed as one of the researchers, and was involved 
in the development of a high-power glass laser system for 
inertial fusion. In conducting the research for the glass laser 
oscillator, he discovered and clarified a phenomenon of pulse 
compression in a laser resonator.[5] This is the phenomenon of 
the principle of femto-second laser oscillation that emerged 
later. Initially, it was said that nuclear fusion was possible 
with a 1 kJ pulse laser, but later it was found that several MJ 
was necessary. The author felt that the research requiring 
such enormous laser power could not be continued by a small 
research group, and shifted the direction of his research 
to application of plasma using the high-energy laser he 
developed.

Shortly after the introduction of the laser, keV X-ray 
generation from LPP was observed,[6] and one calculation 
showed that the conversion efficiency would be comparable 
to X-ray tube X-ray source including the conversion 
efficiency from electricity to laser energy.[7] There was much 
research on using LPP as a high-intensity X-ray source. The 
author tried some approaches of application research. X-ray 

Fig. 1 EUPS Unit 2 that is available for sample analysis, and the process, configuration, and new applications of 
EUPS development

proximity lithography[8] was proposed as a shrink printing 
method of semiconductor circuits, and the development of 
its technology was conducted mainly using synchrotron 
radiation, and LPP was a candidate light source. The first 
LPP research conducted by the author was the use as a 
source of the X-ray proximity lithography. The conclusion 
that an X-ray reflecting mirror which can collect the X-rays 
irradiated almost isotopically was an essential requirement to 
utilize LPP as an industrial light source was the achievement 
of the author’s research done in a very short period.

His next research was the X-ray microscopy to observe 
fine structures of biological cells. In living conditions, cells 
contain a large amount of water. By using the X-rays with 
wavelength range between 4.4 nm (K absorption edge of 
carbon) and 2.3 nm (K absorption edge of oxygen), the 
distribution of carbon that composes the biological cell 
structure, i.e., the structure of a cell, can be viewed by 
suppressing the effect of water (oxygen). In this sense, this 
wavelength range is called the “water window.” To observe 
biological cells with an electron microscope, the process of 
removing water is necessary, but, when the “water widow” 
X-rays are used, the structure of the cells can be observed in 
its living conditions. Much X-ray microscopy research was 
conducted using strong synchrotron radiation.

The reason why LPP is important as an X-ray microscopy 
light source is because it is an ultrahigh-intensity light source 
as well as a pulse source. When obtaining X-ray images by 
X-ray absorption, the energy density absorbed by the sample 
increases inversely proportional to the fourth power of spatial 
resolution.[9] The absorption energy density at 1 μm spatial 
resolution reaches several Sv (J/kg) that is a fatal dose for 
cells. That is, in medical diagnosis, the resolution cannot be 
increased too high. LPP can provide such ultrahigh-density 
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X-rays in an extremely short pulse of nanoseconds. At 
spatial resolution of several tens of nm, the necessary doze 
is too high and cells will instantly explode. The author et al. 
showed that a biological cell evaporated at about 60 ns using 
stereo X-ray photography.[10] A structure of about 50 nm was 
visible in the contact exposure X-ray image using LPP of a 
pulse width of 0.5 ns,[11] and this might have been the true 
structure before its destruction by thermal shock.

In LPP that has high temperature of about one million 
degrees and in which the electron state changes rapidly, 
population inversion can be generated in the vacuum 
ultraviolet region[12][13] and this enables the so-called 
“X-ray lasers.” The author (Tomie) joined the X-ray laser 
research[14][15] team in the UK for one year in 1986, gained 
experience and returned home, and started research in 
Japan. To produce LPP for “water window” X-ray lasers, 
a supergiant laser system as large as we can build only 
one in Japan because of cost was necessary. Although it 
could give information of structures of living cells that was 
impossible with other methods, the issue was whether the 
use of extremely expensive giant-high-power laser system 
can be justified. This was also the issue faced by X-ray laser 
researchers around the world.

An international conference to seek the possibility of X-ray 
laser application to areas other than X-ray microscopy was 
held in the USA.[16] By reading the proceedings, the author 
learned of the potential of application to surface research, and 
stated at international conferences that the best application 
of X-ray lasers was to photoelectron spectroscopy.[10] The 
reason is because it takes the best advantage of X-ray lasers, 
whose greatest characteristic is extremely narrow spectrum 
width. In the X-ray lasers for X-ray microscopy of living 
cells, wavelengths outside the water window region are 
meaningless, high repetition rate operation of X-ray lasers is 
meaningless since the sample is destroyed in a single shot, 
and the pulse width needs to be 1 ns or less. In photoelectron 
spectroscopy, any wavelength can be used It is important 
to have a high repetition rate to obtain a large cumulative 
photon number in reasonably short time because decent 
quality spectra need large total number of detected electrons.

In the application to photoelectron spectroscopy, it is 
not necessary to use X-ray lasers as the light source, and 
an LPP source is sufficient. Moreover, downsizing is an 
important requirement as a practical system. The author’s 
(Tomie) research shifted to the practical use of photoelectron 
spectroscopy using an LPP source from X-ray lasers, and this 
research is being continued to the present.

In the middle of the 1990s, extreme ultraviolet lithography 
(EUVL) appeared as a major application of LPP.[17] Today’s 
information society is realized by the great progress 
of semiconductor technologies which was achieved by 

the increase of the integration by reducing the size of 
semiconductor circuits. This was enabled by the progress 
of lithography technology which prints in reduced size the 
circuit pattern. The progress of lithography technology 
was made by shortening the exposure wavelength. The 
shortening of the wavelength went from 248 nm of KrF 
lasers to 193 nm of ArF lasers, but due to the limit of 
the transparent wavelength of optical materials, further 
shortening was difficult, and a big jump of wavelength to 
EUV that uses ref lection optics was required. The Mo/Si 
multilayer mirror gives a high reflectivity at 13.5 nm, and tin 
(Sn) LPP was selected as the source. Technologies of EUVL 
were developed in very big national projects in USA, Europe, 
and Japan. Currently, it is reported that 13.5 nm power 
surpassing 100 W has been obtained. Although this is an 
amazing figure, there is no semiconductor element made by 
EUVL on market yet. That is because the speed of progress 
of light source development failed to meet the demand of 
increased average power for rapid reduction of the feature 
size of semiconductor circuits. For the introduction to mass 
production plants, it is now said that several hundred watts 
are necessary. The author (Tomie) who was one of a few 
researchers working on LPP sources for X-ray microscopy 
was involved in EUVL since the middle of the 1990s.[17] As a 
person deeply involved in EUVL research for over 20 years, I 
hope that the increasing demand in EUV power stops and the 
EUVL may eventually be set for practical realization.

1.3 Characteristics of LPP source
The advantages of the LPP sourceFootnote 1 include the facts 
that: the spectrum can be changed by selecting target 
material, it is short pulse, its brilliance is extremely high 
as shown in Fig. 2,[18] it is a point source, and others. The 
disadvantages are: large amount of debris contaminants 
(fine particles and plasma) are released as shown in the top 
photograph of Fig. 2, duty ratio of emission is extremely 
low, collection of radiation is not easy since the source emits 
nearly isotopically, and others.

Figure 2 shows the comparison of peak brilliance of several 
X-ray sources. The peak brilliance is defined by the number 
of photons emitted per unit solid angle per unit bandwidth 
per unit time from the unit surface area of the source. The 
data shown as black dots for LPP are values obtained in the 
experiments conducted by the authors, and brilliance was 
close to the blackbody radiation of 200-eV. This brilliance is 
two to three orders of magnitude larger than that of bending 
magnet synchrotron radiation. Compared to the X-ray tube 
source, LPP is 10 orders of magnitude brighter. The undulator 
synchrotron radiation is five orders of magnitude brighter 
than LPP. While the duty ratio of emission is extremely low, 
far lower than LPP, and the time averaged power is quite low, 
high-order harmonics of femtosecond lasers and X-ray lasers 
using LPP can have similar peak brightness to the undulator.



Research paper : Development of EUPS for analyzing electronic states of topmost atomic layer  (T. Tomie et al.)

−216−

Synthesiology - English edition Vol.9 No.4 (2017) 

In the application to EUVL,Footnote 2 the important characteristic 
of LPP is that it is a point source. The disadvantage of a 
divergent source was overcome by the development of a 
collecting mirror with an extremely large collecting solid angle 
as large as π steradian. The disadvantage of short emitting 
time is overcome by operating the source at high repetition 
rate of 10 kHz or higher.

