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Hard x-ray photoelectron spectroscopy (HAXPES) has now matured into a well-established tech-
nique as a bulk sensitive probe of the electronic structure due to the larger escape depth of the highly
energetic electrons. In order to enable HAXPES studies with high lateral resolution, we have set up a
dedicated energy-filtered hard x-ray photoemission electron microscope (HAXPEEM) working with
electron kinetic energies up to 10 keV. It is based on the NanoESCA design and also preserves the
performance of the instrument in the low and medium energy range. In this way, spectromicroscopy
can be performed from threshold to hard x-ray photoemission. The high potential of the HAXPEEM
approach for the investigation of buried layers and structures has been shown already on a layered
and structured SrTiO; sample. Here, we present results of experiments with test structures to elab-
orate the imaging and spectroscopic performance of the instrument and show the capabilities of the
method to image bulk properties. Additionally, we introduce a method to determine the effective
attenuation length of photoelectrons in a direct photoemission experiment. © 2014 AIP Publishing

@ CrossMark
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LLC. [http://dx.doi.org/10.1063/1.4902141]

I. INTRODUCTION

The rapid evolution of key technological areas, such as
information technology, or renewable energy generation and
storage is closely connected to a development of new material
systems and device structures. The functionality of these de-
vice structures, for example, nonvolatile memory cells, spin
transistors, photovoltaic elements or batteries is governed by
some common aspects. First, the material systems used are
rather complex and may involve combinations of intermetal-
lic compounds, multinary oxides, and semiconductors in lay-
ered or nanocomposite structures. Second, the actual function
and performance is often determined by the quality and the
properties of surfaces or interfaces. Third, the relevant pro-
cesses taking place within the device, for example, a non-
volatile memory cell, during operation may reach down into
nanometer length and picosecond time scales.

These circumstances pose particular problems to a char-
acterization of the chemical and electronic states, which forms
the basis for an in-depth understanding of the microscopic
mechanisms and a further device optimization. In particu-
lar, the study of buried interfaces is an important challenge.
New characterization methods are needed which should com-
bine chemical selectivity with a sufficiently high information
depth and picosecond time-resolution. X-ray photoelectron
spectroscopy (XPS) with synchrotron radiation has matured
into a very versatile characterization technique in solid state
physics and materials science research. It provides convenient
access to the electronic states in a sample and yields detailed
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information about the chemical composition. Aspects related
to magnetism and the electron spin have been successfully ad-
dressed by exploiting the linear or circular polarization of the
synchrotron radiation. Using immersion lens photoelectron
microscopes (PEEM), almost all of the above experiments can
be carried out with a lateral resolution well below 100 nm.
Finally, the well-defined pulse structure of synchrotron radia-
tion provides the means for time-resolved studies down to the
10 ps time scale.! The only limitation is the relatively small
information depth of less than 1 nm due to the low kinetic
energy of the photoelectrons. This is caused by the strong in-
elastic scattering of the photoelectrons in the sample.?

It has been shown, however, that the use of hard
x-rays leads to significantly higher escape depths of the pho-
toelectrons, exploiting the dependence of the electron inelas-
tic mean free path (IMFP) on their kinetic energy.>* The
great potential of applying the powerful XPS method to elec-
tronic and chemical structure investigation of complex bulk
materials and multilayered functional device-like structures
has led to a rapid evolution of hard x-ray photoelectron
spectroscopy (HAXPES) at synchrotron facilities worldwide.
Even the feasibility of band structure mapping at several keV
energies has recently been demonstrated for high-Z materi-
als, thereby addressing the true bulk electronic band structure
of samples.’ Also very strong magnetic dichroism contrast
in core level photoemission from buried magnetic layers has
been reported in HAXPES experiments.® A pioneering exper-
iment with photoemission microscopy also demonstrated that
imaging is possible in the total electron yield mode using ex-
citation with hard x-rays.” It was also shown that thick metal-
lic overlayers do not significantly smear out the lateral spatial
information carried by fast electrons from buried structures

© 2014 AIP Publishing LLC
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underneath, because of preferential forward scattering at high
kinetic energies.8 In the total electron yield mode, however,
element-selectivity can only be introduced by scanning the
photon energy across an absorption edge.

