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2FOCUS GmbH, D-65510 Hünstetten, Germany
3Institut für Anorganische Chemie und Analytische Chemie, Johannes Gutenberg-Universität Mainz,
D-55128 Mainz, Germany
4DESY Photon Science, Deutsches Elektronen-Synchrotron, D-22603 Hamburg, Germany
5Fakultät f. Physik and Center for Nanointegration Duisburg-Essen (CENIDE), Universität Duisburg-Essen,
D-47048 Duisburg, Germany

(Received 21 March 2012; accepted 14 May 2012; published online 30 May 2012)

We report about a proof-of-principle experiment which explores the perspectives of performing

hard x-ray photoemission spectromicroscopy with high lateral resolution. Our results obtained with

an energy-filtered photoemission microscope at the PETRA III storage ring facility using hard

x-ray excitation up to 6.5 keV photon energy demonstrate that it is possible to obtain selected-area

x-ray photoemission spectra from regions less than 500 nm in diameter. VC 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4722940]

Photoemission electron spectroscopy is a well-

established method in surface physics and materials science.

It is the tool of choice if it comes to a detailed analysis of the

electronic and chemical states in solid state samples.1 Recent

years have seen the evolution of photoelectron spectroscopy

along various lines, aiming at an improvement of energy,

lateral, time or spin resolution, an enhancement of the infor-

mation depth, or the access to structural aspects. These evo-

lution directions have been driven by specific requirements

in solid state physics and materials research. The need to

understand the microscopic nature of strongly correlated

electron systems, for instance, has led to photoelectron spec-

troscopy with very high energy resolution.2 Likewise, the

desire to study the electronic structure of novel magnetic

materials in detail triggered the development of more effi-

cient spin polarization detectors.3–5 The geometric arrange-

ment of atoms at and adsorbates on surfaces can be

conveniently deduced from photoelectron diffraction, i.e.,

the scattering of the outgoing photoelectron wave at neigh-

boring atoms.6–8 The progress in laser technology nowadays

enables pump-probe photoemission experiments with time

resolution even in the femtosecond regime, which provide

information about electronic excitations and dynamics as

well as chemical reaction kinetics.9

The evolution of nanoscience with continuously

decreasing feature size has created a strong need for electron

spectroscopic information from sub-lm areas, i.e., spectro-

microscopy or spectronanoscopy. This information is

nowadays often provided by energy-filtering photoemission

electron microscopes (PEEMs) with high lateral resolution

which represent another line of development.10,11 Still, pho-

toelectrons in a conventional photoemission experiment orig-

inate from the surface-near region, due to the kinetic energy

dependence of the inelastic electron mean free path.

One way to enhance the information depth is by increas-

ing the photoelectron kinetic energy using the excitation

with hard x-ray photons. The technique of hard x-ray

photoemission spectroscopy (HAXPES) is the most recent

development in the field.8,12–15 By using appropriate electron

spectrometers an energy resolution down to about 70 meV

(Refs. 16 and 17) can be currently achieved. In order to

make the advantages of HAXPES available to nanoscience,

two approaches may be employed. First, a scanning type

photoelectron spectroscopy which requires a sub-micrometer

spot of the hard x-ray beam. Respective efforts in x-ray fo-

cusing are underway.18 Using post-focusing by, e.g.,

Kirkpatrick-Baez (KB) mirrors or compact refractive lenses

(CRLs), spot sizes below 10� 10 lm2 can be reached.

The second approach concerns energy-filtered full-

field photoemission microscopy using high kinetic energy

photoelectrons. In this contribution we demonstrate in a

proof-of-principle experiment that HAXPES with high lat-

eral resolution is indeed feasible in an immersion lens micro-

scope. At a photoelectron kinetic energy of 4.5 keV, we are

still able to observe a clear core level photoemission signal

from SrTiO3 through a 7 nm thick Au overlayer. The lateral

resolution of this hard x-ray photoemission electron micros-

copy (HAXPEEM) achieved so far is better than 500 nm.