In all LPP applications, the biggest issue is suppression 
of contamination of surrounding optical elements by fine 
particles and fast ions generated from the target. Also in 
the development of LPP for EUVL, the greatest obstacle for 
commercialization was contamination control. Historically 
speaking, full development of EUVL was started by the birth 
of an idea of using liquid Xe as a target material of LPP. Xe 

atom does not stick to optics at room temperature and optics 
will not be contaminated.[17]

Concerning the contamination by plasma, attention is often 
placed only on the adhesion of atoms of the target material, 
but in fact, sputtering of surrounding materials by high-
speed ion is more serious. In a discharge plasma source, 
the deterioration of electrodes by sputtering is severe. Tin 
is notorious as a dirty material because it adheres, but it 
is optimal as a material for EUVL. One of the reasons is 
because it is possible, in principle, to balance the adhesion 
of tin vapor to the surface of a multilayer reflector and the 
sputtering by high-speed ions. The lifetime of multilayer 
mirrors is extended using this principle.

2 Proposal of EUPS

2.1 Requirements of the photoelectron spectroscopy 
light source
As shown in Fig. 3, photoelectron spectroscopy gives information 
of the electronic states of a material by measuring energy of 
electrons released from the substance by photoexcitation. In 
comparison with the Auger electron spectroscopy that employs 
electron excitation, the good point of photoelectron spectroscopy 
is the high-energy resolution. In most analysis, resolution of 
about 1-eV is sufficient. Ordinary resolution XPSFootnote 3 widely 
used in material analysis is 0.8-eV, and it is 0.3-eV in high-
resolution XPS. Incidentally, resolution of 0.3-eV is confirmed 
for EUPS.

To obtain a photoelectron spectrum with high energy 
resolution, an excitation source should have a narrow 
bandwidth and an electron spectrometer needs to have a 

Fig. 3 Principle of photoelectron spectroscopy
Because the best characteristic of photoelectron spectroscopy is high 
energy resolution, narrow bandwidth of the excitation light and high 
energy resolution of electron spectroscopy are required.

Fig. 2 [Top] Photograph of LPP. Greatest issue for 
practical application is stopping debris contamination. 
[Bottom] Comparison of peak intensity of various 
sources.[18]

LPP is a source with intensity 2–3 orders of magnitude higher than 
bending magnet synchrotron radiation and nearly 10 times higher than 
X-ray tube. However, emission time is as short as several nanoseconds, 
and the time-average power is extremely low without clever ideas
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high-energy resolution. To reduce statistical noise, large 
cumulative counts are necessary.

The research of photoelectron spectroscopy using LPP as an 
excitation source was conducted by a different group,[19] and 
the accumulation time needed to obtain photoelectron spectra 
was extremely long. If the laser pulse width is 10 ns and the 
emission time is the same, duty ratio of emission is only one 
ten-millionth of the time when repetition rate is 10 Hz. Even 
if a laser can be operated at 1 kHz the emission duty ratio 
is one hundred-thousandth. As seen in Fig. 2, even if the 
instantaneous peak brilliance of LPP is extremely high, the 
time averaged photon flux is low. The response we received 
when we presented the principle of EUPS at an academic 
society was “LPP would never be a practical source for 
practical photoelectron spectroscopy.”

2.2 Devising the EUPS
In EUPS, we overcame the disadvantage of LPP that the duty 
ratio is small by two ideas. One was not to use a spectrometer 
to obtain a narrow bandwidth light for excitation. The other 
was to use the time-of-f light (TOF) method for analyzing 
electron energy.

In a synchrotron radiation facility, the photon f lux on the 
sample is considerably lower than the f lux of the source. 
The reason is that the transmission of a diffraction grating 
spectrometer to obtain a narrow bandwidth light from the 
continuous spectrum light is extremely low, and the light 
intensity decreases by four to five orders of magnitude by 
passing through the spectrometer. With an LPP, a narrow 
bandwidth line can be generated by appropriate selection of 
target material and laser irradiation conditions. Although a 
single line spectrum cannot be obtained, as shown in Fig. 
4, almost a single narrow bandwidth line spectrum can be 
selected using an appropriate filter. Since this eliminates a 
spectrometer, photon flux on sample at 10 Hz repetition rate 
can be comparable to that in a synchrotron facility.[18]

The use of TOF electron energy analysis changes the short 
pulse nature of LPP from a disadvantage to a big advantage.

In TOF, as shown in Fig. 5, the electrons produced in a short 
pulse fly a certain distance, are detected by detectors with 
a high temporal resolution, and the velocity distribution of 
electrons is recorded.

When the electrons are produced continuously in time, the 
energy of electrons is measured using the fact that the degree 
of bending of the trajectory of electrons by an electric field 
differs per the speed of electrons. The electric field is applied 
between the electrodes having double hemisphere or a double 
cylinder structure. Multiple electron detectors can be placed 
to detect electrons having different energies, but basically, 
only the electrons with one specific energy are detected. 
Therefore, the detection efficiency is extremely low, because 
all other energy electrons are not detected and thrown away. 
On the other hand, in TOF, electrons of all energies are 
detected in one measurement, and the detection efficiency 
is high. In principle, 100 % detection efficiency is possible 
in TOF. To suppress the radiation damage of material by 
inner shell excitation that is thought to occur after 10,000 
excitations of one atom, high detection efficiency is absolutely 
important.[18] If the efficiency of collecting electrons is high, 
the excitation intensity of the sample is reduced, and then, the 
employment of the TOF method is effective also to suppress 
charging when observing insulators.

Being a pulse source was considered a disadvantage of 
LPP since the duty ratio is low, but as explained above, 
it is, in fact, an important advantage in the application to 
photoelectron spectroscopy since the TOF method having a 
high detection efficiency can be utilized. There were works 
of research on TOF electron spectroscopy using high-order 
harmonics of femtosecond laser pulses as an excitation 
source,[20] but EUPS is the first to utilize TOF with LPP as a 
light source.

Fig. 4 LPP source spectra used in the EUPS[21]

The emission spectrum of boron nitride LPP (left) becomes almost monochromatic (4.86 nm) after passing through a Mylar film (right). 
Spectral loss for obtaining a narrow line is very small
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3 History of the EUPS prototypes

The basic principle of EUPS is described in the patent,[1] 
but development and advancement of several elemental 
technologies were necessary for making it a practical 
analyzing tool.

The target material of LPP for EUPS is uniquely determined. 
As mentioned above, the biggest issue in any LPP application 
is the shielding against contaminants. In photoelectron 
spectroscopy, it is necessary to avoid contamination of even 
a mono atomic layer on the sample surface, and the use of a 
filter that completely shields from all substances emanating 
from the plasma is mandatory. Since EUV light must pass, 
the first requirement is that the filter must be ultrathin. On 
the other hand, since it must block fast ions and fine particles, 
the second requirement is that the filter must have certain 
mechanical strength with certain thickness. The filter is 
contaminated and damaged by ions and debris from a target, 
and the filter must be exchanged frequently. Therefore, the 
third requirement is that the filter must be low in cost. In 
practical use, this is extremely important.

As a material fulfilling these three requirements, we selected 
a carbon polymer film. Mylar, which is also a product 
name, can be purchased as a film of thickness of 1.4 μm at a 
reasonably low price.

Light of wavelengths near the long wavelength side of the 
K absorption edge of 4.4-nm of carbon can pass through a 
Mylar film at high transmissivity. The wavelength of the 
Lyman α line of hydrogen-like boron ions is 4.86-nm and 
is very compatible with Mylar. There are other emission 
lines emitted from a boron plasma, but they are absorbed 
strongly by a Mylar filter, and their intensities are negligible 
in practice. Boron nitride (BN) including boron can be 
purchased in a shape of rods. The emission of nitrogen 

plasma is at the short wavelength side of the K absorption 
edge of carbon, and it is largely absorbed by the Mylar film 
and does not greatly affect the photoelectron spectrum 
measurement.

The fact that a boron plasma emits a strong line in the 
wavelength region that can pass through an inexpensive 
Mylar film of sufficient thinness, and boron is supplied in a 
rod form at a reasonable price was a gift from god to us for 
the realization of EUPS.

To clearly state that our photoelectron spectroscopy is different 
from conventional ones, in 2001, we named our scheme as 
“EUPS” after extreme-ultraviolet-excited-photoelectron 
spectroscopy.

3.1 Prototype 1
The development of EUPS was started from the middle of the 
1990s. In the prototype Unit 1 for the verification experiment 
of the basic principle, the sample to be measured was placed 
in a magnetic shielded flight tube of 50-cm length, a target for 
LPP was placed close at a few cm, and plasma was produced 
by focusing a pulse laser on the target.[21] The pulse energy 
was 100-mJ. A BN plate was used as the target material, 
a Mylar thin film was sandwiched in a very narrow space 
between the sample and the plasma, Lyman α line emission of 
the hydrogen-like boron ion was selected by the Mylar filter. 
Photoelectrons from Si2p with the kinetic energy of about 150-
eV was slowed down to about 15-eV by applying about 135-
V to the flight tube, hence the flight time was lengthened by 
reducing the speed to increase the energy resolution that was 
limited by time resolution. Chemical shifts of Si2P electrons in 
the Si substrate, SiO2, and SiN films were observed separately 
in photoelectron spectra obtained by summing up the time 
waveforms of 96 shots,[22] Thus the principle of EUPS was 
confirmed. The Mylar film worked as a vacuum separator, 
and the vacuum of the plasma space was about 10-3 Pa and the 

Fig. 5 Detection efficiency of TOF energy analysis is very high since particles of all 
energies can be detected simultaneously
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vacuum of the sample space was about 10-4 Pa.