Because photoemission spectroscopy gives an easier ac-
cess and more direct interpretation of chemical bonding
states, element-selectivity is more conveniently achieved by
energy-filtering of the photoelectrons. We have shown the
feasibility of an energy-filtering photoemission microscopy
with hard x-rays — which we termed hard x-ray photoemis-
sion electron microscope (HAXPEEM) — just recently.” In
this contribution, we will describe a dedicated energy-filtered
photoemission microscope with a high-energy extraction lens
which has been optimized for HAXPEEM studies.

Il. EXPERIMENTAL SETUP
A. Instrumentation

The HAXPEEM instrument is based on the NanoESCA
design introduced in 2005'% and was modified to extend its
operation into the high kinetic energy range up to 10 keV. The
heart of the NanoESCA concept is the imaging double hemi-
spherical energy analyzer (IDEA) with compensated analyzer
aberrations. This analyzer in combination with a fully elec-
trostatic PEEM optics enables energy-resolved photoemission
imaging from the very low energy region close to the photoe-
mission threshold up to typical XPS energies.!!

For HAXPEEM applications, the electron-optical col-
umn of the NanoESCA has been modified. A new lens sys-
tem operating at a higher extractor voltage (V,,, = 24 kV)
together with an accordingly raised column potential
(V.,; =2kV) has been implemented. The electron energy
transmitted through the energy filter is defined by the sam-
ple bias V. This biasing scheme enables an easy handling
of the imaging column, as all potentials beyond the objective
lens, i.e., projective lenses and the energy filter, can be kept at
constant conditions during an energy scan. As the extraction
field is affected by the sample potential, the extractor voltage
has been raised to handle the high kinetic energy electrons.
The higher column voltage results in a higher transmission of
the microscope using the standard aperture sizes. A second
consequence of the higher column voltage is that for energy
filtering the retardation of the electrons towards the pass en-
ergy of the analyzer must be twice as much as for the standard
instrument. Thus, a transfer lens has been implemented be-
hind the objective lens that simultaneously retards and images
the electrons towards the first image plane. The standard re-
tardation stage of the microscope can therefore work with the
established settings of the standard instrument. The additional
lens becomes especially important for high resolution energy
filtering which requires analyzer pass energies below 100 eV.

A further consequence of the sample bias is that the mi-
croscope’s magnification increases with the kinetic energy as
the virtual image position of the extracting field shifts to-
wards the objective lens (Fig. 1). During a scan the objective
lens is automatically readjusted for the differing energies to
be imaged using tabulated lens settings. The automatic con-
trol of the focusing voltage over the whole energy range en-
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FIG. 1. To analyze the behavior of the objective lens for high kinetic elec-
trons, energy filtered PEEM images of a checkerboard patterned sample were
taken for several core levels (Au4f7/2, Si 1s, Au3d5,2) and for the thresh-
old photoelectrons. Two different photon energies in the hard X-ray regime
(hv =4900 eV and v = 6500 eV) were used. The settings of the projective
lenses of the microscope were kept constant, only the focus lens of the objec-
tive (see Fig. 2(a)) was adjusted to get a sharp image. The final magnification
is a function of the kinetic energy of the electrons. Selected energy-filtered
PEEM images are shown in (a). The experimental results acquired with sam-

ple distance dmmple = 2.7 mm, extractor voltage Vot = 18 kV, and column

potential V_ , = 1.5 kV are shown as dots in (b). They very well fit to the
simulated values (solid line) for these settings.

ables wide range spectra and image stacks. The magnification
change over the kinetic energy if different core levels are im-
aged can be taken into account using different final magnifi-
cations of the projection lenses. Fig. 2(a) schematically shows
the objective lens of the microscope including typical poten-
tial settings used for the separate lens parts.

