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We report on a photoemission microscopy apparatus using a
10.9-eV laser developed at the National Institute for Materials
Science (NIMS). Our spectrometer realizes photoemission spec-
troscopy with a high spatial resolution by combining an imaging
double energy analyzer with the electronic lens system of
photoelectron emission microscopy. Energy-filtered photoelec-
tron imaging is available in both real and momentum spaces.
The spatial resolution in the real space mode is ~30 nm. We
show energy-filtered photoelectron images of a silver grid-pat-
terned sample in real space and the band mapping of Au(111) in
momentum space to demonstrate the performance of our spec-
trometer.
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I. INTRODUCTION

Electronic states near the Fermi level play an important
role in determining the electrical and magnetic properties of
materials. Thus, visualization of the behavior of electrons in
materials is quite useful for designing and developing func-
tional devices. Electronic states in materials are described by
three quantum numbers: energy, momentum, and spin. An-
gle-resolved photoemission spectroscopy (ARPES) enables
us to observe the energy dispersion of the band [1]. Spin-
resolved photoemission spectroscopy provides information
on the spin-polarized band structure [2]. Thus, the photo-
emission spectroscopy of the valence band is a powerful
technique for characterizing materials. ARPES has played a
central role in the study of electronic states for superconduc-
tors, topological materials, low-dimensional materials, etc.
[3] Furthermore, in the last decade, there has been a tremen-
dous movement toward probing electronic states in a sub-
micrometer region [4]. This is due to the demands of eluci-
dating the local electronic states of materials for developing
innovative devices. For instance, the studies of superconduct-
ing states and topological phases in novel quantum materials

require the characterization of electronic bands below the
sub-micrometer region [5, 6]. Conventional photoemission
spectroscopy has a spatial resolution of several tens of µm or
more, making it challenging to obtain information on the
local electronic states in a few-micrometer to sub-micrometer
region.
In this context, the development of photoemission micros-

copy apparatuses for investigating the electronic state in the
sub-micrometer region has recently been accelerated. Syn-
chrotron radiation facilities are leading the development of
such apparatuses: currently, the photoemission microscopy
machines for analyzing the valence electrons in the several
hundred-nanometer ranges are operated at several synchro-
tron radiation facilities [7–10]. In addition, a spatial resolu-
tion of 70 nm was achieved by core-level photoemission
microscopy with an external voltage applied at BL07LSU
at SPring-8, resulting in a deep understanding of the elec-
tronic structure of materials in their operating environment
[11]. In these techniques, synchrotron radiation is focused
using optical focusing mirrors and/or Fresnel zone plates, and
the sample is scanned in the lateral direction to obtain the
spatially resolved electronic state.
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Recently, an imaging-type spectrometer for photoemission
microscopy, which utilizes a different mechanism from the
scanning type in principle, the so-called momentum micro-
scope, has made significant progress [12–20]. This spectrom-
eter realizes the high spatial resolution by employing the
electronic lens system based on photoelectron emission mi-
croscopy (PEEM) in the lens section of the photoelectron
analyzer. The photoelectrons emitted from a sample are
typically accelerated to energies of 10–20 keV by the high
electrostatic field between the first electronic lens of the
analyzer and the sample. Thus, high spatial resolution can
be achieved even in low-energy photoexcitation, such as an
ultraviolet laser, not limited by the diffraction limit of the
incident light. The spatial resolution of 2.6 nm has been
achieved in PEEM using a 4.66-eV (λ = 266 nm) laser [21].
We note here that the spatial resolution of the PEEM is
restricted by the intrinsic vibration originating from the in-
strument itself in most cases. Thus, this imaging-type spec-
trometer enables photoemission microscopy with lab-based
light sources, such as a laser, a mercury (Hg) lamp, a helium
(He) lamp, and an X-ray tube, without synchrotron radiation.
Besides, thanks to the PEEM lens system, one can quickly
switch between real-space and momentum-space measure-
ments. These technologies are employed in Nano-ESCA
[12–15] and Momentum Microscopy [16–20]. These spec-
trometers are capable of electronic state measurements in
three measurement modes: (1) non-energy filter PEEM
mode, where the magnified images of the surface can be
observed, (2) energy-filtered photoelectron imaging mode in
real space, where the area-selected imaging from the work
function cut-off to the Fermi level cut-off energies is avail-
able, (3) energy-filtered photoelectron imaging mode in mo-
mentum space, where the band mapping in a selected area
with an aperture is available. Photoemission microscopy
apparatuses using Nano-ESCA or Momentum Microscopy
have been developed at several synchrotron radiation facili-
ties [14, 16, 20]. The time-resolved measurements using a
pulsed laser [22, 23] and the chemical analysis using a
brilliant X-ray [24] have been performed in the laboratory-
based system.
In this article, we report on a photoemission microscopy