Through the experience with Unit 1, we could extract the 
issues to be solved for the realization of EUPS. The hardest 
thing in operating Unit 1 was the exchange of Mylar films 
used for wavelength selection and vacuum separation. In the 
Unit 1, it was necessary to set the LPP close to the sample to 
not weaken the EUV intensity on the sample. The Mylar film 
then became quickly contaminated with the debris from the 
target and had to be exchanged after a short time operation. 
Moreover, since the space between the sample and the 
plasma was very narrow, the exchange of the Mylar film was 
extremely difficult.

3.2 Unit 3 and Unit 4
After the experience with Unit 1, we fabricated Unit 2 that 
is currently in operation. The elemental technologies were 
improved as explained in the following chapters, and the 
current unit does not have any elements of the first Unit 2, 
but the basic configuration is unchanged. The prototype units 
with different configuration from Unit 2 were also fabricated, 
and we shall first describe them briefly.

In Unit 3, the eff icacy of the magnetic bottleTerm 1 was 
investigated as it was expected to increase the capture 
efficiency of the electrons. The expected performance was 
not obtained and we decided not to adopt a magnetic bottle.

In Unit 4, the spatial resolution was pursued. Using a 
Schwarzschild collector optics,Term 2 submicron beams were 
formed, and we succeeded in obtaining photoelectron images 
with a spatial resolution of less than 1 micrometer

On the surface of the convex and concave mirrors that 
configure a Schwarzschild mirror, it is necessary to form a 
multilayer film to have a high normal-incidence reflectivity. 
The peak reflection wavelength is at a slightly long wavelength 
side of 13-nm in the case of Mo/Si. Wavelength close to 6.7-
nm of the La/B4C multilayer film can be also employed as an 
excitation light although the multilayer technology is not so 
mature for Mo/Si. Since it is difficult to emit an isolated, strong 
line emission at these wavelengths, the energy resolution of 
photoelectron spectra is not high when using Schwarzschild 
optics. Also, the collected solid angle of the source emission 
is small, the photon number on sample per shot is small, and 
a high repetition rate over 10-kHz is necessary for the source 
to attain a practical measurement speed. In the range that we 
conducted the survey, we could not find strong demands that 
matched the difficulty of the technology for spatial resolution 
of one micron. So, we stopped the development of the system 
using a Schwarzschild collector mirror.

4 Elemental technologies that configure the 
working unit

The EUPS Unit 2 was designed following the experiences 
gained from Unit 1, and it is currently in operation. There 
were three major changes from Unit 1. One was to insert an 
elliptical mirror between the sample and the plasma. Second 
was that the form of the target for LPP was changed from a 
plate to a rod. Third was to set the flight tube vertically. The 
schematic configuration of Unit 2 is shown in Fig. 6.

4.1 Use of elliptical collecting mirror
In a practical photoelectron spectroscopy system, continuous 
operation over a long time is mandatory. This is an extremely 
difficult requirement in the application of LPP that releases 
large amount of contaminants. It is necessary to dramatically 
reduce the deposition rate of contamination on the film used 
for vacuum separation. The primary method is to increase 
the distance between the plasma and the vacuum separation 
film.

Therefore, we used a configuration where the image of the 
plasma is transferred to the sample using an elliptical mirror 
with a long axis length of 70-cm. Since sufficient space was 
made between the elliptical mirror and the plasma, the Mylar 
film was set at 10-cm from the plasma. After some devising, 
currently, measurements can be done without exchanging the 
Mylar film for about one week.

To increase the reflectivity of 4.86-nm light, a Ni/C multilayer 
film was formed on the elliptical mirror, and the design value 
is peak reflectivity of 25 % with a bandwidth of 0.5-nm.

4.2 A rotating BN rod target
When the plasma is produced by focusing a pulse laser on 
solids, the area is heated to high temperature and blows off 
and a hole of several tens of microns diameter is formed. 
When the laser is focused on the hole, the density of the 
produced plasma is low and the emission intensity decreases 
greatly. To maintain the emission intensity, it is necessary to 
focus the laser on a flat surface. In Unit 1, the position of a 
BN plate was scanned for generating LPP on a flat surface, 
but since the scanning mechanism of the plate was complex 
and a large space was necessary, the form of the target was 

SiN

Sample

Flight tube

LPP

Rotating BN rod

Pulse laser

MCP

Multilayer coated 
Elliptic mirror 

e－

EUV
(hγ=255.2 eV)

Fig. 6 Configuration of EUPS Unit 2
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changed to a rod in Unit 2. In Unit 2, by rotating and moving 
a rod up and down (spiral motion), one rod is now employed 
for about one week without exchange.

4.3 Devising on the flight tube
The f light tube set horizontally in Unit 1 is set vertically 
in Unit 2, which allows setting a sample horizontally. By 
setting the sample holder horizontally, transferring a sample 
from the load-lock chamber to the analysis chamber became 
easy. The manipulator that holds a sample has five degrees 
of freedom, and as will be explained in Subchapter 5.6, 
the angle of incidence of 4.86-nm light on the sample can 
be changed. In ordinary EUPS measurement, in order to 
increase the photoelectron signal, the angle of incidence is 
set at 10 degrees from horizontal.

When the mass of electrons is set as me and the kinetic 
energy as E, the velocity v is v = (2E/me)

1/2, and the time of 
flight t when flight distance is L is t = L(me/2E)1/2. The speed 
of electrons with the kinetic energy of 100-eV is 6 × 108 cm/
sec, and when the flight distance is L = 48-cm, the time of 
flight is t = 80-ns.

The energy resolution ΔE when time resolution is Δt is 
ΔE = −2(Δt/t)E  ΔtE3/2

and when the time resolution is Δt = 3-ns, the energy 
resolution for 100-eV electrons is ΔE = 2 × 100 × 3/80 = 7.5-
eV. This is insufficient for photoelectron spectroscopy. If 
100-eV electron is decelerated to 10-eV, the energy resolution 
is ΔE = 0.24-eV that is sufficiently high in energy resolution. 
To obtain high energy resolution, the electron is slowed down 
in TOF. If the sample is grounded, by setting the potential of 
the flight tube at −90-V, the 100-eV electron is decelerated to 
10-eV.

The energy resolution increases by decelerating the electrons, 
but we faced a problem that the signal decreased when the 
electrons decelerated. Also, it was found that the low energy 
side of the peak flared out to disfigure the waveform. These 
problems that inhibited the obtainment of a good photoelectron 
spectrum were solved by the two patented methods.

4.3.1 Solving the problem of reduced signals when 
electrons are decelerated
The reason the signals decreased when the electrons were 
decelerated was considered to be that the electrons heading 
for the MCP detector would go toward the wall (and therefore 
the solid angle detected by a detector would become small), 
because the speed in the direction toward the wall did not 
change while the speed heading for the MCPTerm 3 detector 
was greatly suppressed. To solve this problem, we fabricated 
decelerating electrodes having a curvature, as shown in Fig. 
7.[23] If electrons are generated at the center of the curvature, 
the direction of the motion of electrons will not change by 
deceleration, the collecting solid angle of the detector will 

not change, and the signal intensity will not change. If the 
electron source is set outside the curvature center, due to the 
retarding electric field, the velocity component heading to the 
cylinder wall will further decelerate, enabling “convex lens 
effect” that bends the electrons to the center direction of the 
cylinder, and thereby the signal becomes larger.

4.3.2 Solving the problem of the flaring peak
The other problem was that a large slowly decaying signal 
accompanied after a peak which should decay sharply. The 
origin of this signal was unknown for several years, but 
through some experiments we identified it as originating 
from the flight tube wall.

The photoelectrons emitted from a photo-irradiated sample 
are released at wide angles. Some of the electrons directly 
arrive at the MCP detector, while the majority of the electrons 
hit the flight tube wall. Then, new secondary electrons with 
low energy are emitted from the flight tube wall. Since the 
secondary electrons have low speed, they reach the MCP after 
the photoelectrons are directly captured by the MCP from the 
sample. The secondary electrons generated from the flight 
tube wall are also released with wide angular distribution, and 
the fraction of secondary electrons that arrive at MCP is high 
if they come from the flight tube wall close to the MCP, and 
is low as the distance increases. The arrival is delayed as the 
distance is further away from the MCP. This is the origin of 
the component that gradually decays after the peak. We made 
such an inference.