The transmission of the instrument decreases with 1/E,,,,
yielding rather small values (see Fig. 3(b)) at high kinetic
energies. For photon energies far above atomic ionization
thresholds, the photoelectric cross section is generally small
and decreases rapidly with energy resulting in low HAXPES
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FIG. 2. (a) Schematic setup of the experiment including typical potential
settings for the objective lens of the microscope in the high kinetic energy
operation mode and a sketch of the wedge-sample design used to measure the
thickness dependence of the lateral resolution. (b) Scheme of the HAXPEEM
with its energy-filtering hemispheres and different modes of operation. The
synchrotron light hits the sample in a 65° angle to the surface normal.



113704-3 Patt et al.
(a) V. =24kV,V_=2kV
— 90 .
L image
5 /A
X
[ ) BENP-YY WU WA S
c
4]
[0}
(9]
[
R Y] O AR NN
a
(O]
v
v
<
(b)10°
10" E 77%——7 777777\ 777777777 —_—
c
o
a 102 »———————g —————— X ,,,,, & ,,,,,,, \
IS
2 ,,,,,,,,,,,,,,,,,,, D
©
= —CA 1750
g —CA500 p======== D —— % ***** :
—CA 150
—CA70 fmmmeooooooooooo S
~
—CA30
10" 10° 10’ 10° 10° 10*

Electron kinetic energy [eV]

FIG. 3. (a) The microscope’s calculated acceptance angle « in the energy-
filtered mode as a function of the electron kinetic energy for all available
contrast apertures (the diameter of the CAs are indicated). The inset refers
to the maximal emission angle « electrons with a specific kinetic energy
can have passing the CA. (b) The microscope’s transmission characteristics
(calculation based on the acceptance angle in (a), see text).

count rates, e.g., for shallow core levels or valence bands. A
reasonable signal-to-noise ratio in spectra therefore may re-
quire long acquisition times. This in turn asks for an excellent
long-time stability of the whole setup, i.e., the instrument and
its electronics. In the absence of an optimized hard x-ray mi-
cro focus beamline, HAXPEEM must be performed with a
rather large contrast aperture (CA), typically 500 um diame-
ter, in order to reach a sufficiently high instrument transmis-
sion. In this regime, the lateral resolution of the instrument is
dominated by the spherical aberration of the objective lens. A
calculation based on simulated aberration coefficients yields
a predicted resolution of approx. 500 nm, consistent with the
experimental results reported earlier.’

B. Microscope transmission and acceptance angle

A challenge often encountered in photoemission experi-
ments at high photon energies are the rather low signal inten-
sities in comparison to the soft x-ray and ultraviolet regime. In
microscopy applications, this effect is even more aggravated
by the fact that the usable photon flux is spread over the two-
dimensional (2D) field of view. The reason for the signal drop
at higher energies is of fundamental nature, as the photoion-
ization cross sections o, decrease as o ,,;(hv) ~ ()33 (n
and / denote the main and angular momentum quantum num-
bers of the electronic level excited).!?

Moreover, the electron-optical transmission of the micro-
scope’s objective lens decreases in inverse proportion to the
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kinetic electron energy as
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which derives from electrostatic calculations taking into ac-

count the column potential V., the extractor potential V,,,,

the objective lens magnification M, the radius r, of the con-
trast aperture, and the distance between the focal point and the

image plane d,,,, — f;,,, of the objective lens. This transmis-

sion behavior relates to the microscope’s maximal acceptance
angle shown in Fig. 3(a), which can be calculated as