apparatus using a 10.9-eV laser recently developed at the
National Institute for Materials Science (NIMS). Our ma-
chine is equipped with Nano-ESCA with a state-of-the-art
Imaging Double Energy Analyzer (IDEA). This allows one
to obtain energy-filtered photoelectron images in real and
momentum spaces. The spectrometer achieves an energy
resolution of 24meV, a special resolution of ~30 nm in a real
space mode, and a wave number (k) resolution of 0.02Å−1 in
a momentum space mode. We show the band mapping of
Au(111) as a demonstration of ARPES.

II. INSTRUMENTS

A. Overview of the apparatus

Figure 1 shows an overview of the photoemission micros-

copy apparatus developed at NIMS. Our apparatus consists
of three ultrahigh vacuum (UHV) chambers: an analysis
chamber, an intermediate chamber, and a sample preparation
chamber. These chambers are connected via UHV gate
valves. The base pressure of the analysis chamber is kept
below 1.5 × 10−8 Pa. The analysis chamber is equipped with
a vacuum ultraviolet (VUV) laser, a He discharge lamp, and a
Hg lamp as excitation light sources. The VUV laser is
incident at an angle of 65° with respect to the sample surface
normal. The incident plane of the VUV laser is parallel to the
x–z plane. Photoelectrons are analyzed by Nano-ESCA made
by Focus GmbH. The typical distance between the sample
and the photoelectron analyzer is approximately 2.5mm. The
sample manipulator is driven by a stepping motor in 6 axes:
x, y, z, θx, θy, and ϕ. Samples can be cooled below 20K using
liquid helium. One can access from the intermediate chamber
to the analysis and sample preparation chambers using UHV
transfer rods. Six samples can be stocked in the intermediate
chamber. A load lock for sample entry and a UHV suitcase
made by Ferrovac AG can be connected to the intermediate
chamber. The sample preparation chamber is equipped with
an Ar+ sputter gun and a low-energy electron diffraction
(LEED) instrument. Three ports are provided for evaporator
mounting. Samples can be heated by both direct current
heating and electron bombardment heating. The sample ma-
nipulators in the sample preparation chamber can be cooled
with liquid nitrogen and liquid helium.

B. 10.9-eV laser

The electrons in the sample are excited by 10.9-eV
(113.8 nm wavelength) photons, yielded by the 9th harmonic
of a Yb fiber laser with the wavelength of 1024 nm (OXIDE
UV-3), where the basic idea of the laser system has been
reported in the reference [25]. The repetition rate is 50MHz,
and the pulse duration is less than 20 ps. Our laser system
offers linear horizontally and vertically polarized lights and
left- and right-circularly polarized lights with individually
controllable half- and quarter-wave plates.
Using the high-brilliant laser provides a significant advant-

age in drastically improving the energy and momentum
resolutions of photoemission spectroscopy [26–28]. On the
other hand, the photon energy of the laser in most laser-
ARPES is 6–7 eV, resulting in the observable wavenumber k
below 0.6–0.8Å−1. The 6–7 eV lasers are significantly help-
ful in the electronic structure measurements near the Γ point.
In contrast, photoexcitation with a 10.9-eV laser extends the
observable wavenumber to 1.3Å−1. Thus, the electronic
states from the Γ point to the edge of the first Brillouin zone
for many materials are observable.

C. Photoelectron analyzer

Our Nano-ESCA comprises a PEEM lens system, IDEA, a
delay line detector (DLD), and a two-dimensional (2D)
imaging unit with multi-channel plates and a CMOS camera
[Figure 2(a)]. The PEEM lens system allows photoelectron
imaging in real (x–y) and momentum (kx–ky) spaces. The
straight channel without IDEA provides standard PEEM
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images. The straight channel is equipped with the DLD on a
linear shifter. Thus, inserting the DLD into the PEEM col-
umn realizes time-of-flight energy analysis in the straight
channel. Photoemission spectroscopy using this DLD will
be described elsewhere. In this article, we focus on the
energy analysis with the IDEA. Photoelectrons traveling
through the PEEM lens are energy-filtered by the IDEA.
Here, one can select five different pass energies: 12.5, 25,
50, 100, and 200 eV, and five slit widths: 0.2, 0.5, 1, 2, and
8mm. The spin analysis is possible by inserting a spin
detector in the exit lens section of the IDEA. The maximum
measurable wave number of Nano-ESCA is kx,y ~ ±3.0Å−1.