MCP 

e- 

R=15 
R=25 

h

Excitation 
light

Sample

Fig. 7 Curvature is given to the decelerating electrodes 
to solve the problem where the signal decreases when 
decelerating electrons for high-energy resolution[23]



Research paper : Development of EUPS for analyzing electronic states of topmost atomic layer  (T. Tomie et al.)

−221−
Synthesiology - English edition Vol.9 No.4 (2017) 

From the above consideration, we devised a way to prevent 
the secondary electrons from the flight tube wall to arrive 
at the MCP, as shown in Fig. 8.[24] Several collars were 
set near the exit of the flight tube near the detector, so the 
photoelectrons released from the sample were not blocked 
but the secondary electrons from the flight tube wall could 
not reach the MCP. The second idea was to use a mesh as 
the f light tube wall rather than a plate. By increasing the 
opening ratio of the mesh, the number of secondary electrons 
generated from the wall mesh is greatly reduced. Since the 
mesh line has a curvature, most of the secondary electrons 
generated at the wall mesh would not go to the MCP. By 
these two ideas, the large flare after the peak was reduced 
and became negligibly small.

4.4 Selection of a laser
As a laser for production of LPP, a laser named Infinity from 
Coherent, Inc. is employed. Special feature of Infinity is the 
use of a stimulated Brillouin scattering (SBS) mirror.Term 4 
The SBS mirror enables good Gaussian beam profile with 
a pulse width of 3 ns, for a very wide range of pulse energy 
and a repetition rate up to 100-Hz. These are extremely 
important characteristic of a laser for scientific experiments, 
particularly for EUPS.

The Q-switch YAG laser used in Unit 1 is one of widely-used 
lasers. Since it was not equipped with an SBS mirror, the 
time and spatial waveform of the laser beam change when the 
repetition rate or pulse energy is changed and operation at 
constant output power is required. The pulse width was about 
10 ns, and a pulse of 2.5-ns was obtained by devising electric 
pulses of the Q-switch, but small pulses were present on both 
sides and was not a single Gaussian. With the YAG laser in 
Unit 1, the pulse energy of about 100-mJ was necessary to 
obtain the same EUV intensity obtained by Infinity operated 

at 30-mJ. The production of contaminant substances from 
the target is nearly proportional to the pulse energy, and 
the speed of contamination of the Mylar film increases. 
From the point of safety, use of second harmonic of 532-nm 
wavelength is the same as for Unit 1.

4.5 Ultrahigh vacuum for the analysis chamber using 
a SiN filter of thickness of 100-nm
The vacuum separation of the LPP space and the elliptical 
mirror space is done using a Mylar film, but the degree of 
vacuum separation by the Mylar film is about six orders of 
magnitude, and the degree of vacuum in the elliptical mirror 
space remains at 10-4 Pa. The Mylar film deteriorates due to 
exposure to plasma, and the degree of vacuum separation 
decreases. The Mylar film is exchanged when the elliptical 
mirror space reaches 10-2 Pa.

To keep 10-7 Pa for the analysis chamber even when the 
elliptical mirror chamber reaches 10-2 Pa, the elliptical mirror 
space and the analysis chamber are vacuum separated by 
using a SiN film. Since the absorption coefficient of SiN 
film at 4.86-nm is large, to reduce the intensity drop of EUV 
light by the SiN filter, the SiN film of thickness of 100-nm 
or 50-nm is employed. The transmission at 4.86-nm are 17 
% for a 3-μm Mylar and 48 % for a 100-nm SiN. Since the 
reflectivity of a NiC multilayer film of the elliptical mirror is 
25 %, the total transmission is calculated as 2 %.

4.6 MCP and oscilloscope
In TOF energy analysis, the time resolution limits the energy 
resolution. Therefore, high time resolution is required for 
the MCP that detects the electrons and the oscilloscope 
that records the electron current. Products with about 1-ns 
time resolution were selected for the two components. To 
obtain large signals, it is necessary to have a large solid 
angle for electron capture, and MCP with a diameter of 40-
mm is selected. To the author’s knowledge, it was the largest 
commercially available product.

Since the time interval of detected electrons is long in an 
ordinary photoelectron spectroscopy, counting detectors 
with several μs dead time can be used. In EUPS, however, 
dozens of photoelectrons arrive in 200-ns and several 
tens of thousands of secondary electrons in 3-μs time, so, 
conventional counting detectors cannot be used. In EUPS, 
electrons are detected as an electric current recorded by 
using an oscilloscope. To reduce memory size, an average of 
signals of several tens to several hundred shots is calculated 
in the oscilloscope.

4.7 Event counting mode
Recently, we have more cases to measure very small 
photoelectron signals. The major problem we encountered 
when measuring very small signals was that good spectral 
waveforms were not obtained even by increasing the number 
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Fig. 8 Method for reducing the noise originating from 
flight tube wall[24]
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of accumulating shots.

We thought the cause was the electric noise in the signal 
systems such as in the cables and the oscilloscope interior. 
Since the amplification of the MCP detector is very large, one 
electron signal is larger than the electric noise. However, the 
probability of arrival of electrons at a specific time in many 
shots is extremely low. On the other hand, the noise appears 
at the same time position in every shot. Therefore, when the 
signals of multiple shots are averaged, the electron signal is 
buried in the noise. This problem can be solved by recording 
TOF signals of all shots without averaging, and removing the 
noise from each shot signal.

The oscilloscope we selected has the sequential mode. In this 
mode, all signals of 1-μs duration with the 0.1-ns sampling 
interval can be recorded at 10–50 Hz repetition rate. Recently, 
the small signals are often recorded in the sequential mode. 
However, it is limited to a special purpose, because the data 
volume in one measurement is enormous, and consumes a 
large capacity of the data server.

A signal above a certain level is set as one event. Event counting 
is expected to remove all electric noise. By adopting this 
counting mode, it has become possible to observe ultra-weak 
structures as presented in Subchapter 5.7.

5 Pioneering of new photoelectron spectroscopy 
method using EUPS—Users’ demand advanced 
the device

EUPS is the only one device in the world. But we were aware 
that it will not be widely used by people simply because it 
is the only one in the world. We were aware that general 
users would not use this device unless we became the user 
and demonstrated f indings observable only by EUPS. 
Therefore, after the system technology was also completed, 
we embarked on using the EUPS to observe various samples 
for the following 10 years.

However, we did not imagine that we ourselves had not 
rightly evaluated the EUPS that we created. The potential 
of EUPS was brought forth in the process of our contacting 
many users, the users contacting us, and solving many 
problems that the users brought to us to solve. We can say 
that EUPS was advanced by the users. New analysis methods 
were born from the users’ demands, and the system was 
improved. This relationship is shown in Fig. 9.

EUPS is capable of the following analyses that are impossible or 
difficult using the conventional photoelectron spectroscopy[25]:

1. Analysis of the electronic states of the topmost atomic layer
2. Evaluation of band bending in semiconductors
3. Analysis of insulating films without charge neutralization
4. Evaluation of cleanliness of nanoparticle metal surfaces

5. Evaluation of electric conductivity of nanoparticle surfaces
6. Evaluation of the inclination angle of electron clouds

5.1 Observation of the topmost atomic layer
When we initially started the development of the EUPS 
technology, many people commented that a wavelength 
of 4.86-nm is too long, and that the fact that 1s electron of 
carbon and oxygen and deep inner shell electrons of various 
elements cannot be excited was a serious deficiency as 
photoelectron spectroscopy. We replied that inner shells other 
than C, N, and F could be seen with 255-eV photon energy. 
But at that time, we did not realize that 4.86-nm was indeed 
the best wavelength before we started analyses of various 
samples.

The first sample observed by EUPS was a Si wafer. Only 
Si2p of the natural oxide layer on the surface was observed 
and Si2p of the substrate was not observed. The Si2p of the 
substrate was observed only after hydrofluoric acid treatment 
and Si2p of the oxide did not disappear easily. There were 
comments that EUPS observes only contaminations which 
we do not want to see. However, this was an ugly duckling. 
The very large signals of contaminations that normally could 
not be observed in conventional spectroscopy turned out to 
be extremely useful in surface analysis.

Figure 10 shows an example of contamination analysis 
conducted by researchers of Panasonic Corporation.[26]

To improve the performance of the insulating protection film 
on electrodes in a plasma display, Panasonic researchers were 
trying to improve the manufacturing process by reducing 
contamination. Previously, they evaluated the contamination 
of the insulation protection film by XPS, but the signal 
originating from contamination was very small. At an 
exhibition for analyzing devices, they knew EUPS, came to us 
and confirmed the sensitivity of EUPS by evaluating a sample.
They conducted a joint research project with us. Figure 10 is 
the comparison when seeing the same sample using XPS and 
EUPS. Clearly EUPS has higher sensitivity. They evaluated 
contamination of the insulating film produced in various 
processes. We received a report that the actual manufacturing 
processes were improved based on the results of EUPS 
analysis.

