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We report on the combination of a state-of-the-art energy-filtering photoemission electron micro-

scope with an intense yet compact laboratory-based gas discharge extreme ultraviolet (EUV) light

source. Using a photon energy of 71.7 eV from oxygen plasma (O5þ spectral line), we demonstrate

element-selective photoelectron imaging in real space and band structure mapping in reciprocal

space. Additionally, the high surface sensitivity of the EUV light was used to study the surface oxida-

tion on islands of the phase-change material Ge1Sb2Te4. The EUV light source allows the extension

of spectromicroscopy, previously only feasible at synchrotron beamlines, to laboratory-based work.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953071]

With the upsurge of functionalized microstructures in

various academic disciplines, the spatially resolved charac-

terization of the chemical and electronic properties on the

sub-micron scale becomes progressively more important. If a

photoemission electron microscope is combined with an

energy analyzer, the imaging of energy-filtered electrons

becomes possible (EF-PEEM). Such instruments are known

as spectromicroscopes. To exploit the full potential of spec-

tromicroscopy, an intense, monochromatic yet tunable light

source of defined polarization in the extreme ultraviolet

(EUV) and soft X-ray spectral range is required. Therefore,

spectromicroscopy is commonly carried out at undulator

beamlines of 3rd generation synchrotron sources.1 However,

this limits its use to a small scientific community. If an

intense laboratory-based light source tunable in the suitable

spectral range was available, the application potential of

spectromicroscopy could be vastly enhanced, allowing for

both electronic structure (valence band spectroscopy) and

chemical composition (core level spectroscopy) imaging of

many samples on a routine basis. In this context, EUV radia-

tion plays an important role, as photoemission with EUV

light offers several advantages. First, the photoionization

cross section for many elements is maximized in the EUV

ensuring high photoemission signals.2,3 Second, the electron

inelastic mean free path (IMFP) has a minimum of around

70 eV of electron kinetic energy with an average value below

1 nm maximizing the surface sensitivity.4,5 Unfortunately,

however, the currently available standard laboratory-based

light sources for photoemission6 do not cover the EUV spec-

tral gap between 40.8 eV (UPS) and 1.235 keV (X-ray photo-

electron spectroscopy, XPS). This calls for the development

of a suitable EUV light source.

In this letter, we report on proof-of-concept experiments

combining an intense, yet compact gas discharge plasma

EUV light source and a state-of-the-art PEEM (based on a

Focus NanoESCA7–11). The EUV source emits in the spec-

tral range between vacuum ultraviolet (20 eV) and soft

X-rays (600 eV), thus covering the lower part of the spectral

gap and allowing for electronic and chemical analyses in a

single experiment. To demonstrate the feasibility of the

approach, we show examples of real space spectromicro-

scopy and reciprocal space band imaging at a photon energy

of h�¼ 71.7 eV.

Initially designed for EUV lithography,12 the EUV

source was already applied in EUV microscopy13,14 and

spectroscopy.15 Using a high current discharge to ignite a

gas plasma, the source generates a spectrum of narrow-

bandwidth (DE=E ¼ 10�3
� 10�5) spectral lines with high-

est intensity between 20 eV and 600 eV photon energy emit-

ted by multiple ionized atoms, e.g., O2þ
–O6þ, etc. The

abundance and the intensity of the observed spectral lines–

corresponding to the emitted photon energies–strongly

depends on the plasma temperature, plasma density, and

gas composition. A typical spectrum of an oxygen plasma,

which is used in this study, is shown in the inset of Fig. 1.