Thus, the Nano-ESCA can simultaneously analyze the photo-
electrons emitted in the range of 2π sr with photoelectron
kinetic energies below ~34 eV. In the measurement, the
magnification of the real and momentum spaces can be
optimized according to the electronic state to be observed.
Furthermore, a spot selector (continuously variable iris aper-
ture) can select an area of interest down to sub-micrometers.

D. Laser spot size

The PEEM image of a silver (Ag) grid-patterned sample
on a silicon (Si) substrate measured with a field of view
(FoV) of 711µm is shown in Figure 2(b). The thickness of
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Figure 1: Overview of the apparatus. The top and side views are shown in (a) and (b), respectively.

Technical Note

e-J. Surf. Sci. Nanotechnol. 22, 46–52 (2024) | DOI: 10.1380/ejssnt.2023-066 48

https://doi.org/10.1380/ejssnt.2023-066


Ag is roughly 40 nm. The sample is the same as shown in
Figure 3, but the grid pattern is not visible in Figure 2(b)
because the grid size is much smaller than the FoV. From this
photoelectron intensity mapping, the full-width half maxi-
mum (FWHM) of the laser spot on the sample is estimated to
be 320 µm in the horizontal direction and 130 µm in the
vertical direction. Here, the actual beam size in the horizontal
direction is 140 µm since the incident angle of the laser to the
sample normal is 65°. Therefore, the laser spot shape is
almost circular, while the horizontal footprint on the sample
is elongated due to the oblique incidence. Stray light is found
150 µm below the main spot.

III. PERFORMANCE

A. Spatial resolution

Figure 3(a, b) shows a photoelectron image with 104 and
10.7 µm FoVs from the Ag grid pattern on the Si substrate,
respectively. Each patch is an 8 × 8 µm2 square separated by
trenches with 2 µm widths. We used the Hg lamp as the
excitation light source. We detected the photoelectrons with
almost zero kinetic energy, meaning that the contrast in the
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Figure 2: (a) Schematic drawing of Nano-ESCA. Bold green lines
represent the photoelectron trajectory. (b) Photoelectron intensity
mapping from the Ag grid-patterned sample on the Si substrate in
the real space with a FoVof 711 µm. The 10.9-eV laser is used as an
excitation light.
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Figure 3: Photoelectron intensity mapping of the square grid pat-
tern of Ag on the Si substrate in real space with the FoV of 104µm
(a) and 10.7 µm (b), where the photoelectron near the cut-off energy
by the work function is detected. Photoelectrons were excited by the
Hg lamp (hν = 5.2 eV). The exposure line of the CMOS camera is
swept from the center to outward in the y-direction. (c, d) Photo-
electron intensity profiles along #1 and #2 shown in (b). Each data
point is obtained by the summation of the photoelectron intensity
within a window given by the line widths of #1 and #2. Circle
symbols represent the experimental data. Solid curves are fitting
results with the step function convoluted by the Gaussian.
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image reflects the difference in photoelectron yield resulting
from the work function difference between the square patches
and the trenches. The measurement was performed at room
temperature. We set to the pass energy of 100 eV for IDEA.
The exposure time of the CMOS camera was 10ms.
The photoelectron intensity profiles at the edges of the

square patches along #1 and #2 are shown in Figure 3(c, d),
respectively. We evaluate the spatial resolution from these
intensity profiles in the real space mode. The intensity pro-
files are fitted by a step function convoluted by a Gaussian,
where linear functions with different slopes on the trench and
the square patch are used as a background. Here, we defined
the spatial resolution by the FWHM of the Gaussian. As a
result, the spatial resolution at #1 (#2) is estimated to be
27 nm (36 nm). We find that the spatial resolution in the y-
direction is 30% better than that in the x-direction. This result
might be caused by the image acquisition method of the
CMOS camera. The image readout of the CMOS camera
adopts a rolling shutter method, where an exposure line along
the x-axis with one-pixel width is swept in the y-direction.
Thus, the intensity data in the exposure line is acquired
simultaneously, while the acquisition time difference occurs
in the different exposure lines. Each data point of the inten-
sity profile of #1 (#2) is obtained by the summation of the
photoelectron intensity within a 750 nm window, correspond-
ing to 74 pixels, in the x-(y-)direction. Therefore, the inten-
sity profile of #2 is more affected by the vibration of the
instruments than that of #1.