The EUPS spectrum of a sample supplied by an AIST 

Fig. 9 Process of EUPS advancement
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researcher is shown in Fig. 11. The Si2p signal of the 
substrate can be observed by removing the natural oxide film 
on the surface of a Si wafer by hydrofluoric acid treatment. 
In a sample with SiO2 of thickness of 2.1 nm, substrate signal 
was only 10 % of that in the cleaned sample, and was hardly 
seen through a SiO2 film of 4.9-nm thickness. This tells that 
about 0.5-nm from the surface is observed in EUPS. On the 
other hand, we know XPS observes an average of several nm 
depth from the fact that the substrate signal is greater for a 
SiO2 film of 2-nm thickness.

The difference in depth resolution of XPS and EUPS is due to 
the difference in kinetic energy of observed photoelectrons. 
The “escape depth,” which is defined as a depth that the 
electrons escape into the vacuum without losing energy in 
materials, has very small dependence on materials and it is 
smallest at the kinetic energy of several tens to a hundred 
eV, and it is about 0.5-nm.[27] When observed by XPS, the 
kinetic energy of a Si2p electron is larger than 1-keV, and 
the escape depth is several nm. Figure 12 shows the escape 
depth observed by EUPS.[28] When the kinetic energy of the 
electrons decreases, the escape depth increases rapidly in 
insulators.

At the time when we invented the principle, we had no 
knowledge that the photon energy at around 200-eV used in 
EUPS was optimal for obtaining information of the topmost 
atomic layer.

5.2 Observation of band bending in semiconductors
The Si wafer was selected as the first sample of photoelectron 
spectroscopy using EUPS, to see whether the n-type and 
p-type could be distinguished. It was found that the peak 
positions of Si2p differed in n- and p-types but they did 
not agree with the difference of the Fermi level of different 
doping.Term 5 Also, we noticed that the peak positions changed 

Fig. 12 Kinetic energy dependence of escape depth of 
electrons was investigated by EUPS[28]

Material dependence is large at the energy of 100-eV or less, and there 
is no “universal” curve.
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Fig. 10 Comparison of the sensitivity of EUPS and XPS 
in the contamination analysis for improving production 
process of insulator film protecting electrode in a 
plasma display[26]

Fig. 11 Depth resolution of EUPS was evaluated to be 
about 0.5 nm, from the size of the background signal 
seen through a SiO2 film of thickness of 2.1 nm
Single atom layer is about 0.3 nm, and information for the topmost atom 
layer can be obtained.
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when the irradiation intensities were changed. It took a few 
years for us to understand that the observed phenomenon was 
related with band bending.Term 6 This phenomenon occurred 
by the flattening of the bent band. With other sources bent 
band cannot be flattened, but it is possible with EUPS where 
ultrahigh density pulse excitation is used.

When an HfO2 film with thickness of 12-nm formed on a Si 
wafer was measured by EUPS, the position of the Hf4f peak 
was dependent on the excitation intensity of EUV. When the 
measurement at strong excitation was continued, the peak 
position shifted to the low kinetic energy side. After the shift 
was saturated and the measurement was taken at different 
intensity, the intensity dependent peak shift increased 
further.[29]

When positive charge is captured in an insulating film, the 
potential of the electrons on the Si surface lowers because 
of the electric field generated by holes, and the peak of the 
photoelectron spectrum shifts to the low kinetic energy 
side. The captured positive charge increases for larger EUV 
irradiation, and then, the charge shift increases. When all the 
charge trapping centers are filled with the charges, the charge 
shift stops.

When the sample is photo-excited, the electron-hole pair is 
formed in the sample. Due to the electric field created by 
the charges in the insulation film, the electrons flow to the 
insulation film/Si interface while the holes f low to the Si 
interior. The electric field created by the separated electrons 
and holes offsets the electric field created by the charges 
captured in the insulating film on the surface. If a sufficiently 
large number of electron-hole pairs is created by increasing 
the excitation intensity, it is possible to completely cancel out 
the electric field created by the charges in the insulating film. 
That is, the bent band can be totally flattened.

When the surface density of the charges captured in the 
insulation film is set as 1012/cm2, the electron-hole pair of a 
similar density or higher is needed for a flat band. Assuming 
the lifetime of an electron-hole pair as 10-ns, it is necessary 
to create an electron-hole pair at 1020/(cm2 sec). However, 
the most powerful light emission facility in Japan, that is the 
hard X-ray undulator of SPring-8 in Himeji, has a photon flux 
of only 2 × 1016 photons/(cm2 sec), and cannot affect band 
bending to a detectable level. On the other hand, in EUPS, 
the photon density on a sample per pulse is estimated to be 3 
× 1012/cm2, and if 10 or more electron-hole pairs are produced 
for one 255-eV photon, it is possible to f latten the band 
bending produced by a charge of about 3 × 1013/cm2.

Evaluation of band bending is an impor tant analysis 
characterizing semiconductors, and it is possible with an 
ultrahigh intensity pulse source as explained above. We could 
never have thought of this when we invented the EUPS.

5.3 Insulating film is not charged
In XPS, the electrostatic charge in the insulating material 
is a major problem. We knew that it was almost mandatory 
to install a neutralizer gun to neutralize the charge in 
photoelectron spectroscopy, but a neutralizer is not installed in 
the EUPS Unit 2. As the electrostatic charge in the insulating 
material was our concern, we studied SiO2 ultrathin films and 
found they were not highly charged.

When a thermal oxide film of thickness of 100-nm was 
observed, the Si2p shifted with time, but it  saturated with a 
shift of about 3-eV. It was then fully charged by irradiating the 
ion beam with a very small current. When this charged sample 
was EUPS measured, the peak shift was about 25-eV initially 
but peak shift decreased rapidly and the decrease of the shift 
stopped at a shift of about 10-eV. Next, after heating the sample 
to nearly 1000 ºC by using infrared rays, EUPS measurements 
were done and it was found that the charge had almost entirely 
disappeared. As the EUPS measurement was continued the 
charge shift was noticed, but it was only 0.1-eV.[30]

Textbooks of photoelectron spectroscopy explain that an 
insulating film is charged by photoexcitation because holes 
left after electrons are released into the vacuum do not flow 
through the insulating film to the substrate metal. We know 
this explanation is not correct from the result seen in Fig. 13. 
The result in Fig. 13 can be explained as follows.

Since a charge shift of 25-eV was observed with ion irradiation, 
we know that the SiO2 used in the experiment had a high 
dielectric strength (>4 MV/cm). Since the charge shift 
decreased by EUPS measurement, it can be understood that 
EUV irradiation decreased the dielectric strength of SiO2. It 
can be explained that the electron-hole pairs are created by 
EUV irradiation, this gives conductivity to the insulating film, 

Fig. 13 Experiment that broke the “common sense” of 
photoelectron spectroscopy world that the thin insulator 
becomes charged because electrons go out of a sample
The amount of shift for SiO

2
 of thickness of 100 nm charged positively 

with ion gun decreased by EUV measurement. This is thought to occur 
as the sample gained photoconductivity through EUV irradiation.
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and the stored charges are released. It is thought that a similar 
phenomenon occurs in the XPS and the electron microscope, 
but we believe we are the first to make the argument that the 
insulating film becomes conductive during actinic excitation.

From fig.13, we can say that the charge shift of an insulating 
film is determined by the number of charge traps from 
the following three reasons: first, the large charge shifts 
generated by ion irradiation decreased rapidly by EUV 
irradiation but stopped at about 10-eV shift; second, the 
charge shift disappeared completely by infrared heating 
and annealing; and third, while the charge shift by EUV 
irradiation was 3-eV initially, it was only 0.1-eV after high-
temperature annealing. The number of charge traps can be 
said to be as follows: after ion irradiation > initial stage > 
after high-temperature annealing.

We can say that the size of the charge shift is very important 
information of an insulator thin film, that is, the number of 
charge traps, and it should not be lost by neutralization.

5.4 Evaluation of electric conductivity from the 
charge shift
The insulating material with thickness over 1-μm such as a 
glass plate does not allow EUV light to pass through, therefore, 
will not become conductive with EUV irradiation. A thick 
insulator is charged as the electrons are released in the vacuum 
by EUV irradiation.

One user once asked us to analyze catalysts. When powder 
catalysts were measured at room temperature, there were 
absolutely no spectrum structure due to a very large charge 
shift, and the spectrum structure gradually appeared when 
the temperature was increased. When the temperature was 
increased further, the peak position shifted to the high kinetic 
energy side. This told us that the charge shift was smaller 
for higher temperature. The temperature dependence of the 
charge shift was different for different catalysts. The results 
are shown in Fig. 14.

The charge shift can be related to electric conductivity.