The EUV source operates in a pulsed charge-discharge

mode with a tunable repetition frequency in the range of

1.5–2.5 kHz, whereby each discharge generates an EUV

pulse with an average pulse length of several tens of nano-

seconds. Due to the high brightness of the source, the setup

is expected to fulfill the requirements for live image acquisi-

tion in (EF-) PEEM. The challenge in combining this light

source with a photoemission setup mainly lies in the con-

struction of the transfer optics that is necessary to monochro-

matize and focus the EUV light onto the sample. To

minimize the EUV intensity losses caused by absorption, the

full setup is operated under vacuum, and only reflecting

optics are used. Additionally, to maintain the required UHV

conditions in the analyzer (10�9 mbar) while having plasma

operation conditions (10�1 mbar) in the discharge region of

the source, a differential pumping scheme and a thin, almost

EUV transparent Al(150 nm)/C(27 nm) foil are used for vac-

uum separation. Since the emitted EUV spectrum consists of
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many isolated emission lines (Fig. 1, inset), each of which has

a sufficiently small intrinsic linewidth (DE< 10meV due to

Doppler broadening in the case of oxygen ions), no wide-

range high-resolution monochromator is required. Instead, a

set of Al/Mo-based Bragg mirrors consisting of a flat and a

concave mirror (1m radius) is used as narrow spectral band-

width filter (FWHM¼ 1.0 eV [Ref. 16]). The Bragg mirrors

are optimized to select and focus only the spectral lines emit-

ted by Li-like O5þ ions around h� ¼ 71:7 eV photon energy

(1s22p–1s23d doublet transition) onto the sample. The final

spot size on the sample is 3:0� 1:7 mm2, and the total photon

flux after spectral discrimination of 71.7 eV photon energy

was measured by a calibrated photodiode to be approximately

2� 1011 photons/s with a relative spectral resolution of about

1200. The photon flux and spectral resolution have the same

order of magnitude as, e.g., the BaD ElPh vacuum ultraviolet

photoemission beamline at Elettra.17 The performance of the

setup using EUV excitation was tested by determining the

spatial resolution with the help of a calibration sample. The

calibration sample exhibits checkerboard structures consisting

of neighboring Au and Si squares having a size of 1� 1lm2.

PEEM images have been acquired with the EUV source

(71.7 eV), and, for reference, with a conventional Hg lamp

(5.2 eV) (see Fig. 2). The lens settings and the contrast aper-

ture size have been kept the same for both measurements.

The spatial resolution in the indicated region [green line in

Fig. 2(a)] was determined by fitting a convolution of a

Gaussian function and a step function to the measured line

profile and extracting the full width at half maximum. For

both photon energies, a sub-micron resolution was achieved.

Specifically, the resolution amounts to 348:26110 nm

(71.7 eV) and 151:369 nm (5.2 eV), respectively. The resolu-

tion derived for Hg excitation is in agreement with the instru-

mental resolution of 50–150 nm and the sample feature

accuracy of <200 nm. The loss of spatial resolution at 71.7 eV

as compared to 5.2 eV illumination may be attributed to (a) a

reduced contrast for this specific photon energy and material

combination, (b) chromatic aberrations due to a larger spread

of electron kinetic energies, and (c) to the onset of space and

surface mirror charges; for pulsed light sources, they are com-

monly observed to reduce the spatial resolution.18 All three

effects have been observed in the course of our experiments.

Further experiments are required to specifically quantify the

origin and the impact of space charge effects. Next, we dem-

onstrate the capability of the EUV source to perform chemi-

cally resolved spectromicroscopy based on core-level

photoemission. To this end, we turned to a chemically

FIG. 1. Experimental setup: A discharge plasma within the EUV source generates a multi-wavelength EUV pulse (1). The radiation is collimated by a small

aperture (2) and monochromatized (3) by a pair of narrow bandwidth Bragg mirrors (FWHM¼ 1.0 eV). The second mirror (3a) additionally focuses the mono-

chromatized light onto the sample. An EUV-transparent Al filter of 150 nm thickness (4) is used for vacuum differentiation of the source and the UHV PEEM

vacuum vessels. Photo-emitted electrons from the sample surface (5) are imaged by the EF-PEEM onto a 2D detector (7) behind two hemispherical analyzers.

The microscope has two modes of operation: In real space mode (6a), the lateral intensity distribution I(x,y,E) of photoelectrons for different kinetic energies

E is projected. In reciprocal space mode (6b), the energy-dependent angular distribution of the electrons is measured and momentum maps I(kx,ky,E) can be

derived. Inset: Measured emission spectrum of oxygen plasma before monochromatization (black) and calculated spectrum behind the Bragg mirror pair (red).