The lateral resolution is mainly determined by the

electron-optical properties of the immersion lens system.

This approach has not yet been explored in the context of

HAXPES. The main reason may be a low signal level

expected due to the unfavorable combination of low photo-

excitation cross sections in the hard x-ray regime and low

transmission of immersion lens systems at high kinetic elec-

tron energies.

We note that PEEM has been used in combination with

hard x-rays as a spatially resolving total electron yield detec-

tor. Here, spectroscopic information can be obtained in an

x-ray absorption setup (NEXAFS), while the low-energy sec-

ondary electrons generated by the absorption process cascade

are used for imaging.19–21

The working principle of immersion lens microscopes

requires a large electric field of about 10 kV/mm to be
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established between the sample and the extractor lens. For

brevity, we point out only one salient feature of such a

microscope (for further details, see Refs. 22–24). By their

lens design, the instruments fall into two classes, i.e., electro-

magnetic and electrostatic electron optical systems. Electro-

magnetic lenses require the sample to sit on high

acceleration voltage, usually Vac¼ 20 kV. In an electrostatic

microscope column, however, an “inverted” potential

scheme with the sample held close to ground and the extrac-

tor lens being put on high voltage applies. We will focus on

this scheme which is advantageous for the energy-filtered

mode. The photoexcitation releases photoelectrons with a

spectrum of kinetic energies DEk which are accelerated into

the immersion lens. After forming the image behind the

objective lens system, the electrons are retarded to the col-

umn potential (VC¼ 1 kV) and in the total yield mode pass

several projection lens stages which subsequently magnify

the image onto the detector. Note that in the column the elec-

trons are moving with a spread of drift energies DED¼ eVC

�eVSþDEk (sample potential VS¼ 0 V in total yield

operation).

For our studies we moved the NanoESCA instrument

normally operated at the Elettra NanoSpectroscopy beam-

line25 to the PETRA III storage ring facility (DESY, Ham-

burg). In the energy-filtered mode a double-hemispherical

analyzer energy selects the electrons in between the projec-

tion stages.26 The transmission of the microscope decreases

with photoelectron kinetic energy as 1/Ek to about 0.15% at

6.5 keV using a 500 lm diameter aperture. The retardation

towards the pass energy of the analyzer (EP¼ 100 eV) and

the passage of the double hemispheres introduces no further

reduction of the available phase space besides the energy fil-

tering. As the analyzer is operated at fixed pass energy, the

photoelectron spectrum is moved across the entrance slit of

the analyzer by scanning the sample potential VS. Since we

used a maximum photon energy of 6.5 keV in our HAX-

PEEM experiment, this resulted in VS� 6.5 kV requiring

sufficient sample insulation. In order to preserve the image

quality in the microscope column over a broad kinetic energy

range we increased the values for Vac and VC to þ24 kV and

þ2 kV, respectively.

The experiments were performed on x-ray undulator

beamline P09 at PETRA III, providing photon energies

between 3 and 15 keV for HAXPES experiments.27 For the

experiments photon energies of 4500 and 6500 eV were

selected using the primary high heat load Si(111) monochro-

mator yielding an energy band pass of 0.85 eV. The micro-

scope’s electron optical axis was oriented along the vertical

direction at an angle of 75� with the incoming synchrotron

radiation beam. The measurements were carried out with lin-

early p-polarized light impinging on the sample surface at an

angle of 15�. The images were recorded with a slow-scan

14 bit CCD camera.

For magnification calibration and resolution testing we

used a checkerboard-patterned Au/Si sample (Plano GmbH).

The structure comprises of several interlaced square patterns

with side lengths of 1, 10, and 100 lm, respectively. The

energy-filtered image shown in Fig. 1 was recorded on the

Au 3d5/2 core level emission line with an x-ray excitation of

h�¼ 6.5 keV. This corresponds to imaging at a kinetic

energy of 4294 eV. The line scan across the Au square edge

demonstrates a spatial resolution Dx¼ 410 nm. Since the

image was taken with a large diameter contrast aperture

(500 lm) to allow for moderate exposition times at the rather

low count rates, this is in line with the theoretical expecta-

tion. The usage of long exposition time (total 120 min) also

shows the excellent long time stability of the instrument on

this length scale.