B. Energy resolution

The energy resolution of our spectrometer is evaluated
with Au(111). The 10.9-eV laser was used as an excitation
source. The measurement was performed with the momen-
tum space mode, and the IDEA was used for the energy
filtering. The pass energy of the IDEAwas set to 12.5 eV and
the slit width to 0.5mm. The sample temperature was kept at
50K. Plots in Figure 4 are obtained by integrating the photo-
electron intensity in the wavenumber region where the bulk
band of Au(111) appears. The intensity plots are fitted with a
Fermi-Dirac distribution function convoluted by the Gauss-

ian. From the fitting, the energy resolution is estimated to be
24meV.

IV. DEMONSTRATION

As a demonstration of ARPES measurement with our
system, we measured the electronic band structure of
Au(111). It is well known that a Shockley-type surface state
appears around �� in the surface Brillouin zone of Au(111).
The surface state exhibits a parabolic energy dispersion with
a bottom at a binding energy of 0.48 eV, and the Fermi
surface is circular [29]. Besides, the spin degeneracy of the
surface state is lifted due to the strong spin-orbit interaction,
resulting in the Rashba-type spin-split bands [30]. Spin polar-
ization of the Au(111) surface state has been investigated in
detail by SARPES [31]. In addition to Au(111), the spin
polarizations of the Shockley-type surface electronic states of
Cu(111) and Ag(111) have also been revealed by high-reso-
lution SARPES [32].
A clean surface of Au(111) was obtained by cycles of Ar+

sputtering and annealing at 550°C. The clean surface was
confirmed by observing sharp (1 × 1) spots and additional
satellite spots attributed to the herringbone superstructure on
the Au(111) surface by LEED. Photoelectrons were excited
by the 10.9-eV laser with a p-polarization, where the electric-
field vector of the laser is parallel to the light incident plane.
We used the IDEA for the energy analysis of the photo-
electron, where the pass energy was 25 eV, and the slit width
was 0.5mm. The FoV in the real space was set to 80µm. The
sample temperature was kept at 30K during the measure-
ments.
Figure 5(a, b) displays an E–kx–ky cube from the lowest

cut-off to the highest cut-off energies (i.e., from zero kinetic
energy to the Fermi level) and an E–kx image obtained by
slicing the E–kx–ky cube at ky = 0, respectively. In our spec-
trometer, the energy dispersion of the band is obtained as a
three-dimensional cube: energy (E), x wavenumber (kx), and
y wavenumber (ky). Therefore, the band structure of any E–k∥
cuts of interest can be obtained, as demonstrated in Figure
5(b). A parabolic photoemission horizon with an energy
bottom of EB = 5.5 eV is identified. The Shockley-type sur-
face state appears near the Fermi level around ��, which
agrees with the previous report [29]. Several bands attributed
to the bulk states are observed in the deeper binding energy
side.
The constant energy ARPES intensity image at EB =

5.0 eV is shown in Figure 5(c). The momentum (k) resolution
is evaluated from the intensity profile of the edge of the
photoemission horizon [Figure 5(d)]. In the fitting procedure,
we used the step function convoluted by the Gaussian, as in
the case of the spatial-resolution estimation shown in Figure
3(c, d). As a result, the k resolution is estimated to be
0.021Å−1.
Figure 5(e) shows the Fermi surface image of Au(111)

recorded with the same experimental conditions as in Fig-
ure 5(a), but only with improved statistics. A circular-shaped
Fermi surface centered at �� is observed, attributed to the
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Figure 4: Photoelectron intensity from Au(111) at the Fermi level.
The IDEA is used for energy filtering. Square symbols represent the
experimental result. The solid curve is a fitting result with the
Fermi-Dirac distribution function convoluted by the Gaussian.
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Shockley-type surface state. In our result, however, no appa-
rent band splitting has been visible. According to the pre-
vious study [29, 31], the size of the spin splitting of the
surface state for Au(111) is 0.02Å−1, which is comparable to
or slightly smaller than the k resolution of our spectrometer.
Therefore, we could not observe a clear band splitting due to
the lack of the k resolution.

V. SUMMARY

A photoemission microscopy apparatus with Nano-ESCA
using a 10.9-eV laser has been developed at NIMS. Our
apparatus enables energy-filtered photoelectron imaging in
both real and momentum spaces. The energy resolution of
the spectrometer has been estimated to be 24meV. In the real
(momentum) space mode, the spatial (k) resolution has been
30 nm (0.021Å−1). We have performed the ARPES measure-
ments of Au(111) to demonstrate the capability of our appa-
ratus. The high spatial resolution of the machine paves the
way for new opportunities, particularly in fields such as
submicrometer-scale materials, polycrystals, andcombinato-
rial materials that have yet to be the target of the conventional
photoemission spectroscopy.
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