The blue line shows the spectral transmission of the Bragg mirror pair measured at the synchrotron.16

FIG. 2. PEEM images of a structured calibration sample with 1lm � 1 lm

Au and Si squares at 5.2 eV (left) and 71.7 eV (right) photon energy. Both

images show an average of 80 images at 10 s of integration time per image.

The integrated intensity along the green lines together with fits of convolved

Gaussian and step functions (red lines) are shown in (b). The spatial resolu-

tion is denoted by Dx.
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complex and microscopically structured, ternary material sys-

tem. Specifically, we investigated crystalline hexagonal Ge-

Sb-Te (GST, 1:2:4) islands epitaxially grown on Si (111)19 by

metal organic vapor phase epitaxy (MOVPE). A particular

focus of these experiments was on surface oxidation. GST is a

prototype material for resistive switching based on phase

change processes and it is well known from optical data stor-

age in Compact Disc ReWriteable (CD-RW) and Digital

Versatile Disc ReWriteable (DVD-RW).20 Prior to our photo-

emission studies, the ex-situ prepared sample was carefully

cleaned by mild sputtering (Ar ions, 500 eV) and annealing

at 250 �C. Due to the high surface sensitivity of the method,

this preparation step is mandatory. Fig. 3 shows EF-PEEM

images of a GST sample recorded at h�¼ 5.2 eV (a) and

h�¼ 71.7 eV (b). In both images, triangular-shaped islands

ranging in size from several hundreds of nanometers up to

50lm and more are visible. The contrast in Fig. 3(a) arises

from a difference in work function U between GST and Si.

The bright regions correspond to GST, whereas the dark

regions are the bare Si substrate. Orientation, alignment, and

shape of the GST islands confirm the expected epitaxial

growth on Si(111). Fig. 3(b) displays the spatially resolved

tellurium concentration based on spectromicroscopy images

acquired over the energy range of the spin-orbit split Te 4 d

core level. In this case, the contrast is of chemical origin and

stems from the presence or absence of Te atoms in the specific

regions. Orange areas correspond to high Te concentrations

and blue areas to low or zero Te concentrations. The Te inten-

sity distribution clearly follows the shape of the GST islands

as observed with the Hg lamp. Similar intensity distributions

were acquired for Sb and Ge and their corresponding oxides

(not shown). As all core-level distribution maps resemble the

same intensity profile on the lm scale without variations

between different islands, we assume the chemical composition

of the islands to be homogeneous and independent of the

island’s size. A photoemission spectrum including only the sig-

nal from GST islands was extracted from the 3D image stack

and is presented in Fig. 3(c) (black data points). We note that

the acquisition time for each data point in the spectrum is only

4 s. Still, the spin-orbit splitting of the Te 4d core level can be

clearly identified.21 In addition, we can identify the energy-

shifted Sb 4d peak of Sb2Ox as a fingerprint of the oxidized

surface of ex-situ prepared GST. Very likely, the Ge 3d peak

of GeO2 at about 33 eV is also present in the spectrum, but

obscured by the Sb 4d peak. The observed oxide components

confirm the anticipated surface oxidation. To compare our data

with a well-established method, we performed XPS with Al Ka

radiation on the same sample in a standard XPS instrument

(PHI 5000 VersaProbe II). Despite the different inelastic mean

free paths (kIMFP < 1 nm (Ref. 5) at h� ¼ 71:7 eV compared

to a few nm at h� ¼ 1486:6 eV), the EUV (black) and X-ray

photoemission (red) spectra are very similar (Fig. 3(c)).

Application of additional cycles of sputter/annealing, however,

completely removed the oxide layer in favor of a metallic Te/

Sb termination (blue line in Fig. 3(c)).