tan(er, ) = Evin - (dipg — fimg)2 + Eyin
max ré e V., M? eV

col ext

—1/2

3)
and describes the largest starting angle that photoelectrons
can have to be completely transmitted through the immersion
lens. The transmission in Eq. (1) is finally the integral of the
angle-dependent photoelectron intensity distribution (e, ¢)
integrated over the accepted solid angle. Assuming an /(«, ¢)
= cos(a) angular distribution of the excited photoelectrons
and an energy-filter width of AE = 1 eV we can calculate
the transmission values shown in Fig. 3(b) for all available
contrast apertures (the diameters are indicated) as a function
of the kinetic electron energy. Note, that the magnification M
is also a function of the kinetic electron energy so that we
used simulated values (like the solid line in Fig. 1(b), but for
dmmple =25mm, V,, =24 kV, and V,;, =2 kV) for our
calculations. For a CA of 500 um and electron kinetic ener-
gies up to 3.9 eV, the full angular distribution of photoelec-
trons will be transmitted by the microscope, whereas in the
HAXPES regime (e.g., E;,, = 4000 eV) the calculated trans-
mission drops by a factor of 600.

C. Imaging event counting detector

A new 2D event counting procedure was used with the
standard imaging unit of the instrument to improve the sig-
nal to noise ratio and the statistical quality of the HAXPEEM
measurements presented in Fig. 8. Like it is shown in Fig. 4,
photoelectrons reaching the detector are amplified by a mul-
tichannel plate (MCP) stack operated in the plateau regime
resulting in electron bunches which are accelerated against
a YAG scintillator screen. Each electron bunch generates a
light signal on the screen at the lateral position of the initial
photoelectron. The pattern of events is finally acquired by a
14 bit CCD camera with a frame rate of 53.4 fps. Instead of
summing up the light distribution of the screen for a certain
exposure time like it is the case in the analog imaging mode,
the event counting algorithm maps the separate light events on
the screen which were acquired in one frame (18.6 ms min-
imal exposure time at a frame rate of 53.4 fps, 120 ns inter-
framing time). Each light event is counted as one single event
at the lateral coordinates of the center of the light spot. In
contrast to the analog imaging, intensity differences caused
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FIG. 4. Sketch of the photoelectron detection system of the microscope as
described in the text. The left part works under UHV conditions whereas the
fast acquisition camera is placed outside the chamber, separated by a window.

by inhomogeneities in the MCP, the screen, or the CCD are
neglected this way. In addition, a spatial signal smear-out of
the initial photoelectron event and a cross talk of intensity in
high-contrast images, which arises in the MCP, on the screen,
and in the camera optics, are suppressed. Only true electron-
related events are discriminated and counted. The result is a
better signal to noise ratio with less instrumental artifacts and
a true Poisson statistic of the electron events as is commonly
the case for a channeltron electron multiplier driven counting
system used for detection in standard electron energy analyz-
ers. As for all counting systems the count-rate is limited to
a maximum rate resulting from the fact that electron events
which reach the camera and are acquired in one frame should
be clearly separated. With the relatively slow CCD camera
used now, the count rate is limited to about 700 kcounts/s.
However, this represents no disadvantage, as for higher in-
tensities the camera can be used in an analog mode without
any changes in the system setup. Because the photoelectron
count rates for the HAXPEEM application are low it is ad-
vantageous to use the event counting approach. For quantita-
tive analysis like the EAL determination in Fig. 9 it is even
necessary because of its statistical behavior.

D. Sample design

The HAXPEEM experiments were carried out on two
types of test samples which were used to address the issues of
lateral resolution, chemical selectivity, and information depth.

The first sample type comprises a checkerboard pattern of
100 nm thick gold squares of different sizes on a SiO,/Si tem-
plate (see Fig. 1(a)). This commercially available “Chessy”
sample (Plano GmbH'®) has been designed for tests of the
lateral resolution and chemical selectivity.

The second sample type mainly addresses the aspects of
information depth and lateral resolution. It has been designed
to quantify the spatial resolution achievable in imaging of
buried structures as a function of the thickness of a cover
layer. A sketch of the sample layout is shown in Fig. 2(a).
The measurements of the lateral resolution required a later-
ally defined chemical contrast, which was realized by differ-
ent adjacent materials with a sharp boundary. Both layers had
to be relatively thick (compared to the IMFP in the materials)
to obtain a strong bulk signal during the HAXPEEM measure-
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ments. Finally, the surface of the pattern had to be smooth to
evenly cover it with a thin wedge of Cr. The thickness of the
wedge was chosen to increase from 0 nm to 15 nm over a
length of approximately 10 wm. This length was chosen to be
able to capture the whole wedge in the field of view of the
PEEM as well as in an atomic force microscope (AFM).