When the sample with thickness d and a surface area S is 
replaced with an electric circuit with capacitance C and leak 
resistance R, the charge Q on the surface decreases with time 
constant τ = CR. Since C and R can be expressed by C = εS/
d and R = ρd/S, using electric conductivity ρ and permittivity 
ε, it is τ = CR = ερ. That is, time constant τ of discharge is 
not dependent on the shape of the sample (S and d). The 
permittivity is only several times different for different 
materials, and it does not differ greatly in the same material 
at different temperatures. On the other hand, conductivity 
changes by several orders of magnitude. Therefore, the 
discharge time constant gives electric conductivity.

In photoelectron spectroscopy, the peak shift occurs (Fig. 
15) by the positive charge remaining in a sample after 
electrons are released into the vacuum. The positive charge is 
accumulated when the excitation continues. But accumulated 
charges leak with time constant τ. Then, the amount of 
accumulated charge becomes saturated with time constant τ. 
If the size of the charge shift in one shot is set as V0 and the 
pulse interval as ΔT, the shift V after n shots is given by

V = V0(1−exp(−ΔT/Δ)n/(1−exp(−ΔT/τ))
and the saturation value ( V0(τ/ΔT)) is proportional to the 
time constant τ. The size of the charge shift V0 in one shot 
is dependent on the pulse energy and C that is determined 
by the shape of the sample. The time constant is given from 
the charge shift when calibration is done. Then, when the 
permittivity is known, the absolute value of the electric 
conductivity is given.

This method has the advantage that it can be applied to 
materials with all sorts of shapes including fine particles. It is 
now used as a method in the research of correlation between 
catalyst activity and conductivity of powder catalysts.[31]
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Fig. 14 Correlation was seen in the catalyst activity and 
the electric conductivity estimated from charge shift
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5.5 Measurement of secondary electrons started by 
request from users
The measurement of secondary electrons was started by 
the request from the researchers of Panasonic Corporation 
who conducted the analysis of protection insulating film of 
electrodes in a plasma display using EUPS. They wanted to see 
the change of the vacuum level of the film by contamination. 
To answer their request, we improved the structures of the 
manipulator and the sample holder of EUPS so that we could 
control the potential of the sample.

5.5.1 Evaluation of the vacuum level (work function)
Primary electrons ejected out of atoms after gaining energy 
from photons collide with surrounding atoms, kick out new 
electrons (secondary electrons) from these atoms, and slightly 
lose energy. The primary electrons continue to collide with 
the surrounding atoms, kick out more secondary electrons, 
and continue to lose energy. Likewise, the secondary 
electrons collide with surrounding atoms and produce new 
secondary electrons. A large number of secondary electrons 
are produced like an avalanche, and the sea of secondary 
electrons is formed in the sample. The secondary electrons 
with kinetic energy surpassing the vacuum level are detected. 
Therefore, the vacuum level is obtained from the cutoff 
position of the energy spectrum of the secondary electrons.

An example of secondary electron spectra for TaN and W 
films with thickness of 10-nm formed on a Si wafer are 
shown in Fig. 16. In the case of TaN film, there is a sharp 
edge at 2.6-eV, and in the case of W, the sharp edge is at 3.5-
eV. From these, it is found that the vacuum level of W was 
0.9-eV higher than the vacuum level of TaN, and that the 
presence or absence of SiO2 between the substrates did not 
change the vacuum level.[32]

Trajectories of electrons with small kinetic energy are easily 
affected by a very small floating electric field or magnetic 

field in the space around a sample, and the fraction arriving at 
the detector can be affected. To avoid this, the measurement 
of secondary electrons is performed by applying a negative 
potential bias to the sample holder to accelerate the electrons. 
In Fig. 16, bias of −2 V was applied to the sample holder in 
the measurement.

In the measurement of secondary electron spectra, it is often 
necessary to measure a wide range of several tens of eV with 
a very high energy resolution of several tens of meV. The 
TOF method is most powerful for such ultra-multi-channel 
measurements.

5.5.2 Evaluation of ultra-cleanliness of metal surface 
and evaluation of carrier density from secondary 
electron intensity
The above vacuum level observation was a response to 
the users’ demand, but we realized that the intensity of the 
secondary electron was different for various samples (Fig. 
17). Signals were small in metals and large in insulators. We 
interpreted this as meaning that the difference in the signal 
intensity of secondary electrons was due to the difference in 
the escape depth of low energy electrons.

In the case of insulating samples, new excitation of electrons 
cannot occur when the energy of the electrons becomes 
smaller than the band gap energy, and the electrons can reach 
the sample surface without losing any more energy and can 
escape into the vacuum.

On the other hand, for metals in which the Fermi level is 
in the continuous band, the electrons can be excited no 
matter how low the energy of the secondary electrons is, and 
electrons keep losing energy. Only the secondary electron 
that was created in the atom very close to the sample surface 
can escape to the vacuum. The escape depth of low energy 
electrons in metal is very small, and the secondary electron 

Fig. 16 Secondary electron spectra of TaN and W of 
thickness 10 nm

Fig. 17 Intensities of the secondary electron signals are 
in order of: insulator > semiconductor > metal
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intensity of metal is small.

By knowing this principle, the metallic property of an 
ultrathin film or nm size particles can be evaluated, as 
shown in Fig. 18. Samples were TaN films with a different 
thickness formed on a W film of 100-nm thickness. Metal W 
has a weak secondary electron intensity and the effect of the 
transmission electrons from the underlying W layer is small. 
The secondary electron signal intensity was the smallest for 
a 10-nm TaN film, increased as the thickness decreased, and 
it was four times the intensity of 10-nm for TaN thickness of 
1-nm. This result showed that the metallic property weakened 
as the film thickness decreased.[33]

This analysis method allowed a qualitative discussion of 
carrier density of organic semiconductor laser materials. 
By doping, the carrier density of organic semiconductor 
materials for optical devices is expected to increase, the 
resistance reduces, and enables injected current density to 
a higher level. The secondary electron spectrum of n-type 
AC5-CF3 with 2 % Cs2CO3 as a dopant showed 0.9-eV lower 
cutoff position, and the signal intensity was half of that of a 
non-doped sample. This showed that doping lifts the Fermi 
level up by 0.9-eV against the vacuum level, and increases the 
carrier density. Incidentally, the secondary electron intensity 
of AC5 that had 1-eV greater work function compared to 
AC5-CF3 was twice that of AC5-CF3.

[34][35]

5.6 Correlation between the inclination angle of 
electron clouds and catalyst activities
Emission from LPP is non-polarized, but in EUPS Unit 2, the 
measurement is the same as the polarized excitation owing 
to its configuration. EUV light irradiates sample horizontally 
and the electrons are detected at the vertical direction, 
and therefore, the electrons shaken in the electric field that 

oscillates horizontally (s polarization) are not detected, and 
only the electrons vertically shaken by p polarization are 
detected. Therefore, the angular distribution of the electron 
cloud can be observed from the angular dependence of the 
spectrum intensity by changing the angle of the sample (Fig. 
19).

The angular distribution of the electron cloud was detected 
for the first time in a Si wafer. The direction of Si3p differed 
for different crystal orientation.

We were greatly surprised when we observed the angular 
dependence in the photoelectron spectrum of a powder 
sample that will be mentioned later. The direction of the 
electron cloud is usually considered to be determined by 
the crystal plane. If that is the case, the angular dependence 
should disappear in a powder sample in which crystal planes 
of individual particles are randomly oriented. Yet, there 
was angular dependence in powder samples. This means 
that the direction of the electron cloud is determined by 
the exterior form rather than the crystal plane, and this is 
extremely interesting. This phenomenon occurs only for the 
topmost atoms, and cannot be observed by XPS which gives 
information averaged over several nm depth.

ZrO2 powder is employed as a catalyst for cleaning automobile 
exhaust gas. We measured the Zr3d photoelectron peaks of 
seven types of ZrO2 powder samples with different additive 
precious metals. We found that the angles at the maximum 
intensity were different for different catalysts, and extremely 
good correlation was seen between the angle and the catalyst 
activity of water gas shift reaction of CO + H2O  CO2 
+ H2.

[36] It is probably the first time that the correlation 
between the efficiency of dissolution of gas molecules and 
the inclination angle of the electron clouds of catalyst atoms 
was found. It is expected to provide important information for 
the understanding of the catalyst mechanism. This analysis is 
unique to EUPS which sees the topmost atomic layer.TaN x nm
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Fig. 19 In EUPS Unit 2, the electrons excited by p 
polarization of horizontal irradiation are detected by 
the detector installed vertically

Fig. 18 Secondary electron spectrum of the TaN ultrathin 
film[32]

Since the signal is larger for thinner TaN, it can be said that the TaN 
film has lower electron density as it gets thinner.
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5.7 Observation of the conduction band and the 
intra-gap statesTerm 7

Figure 20 shows the photoelectron spectrum near the Fermi 
level for four samples. As mentioned in Subchapter 4.6, we 
conducted improvements recently to enable obtaining event 
count data using the oscilloscope in the sequential mode. 
Therefore, it became possible to observe an extremely weak 
structure. Thus, it became possible to remove the effect of 
continuous spectra in the light source. By looking at Fig. 4 
carefully, readers will notice that the 4.86-nm line emission 
lies on a weak continuous spectrum. The contribution of the 
continuum component was ignored until now because it was 
very small and was not easy to estimate. The contribution can 
be estimated by observing the sharp structure of the Fermi 
edge. Figure 20 is the spectrum after removing the effect of 
the continuous spectra. The signal intensity of four samples 
were different, and spectra were normalized at the peak.