Finally, to demonstrate the capability of the setup to per-

form angle-resolved photoemission spectroscopy (ARPES)

and band structure mapping, the NanoESCA is used in its re-

ciprocal (“k-space”) mode to image the energy-dependent

angular distribution of photoelectrons emitted from a Au

(111) single crystal surface. The crystal was cleaned by mul-

tiple cycles of Ar ion sputtering and subsequent annealing to

500 �C. For the experiment, the energy resolution of the ana-

lyzer was set to DE¼ 400meV in order to achieve the best

compromise between transmission, energy resolution, and

acquisition time. Here, the acquisition time ranges from

1min per energy step for the high-intensity Au 5 d states

(1–8 eV binding energy) in the standard mode up to 10min

per image when approaching the Fermi level EF, where a

special, single electron event counting mode10 was used. The

calibration of the reciprocal field of view was performed by

fitting a parabola to the secondary electron emission cone as

described by Escher et al.9 At 71.7 eV photon energy, the

maximum observable field of view (FoV) is approximately

5.6 Å�1. Within this FoV, the first as well as parts of the

neighboring surface Brillouin zones can be imaged simulta-

neously (Fig. 4(a)). The symmetry of the (111) surface with

indicated high symmetry points �C; �M and �K is clearly visi-

ble. In addition, the Shockley surface state (SS)22 located

around �C (starting 500meV below the Fermi edge, see inset)

can be identified in Fig. 4(b) as a central bright spot. The

measured k-radius of the state at EF is around 0.13 Å�1.

Valence band photoemission spectra of the Au (111) surface

were extracted by integrating over the full acquired k-space

region (�2.5 BZ) at different binding energies. The resulting

spectrum is displayed in Fig. 4(e). The observed double peak

structure at 3 eV and 6 eV binding energy arises from the

two Au 5 d bands, while the Fermi edge is mainly defined by

the Au 6 s state. For a qualitative interpretation of the

acquired k-maps, ab-initio band structure calculations

(GGA-PBE) of bulk Au (111) including spin-orbit coupling

FIG. 3. EF-PEEM image of GST islands recorded at h�¼ 5.2 eV (a) and at

h�¼ 71.7 eV (b) photon energy. Image (a) was acquired at the work function

(WF) cut-off. Image (b) consists of integrated images around the Te 4d core

level binding energies (39 eV–41 eV). The image is slightly shifted with

respect to (a) and shows space charge induced image deterioration. In panel

(c), a binding energy spectrum of gently sputtered GST islands acquired with

the EUV source (black) is compared to XPS reference data of a pristine sam-

ple (red). The oxide components of Ge and Sb are clearly visible. Additional

preparation cycles lead to a purely metallic Sb/Te termination (blue).
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were performed using WIEN2K23 (Figs. 4(c) and 4(d)). The

simulated raw data was artificially broadened by 400meV to

match the energy resolution of the experiment. The main fea-

tures and symmetries of the experiment can be reproduced

by the simulation with a good agreement. However, it must

be mentioned that some additional features, such as the addi-

tional hexagon located in the center of the Fermi surface

(dashed line Fig. 4(b)), cannot be explained by those basic

simulations. We attribute this feature to a second final state

transition.

To conclude, we presented highly surface-sensitive spec-

tromicroscopy with a laboratory-based gas-discharge EUV

light source and a state-of-the-art energy filtered PEEM. Both

real and reciprocal space imaging were demonstrated showing

that EUV radiation with h� ¼ 71:7 eV from this source can

be used to investigate the electronic valence structure as well

as the chemical composition of a given sample in a single

experiment. To put our results into perspective, only a few

photoemission experiments (ARPES and PEEM) employing

a laboratory-based EUV light source beyond He I (21.2 eV)

and He II (40.8 eV) have been reported so far, mostly using

laser-generated high harmonics (HHG)24–26 and laser-

produced plasma light sources.27–29 In future experiments, we

plan to use a collector in combination with a grating mono-

chromator to provide easy access to the different photon ener-

gies emitted by the source allowing for 3D molecular orbital

tomography or depth-probing in XPS, and to further improve

the energy resolution. Ultimately, the energy resolution of the

source will be limited by Doppler broadening (about 10meV)

of the dominant spectral lines.
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