In order to demonstrate the feasibility of imaging spec-

troscopy with a photoelectron signal from buried layers, we

used a different sample, which consisted of a SrTiO3 (STO)

thin film grown by pulsed laser deposition. It was capped by

a 7 nm thick Au overlayer which was subsequently patterned

into an array of 10� 10 lm2 square electrodes by optical li-

thography and wet chemical etching. Such samples are

extensively used in resistive switching experiments.28 The

sample was imaged in the microscope without further sur-

face treatment.

Figure 2(a) shows a PEEM image taken in threshold

photoemission at low kinetic energy. The field of view is

approximately 40 lm and contains three Au electrode pads

measuring 10� 10 lm2 each. The rightmost pad shows sur-

face damage due to electrical treatment in preceding switch-

ing experiments. Figure 2(b) shows the same area of the

sample surface, this time imaged at a kinetic energy of

4560 eV corresponding to the Sr 2p3/2 level at an excitation

energy of h�¼ 6500 eV. The image has been corrected for

detector dark counts and divided by a bright field image to

reduce detector inhomogeneities. Here, the Au pads appear

dark, because the Sr 2p emission from the underlying STO

layers is attenuated in the 7 nm top layer. On the rightmost

FIG. 1. Au/Si calibration sample imaged on the Au 3d5/2 photoemission line

at a kinetic energy of 4294 eV (left). Line scan across a square edge and

16/84% profile fit (right).

FIG. 2. Comparison of imaging at low and high kinetic energies. (a) Image

at low kinetic energy (threshold photoemission using mercury discharge

lamp). The field of view is 40 lm. (b) Image of the same region of the sam-

ple with Sr 2p3/2 photoelectrons (kinetic energy 4560 eV) excited with hard

x-rays of h�¼ 6500 eV.
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square the damaged areas exhibit a brighter contrast, indicat-

ing that the damage is related to a local removal of gold

from the STO surface.

In order to obtain detailed HAXPES information on the

sample we recorded a stack of images as function of kinetic

energy scanning across characteristic photoemission lines.

The example shown in Fig. 3 maps the spectral signatures of

the Sr 2p3/2 core level photoemission at different regions of

interest (RoI) on the sample surface. The spectra are calcu-

lated within the RoIs marked in the inset, each of them corre-

sponding to surface areas of approximately 8� 8 lm2 size.

This approach yields representative Sr 2p3/2 core level spec-

tra for the Au covered and uncovered surface. The intensity

loss by a factor of 3.4 between the covered and uncovered

regions leads to a value of 8.5 nm for the electron inelastic

mean free path (IMFP), which compares reasonably well

with the theoretical predictions for the IMFP of 4.4 nm at a

kinetic energy of 4560 eV.29 The deviation may be assigned

to surface roughness in the Au layer. We also note a small

difference in the binding energy position of the photoemis-

sion peak maxima. The photoemission peak from the uncov-

ered surface is found at 0.4 eV higher binding energy

compared to the signal from the Au covered area. We would

like to recall that on the uncovered surface we basically

probe the bulk of STO, whereas the Sr photoemission signal

from underneath the Au electrodes stems mainly from the

interfacial region. This result is a first indication that the

interfacial states at the metal electrode differ from the bulk

electronic states. Due to the local nature of the spectroscopy

we can really pinpoint this difference, the origin of which

will be subject to future studies.

In conclusion, we have presented proof-of-principle data

that demonstrates the feasibility of operating an energy-

filtered PEEM at the high kinetic energies present in hard

x-ray photoemission. The combination of parallel imaging at

sub-micrometer spatial resolution with the high probing

depth of HAXPES is a promising technique in the context of

structured layered system as are commonly encountered in

device engineering.
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top right: definition of regions of interest. Inset left: sample layer

composition.
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