As seen in the left figure of Fig. 20, sharp Fermi edges can 
be seen in the d band for Pt and Pd. As seen in the graph on 
the right that is the expanded vertical axis of the graph on the 
left, signals of 1–2 % intensity of the peak were seen at the 
energy above the Fermi level.

In the SiO2 with thickness of 100-nm, there was a f lat 
structure of about 2 % of the peak in the energy region 
between the Fermi level and the valence band top that 
dropped sharply at 5-eV below the Fermi level which lies at 
the 22-eV position of the horizontal axis. In the case of HfO2 
formed on 100-nm SiO2, the signal near the Fermi level was 
large to the extent that the valence band top was not clear.

Since the size and spectral form were different for samples, 
the observed conduction band electron signal is considered 
real, but since the signal is weak, fur ther research is 
necessary to be confident that it is real.

The lifetime of conduction band electrons in bulk metal is 
reported to be <1 fs–100 fs.[37] However, the lifetime of the 
surface states can be fairly long. In EUPS in which a sample 
is excited by ultrahigh density excitation of 3-ns pulse, it is 
no mystery if the transient states is observed. It is thought 
that the conduction band states and the intra-gap states at the 
surface-interface have large effect on properties of materials, 
and their analyses are important.

6 Summary

The characteristics of an LPP source are a narrow bandwidth 
line emission, a short pulse, and high brilliance. EUPS is an 
application taking full advantage of LPP. This is probably the 
first commercially viable technology of LPP application. The 
basic important synthesis technology is to obtain narrowband 
light without using a spectrometer and conducting the 
electron energy analysis by the TOF method. However, 
development of many elemental technologies was necessary 
before materialization of the basic idea. In this paper, we 
explained the process of synthesis to make the spectroscopy 
system as a working apparatus.

The shielding of contaminants, the greatest issue of LPP 
source applications, was solved using a BN rod as an LPP 
production target and an inexpensive Mylar film as the 
filter to block contamination. The frequent exchange of the 
shielding filter was reduced greatly by the introduction of 
an elliptical mirror. By not inserting a diffraction grating, 
the time averaged flux on a sample of EUPS is comparable 
to that using synchrotron radiation. The TOF method was 
employed as the electron energy analysis by taking advantage 
of the pulse nature of an LPP source. Problems of TOF not 
imagined when the basic principle was born arose when the 
actual measurements were conducted. The problems were 
solved by improving the structure of the flight tube.

Fig. 20 Photoelectron spectra near the Fermi level for Pd, Pt, SiO2, and HfO2
Normalized by the peak signal. In the right graph that is the enlarged portion of the vertical axis of the left graph, the conduction 
band signals with intensity around 1 % of the peak are observed.
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When the actual measurements of samples began, unexpected 
phenomena occurred one after another. By understanding 
them one by one, new analysis methods that could not be 
done with the conventional photoelectron spectroscopy 
were born. These include the detection of less than one 
monolayer contamination on material surface, detection of 
defects, measurement of insulator thin films without charge 
neutralization, evaluation of electric conductivity using the 
charge shift, observation of inclination angle of the electron 
cloud of the topmost atom, evaluation of electron density near 
the Fermi level from the secondary electron signal intensity, 
evaluation of the ultra-cleanliness of the surface of nm -size 
metal particles, and others.

The EUPS system was completed when the authors belonged 
to the Advanced Semiconductor Research Center, and 
since we know many researchers studying semiconductors, 
measurements were done mainly for semiconductor samples 
at the time. Due to the appearance of enthusiastic external 
users, the majority of the measurements are now for samples 
other than semiconductors. Since EUPS provides various 
findings for the topmost atom, it is expected to be most 
productive in the analysis of the catalytic phenomenon for 
which reactions occur at the topmost layer of atoms. In fields 
other than catalysts, if it is known that the topmost atom 
plays a critical role, EUPS will also be effective in that field. 
To expand to such new fields, participation of diverse users 
is necessary. Many of the new analysis methods unique to 
EUPS were born from the analyses of samples brought in by 
users. The author who started EUPS development without 
experience in photoelectron spectroscopy could not imagine 
the new ways of applying photoelectron spectroscopy and the 
wonderful potential of EUPS was made clear by enthusiastic 
users. I think “users’ demand advances the device” is a 
principle that is widely applicable.

In terms of user-friendliness, EUPS does not compare with 
the XPS or UPS that are widely employed photoelectron 
spectroscopy. Drastic improvement of user-friendliness 
cannot be resolved by the author alone, and wide diffusion 
of EUPS analysis is necessary upon product realization. 
However, I think it is the responsibility and obligation of the 
inventor to bring EUPS to product realization.
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Footnotes

Footnote 1.	 Mechanism of X-ray production from LPP: 
When free electrons are captured by fully 
ionized boron ion, and when the main quantum 
number transition from n=2 to n=1 occurs, 4.86-
nm Lyman α ray is emitted. In EUPS, the laser 
focusing density is adjusted to get an appropriate 
temperature at which the fully ionized boron 
ions will be present in suff icient amount, 
and at which the free electrons recombine at 
sufficiently high speed. The emission intensity 
is proportional to the product of ion density and 
electron density, that is, the square of plasma 
density, and the emission intensity increases 
as the plasma density is higher. On the other 
hand, if the density is too high, self-absorption 
increases, intensity is saturated, and the width of 
the line spectrum broadens. The limit intensity 
is the intensity of “blackbody radiation,” and at 
extremely high density, the spectral structures 
disappear and a spectral structure becomes flat. 
In EUPS, since the spectral width of excited 
EUV is determined by the emission spectrum 
of LPP, the plasma density should not be too 

Ly β

Ly α
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n=1
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Hydrogen-like boron ion
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high. On the other hand, since strong emission 
is desired, some degree of density is wanted. 
The density of LPP depends on the wavelength 
of the excitation laser. The second harmonic of 
YAG laser with wavelength of 0.53-μm is an 
appropriate wavelength for producing narrow 
bandwidth of 4.86-nm light.

Footnote 2.	Difference between LPPs for lithography and 
photoelectron spectroscopy: The requirements 
for light sources differ greatly for photoelectron 
spectroscopy and lithography. For the EUVL 
source, the requirements include high EUV 
power, low fluctuation of power, high conversion 
efficiency from lasers to EUV power, and being 
maintenance free for a long period such as one 
year. On the other hand, for the photoelectron 
spectroscopy source, narrow spectral width is 
the most important. Small power f luctuation, 
high conversion efficiency, and maintenance free 
characteristics are desirable, but they are not 
critical requirements. In EUPS, narrow bandwidth 
is a critical requirement to the LPP emission since 
a spectrometer is not used. For the EUVL source, 
wide emission that covers all widths (about 2 %) of 
the multilayer film reflection spectrum is needed 
to increase the usable power, but for EUPS, narrow 
bandwidth emission of about 0.1 % is required. 
In the TOF method, since the energy resolution is 
determined by time resolution, the emission time 
of the source is desired to be as short as possible, 
and it is 3-ns in the present EUPS. On the other 
hand, for the lithography source, the pulse width 
should be as wide as possible to have large 
power.[38] Pulse width of several tens ns is used. 
Therefore, all things are different for lithography 
and EUPS sources, including the laser selection, 
irradiation conditions, target materials, structures, 
and supply methods. For the target material, Sn 
is used in EUVL, while BN is used for EUPS. 
Rod target is used in EUPS while liquid droplets 
are used in EUVL. In EUPS, a YAG laser with 
pulse width of 3-ns, a wavelength of 0.53-μm, and 
repetition rate of 10 Hz is used, while for EUVL, 
a YAG laser with a wavelength of 1-μm or a CO2 
laser with a wavelength of 10.6-μm is used. EUPS 
uses single pulses, but for the EUVL source, use 
of prepulses is mandatory. Totally different LPP 
sources are used in these two applications, and 
the development of light source technology in one 
area does not benefit the other.

Footnote 3.	Comparison of EUPS and XPS: While the 
XPS analysis is essential in today’s material 
development, taking a rather self-centered view, 
it is stuck in element analysis. An analysis that 
captures the attractive topmost phenomenon that 

delves into the essence of material functionality 
as described in this paper is not being done with 
XPS. However, since XPS can excite the deep 
inner shell and is highly effective for element 
analysis, EUPS will never replace XPS in that 
area. As the product realization technology for 
EUPS progresses, it is thought that the price of 
EUPS will become less expensive.

Terminologies

Term 1.	 Magnetic bottle: The arrangement of a magnetic 
force line in the form of a bottle. It is an idea that 
when a sample is placed at the mouth of the bottle 
with magnetic flux density of 1 tesla or more, and 
the electron is wound around the magnetic line 
and the line is adiabatically expanded, only the 
direction of motion is changed without changing 
the kinetic energy of the electron, and therefore the 
enlarged image of the electron can be obtained in 
the electron detector placed at the bottom position 
of the bottle. The reason we were unable to observe 
the expected performance might possibly be 
because the magnetic bottle used in Unit 3 did not 
have a sufficient performance level, and there is 
room for success in future development. However, 
to raise the magnetic f lux density to 1 tesla or 
more, there is only 1 mm or less space available 
for the sample. Since we realized that this lack 
of space severely limited the samples that could 
be measured, we stopped the use of the magnetic 
bottle.

Term 2.	 Schwarzschild optics: To focus light onto minute 
diameters, it is necessary to decrease optical 
aberration, and near normal incidence is required. 
A Schwarzschild optics is a near normal incidence 
optical system that combines concave and convex 
mirrors, and submicron resolution can be achieved. 
However, it is not easy to obtain large vertical 
reflectivity in X-ray multilayer films, and the high 
normal incidence ref lectivity of about 70 % has 
been obtained only for Mo/Si multilayer films. This 
is the reason 13.5 nm was selected in EUVL that 
uses more than ten multilayer mirrors.

Term 3.	 Microchannel plate (MCP): High-speed particle 
detector. About 2-kV of voltage is applied between 
both sides of a circular or rectangular glass plate 
where many microchannels of inner diameter of 
around 10-μm are bundled together. The secondary 
electrons produced at the MCP surface due to 
particle collision are led to the microchannels to 
achieve many orders of magnitude amplification. 
With a multiplication factor of 107 or more, the 
detection of a single electron becomes possible. It 
is characterized by high-speed response where the 
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start-up time is 1-ns or less, and this is essential in 
TOF electron spectroscopy.

Term 4.	 Stimulated Brillouin scattering (SBS) mirror: 
When ref lected wave having reversed phase 
with the incidence wave (phase conjugation) is 
generated, the diffraction-grating-like sound waves 
are produced in a substance due to the interference 
of the two waves. In stimulated Brillouin scattering 
that is the back scatter of the laser light by a sound 
wave, the wave front distortion of the incident wave 
that experiences as it passes through a distorted 
laser gain medium and the wave front distortion of 
the reflected waves are in antiphase. Therefore, the 
wave front distortion of the returning laser beam 
does not increase when the laser beam goes back 
and forth in the laser medium having a large optical 
distortion caused by strong excitation. Thus, good 
quality laser beam is obtained with a SBS mirror.

Term 5.	 Semiconductor doping: The Fermi level, which 
is the energy level at which the probability that 
electron exists is 50 %, is the center of the band 
gap in non-doped semiconductors. Impurities are 
introduced (doping) to adjust the position of the 
Fermi level to control the height of the Schottky 
barrier. When doping is done with impurities 
that supply electrons, the Fermi level approaches 
the bottom of the conduction band and an n-type 
semiconductor is formed, and when doping is done 
with impurities that receive electrons, a p-type 
semiconductor is formed.

Term 6.	 Band bending: Very often, the charge is captured 
in the interface, or the charge is captured in 
the insulating film that is sandwiched between 
the metal and the semiconductor, and the band 
position at the interface of the conduction band 
bottom of the semiconductor may be different 
from the position in the bulk. Then, the control 
of expected carrier transportation will be lost, 
and the device performance decreases. It is very 
important in device development to know the size 
of band bending and how to decrease unintended 

band bending. Since the flattening of the band is 
accomplished by strong excitation in EUPS, band 
bending can be evaluated from the difference of 
the positions of photoelectron spectra by changing 
excitation intensity.

Term 7.	 Intra-gap level: In crystals, energy gap is formed 
as the energy level separates into the valance band 
and the conduction band by periodicity. However, 
in surface interfaces, periodicity in the depth 
direction is lost, band boundaries become unclear, 
and electron levels occur in the energy position that 
corresponds to the energy gap of the bulk. Since 
this is thought to greatly affect the transportation 
property of the carrier, the evaluation of the position 
and the amount of intra-gap levels is important. 
Particularly, in catalysts where the reactions occur 
on the topmost atom, it is possible that the intra-gap 
level plays a definitive role in catalyst activity.
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engineers and researchers, I think you need to offer a more 
understandable explanation on the production principle of the 
EUV light source. You have some explanation in Subchapter 1.2 
“History of the research of laser-produced plasma source,” but I 
think the reader’s understanding will deepen if you explain, along 
with figures, what is the excitation laser used in LPP, and by what 
mechanism extreme ultraviolet light is produced.
Answer (Toshihisa Tomie)

The selection of the laser is important, and I listed the 
following requirements in Subchapter 4.4 “Selection of a laser.” 
That is, the pulse waveform needs to be fine Gaussian with pulse 
width of 3 ns using stimulated Brillouin scattering (SBS) mirrors, 
the spatial pattern ought to be TEM00 mode, the good beam 
pattern and the pulse waveform ought to be obtained independent 
of the pulse energy and the repetition rate up to the repetition rate 
of 100 Hz, and others. As you proposed, I added some footnotes at 
the end of the text.

3 Future prospect
Comment (Naoto Kobayashi)

It can be seen that the newly pioneered EUPS has provided 
new observation methods for various substance surfaces. 
Particularly, new findings never seen before have been obtained 
for the behavior of electrons on the topmost surface. To which 
science and technology fields do you expect this technology will 
be applied in the future?
Answer (Toshihisa Tomie)

I added the following expression in Chapter 6 “Summary.”
“Since EUPS provides various findings pertaining to the 

topmost atom, we believe it will be most effective in analyzing 
the catalyst phenomenon where the reaction occurs at the topmost 
surface of atoms.”

4 Commercial device
Comment (Naoto Kobayashi)

The technology was advanced through many users, and 
I feel that some manufacturers will be interested in making a 
commercial device. Was there any such plan? If the prospect 
for that is not good, what are the barriers that stand before 
commercialization?
Answer (Toshihisa Tomie)

Ten years ago, I visited many analysis companies but their 
responses were not very good. Recently, many users have asked 
how much would it cost to manufacture a device, and some have 
commented that 50 million yen isn’t that expensive, but no actual 
project has taken off.

Since the Panasonic Corporat ion, who improved the 
manufacturing process by EUPS analysis, withdrew from the 
plasma display panel business, we can no longer ask them to 
advertise our work. However, if we gain more case studies where 
people have been able to advance the business because they used 
the EUPS analysis, stories will circulate, and I think the demand 
for product realization will be strengthened. Before talking 
about product realization, the greatest reason the product has 
not gained awareness is the lack of basic data published in the 
scientific journals, and for this, we are totally guilty. Recently, 
there are papers written by users, and I hope the knowledge of this 
technology will gradually increase. I hope the commercialization 
will become more specific. As I wrote in Chapter 6 “Summary,” it 
is my responsibility to work on EUPS until product realization.

Discussions with Reviewers

1 Overall
Comment (Naoto Kobayashi, Waseda University)

This is a paper on the development of the photoelectron 
spectroscopy method for the practical use of laser-produced 
plasma (LPP) and its various applications, for which the authors 
have engaged passionately in R&D. It explains the detailed course 
in which the initial objective for the LPP source was set, how the 
new photoelectron spectroscopy was gradually established, and 
how the technologies were put to various advanced applications, 
and I think the paper is valuable from scientific and engineering 
perspectives. This was a typical “seeds-driven” or potential-
driven research that utilized the characteristics and advantages 
of the technological potential of the LPP source and achieved 
practical use, and you describe that the voices of various users 
played an important role in exploring various applications. The 
unique technological synthesis method and process make this a 
paper appropriate for publication in Synthesiology.
Comment (Ken’ichi Fujii, AIST)

While the X-ray photoelectron spectroscopy (XPS) is used 
widely for the analysis of the surface and its contamination state, 
the authors looked at the pulse laser produced plasma as the 
source for the XPS and went on to develop the extreme ultraviolet 
excited photoelectron spectroscopy (EUPS) along with its 
effective applications. I think the paper that records this process is 
extremely valuable.
Answer (Toshihisa Tomie)

We received your useful comments on this paper after you 
read it carefully. I believe your comments are appropriate. I also 
made some improvements on the structure of the paper, as you 
proposed, like adding explanations of terminologies at the end. 
The subtitle you proposed is attractive, and I shall use it.

2 LPP source
Comment (Ken’ichi Fujii)

To make this technology be known widely by general 