To fabricate this sample pattern, we used optical lithog-
raphy and reactive ion beam etching (RIBE) to write approx.
17 pm wide and 100 nm deep channels into a Si-wafer. They
were subsequently filled with Au via molecular beam epitaxy
(MBE). Afterwards, the structure was planarized via chemical
mechanical polishing (CMP). During evaporation of the over-
layer, the samples were masked by a knife edge positioned
0.5 mm above the sample surface, resulting in the growth of
wedge-shaped cap films. The extensions and profiles of the
wedge were determined by AFM. A typical result is shown in
Fig. 8(a) as a false-color image and in Fig. 8(b) as a 3D re-
construction. The Au and the Si layers are on nearly the same
height and homogeneously covered by the Cr wedge. Only
a thin fissure is visible at the Au/Si boundary. The width of
this fissure was determined from the AFM data to full-width
half-maximum, FWHM = 155 nm, which is significantly be-
low our expected resolution limit of 410 nm determined so
far.” It will therefore not be visible in the HAXPEEM mea-
surements. The spikes in the AFM data may be related to the
CMP process and most likely occur due to particles on the Au
surface, whereas the Si surface is usually free of them. It was
not possible to remove them by annealing (130 °C, 10 min) or
ultrasonic bathing in acetone.

E. Hard x-ray excitation

The HAXPEEM experiments were carried out at the P09
hard x-ray undulator beamline at PETRA-III in Hamburg
(Germany).'* The microscope was installed in the last exper-
iment hutch downstream at about 95 m from the source point.
The beamfocus dimensions at this point were determined by
fitting a Gaussian distribution to an intensity profile of the
beam. The FWHM of the distribution in vertical (horizontal)
direction is 382 um (440 pwm). Because the sample-normal
in the instrument is tilted by an angle o = 65° against the
beam (see Fig. 2) the x-ray footprint on the sample undergoes
a geometry smearing by a factor of cos(ar)~! A& 2.37 in the
vertical direction compared to the original beam-dimensions.
The beamline covers an energy range from 2.7 up to 50 keV
with linear polarized light. For the HAXPEEM experiments,
the photon energy regime up to 10 keV is most important. Op-
tionally, circularly polarization is also available by means of a
diamond phase retarder,!’ but this feature was not yet used in
our HAXPEEM studies. The incident photon flux within the
10~* energy bandpass of the Si(111) primary monochromator
was about 2 x 10"3 571,

lll. HAXPEEM: RESULTS
A. Bulk sensitive imaging and chemical imaging

The bulk sensitivity of HAXPEEM is demonstrated in
a measurement on the Chessy sample mapping the Si 2p
peak (see Fig. 5). The high kinetic energy spectrum taken at



113704-5 Patt et al.
106 hv=4.9 keV
40 :
(@) Siel 735
£
35 E g
- Z S
= J o
&, 30 sz g
0 A L
Z 0 2 4 6 °
5 25+ Elect. kin. energy [keV]
= 9.0
20
15 12.2
106 104 102 100 Y
Binding Energy [eV] 5
V)
v hv= 0.4 keV <
(b) 10 s
] Data
1004 —— Fit
Back- 1.2
904 ground
3
S, 80 914
=
2 70]
2
= g
604 5
V)
50 <
S
Siel. s
40 .
224

106 104 102 100 98
Binding Energy [eV]

FIG. 5. (a) Si 2p spectral distributions obtained with hard x-ray excita-
tion (hv = 4.9 keV, taken at PETRAIII, beamline P09); (b) Si 2p spectra
with soft x-ray excitation (hv = 400 eV, acquired at the Elettra NanoESCA
beamlinelﬁ); the inset shows the IMFP of Si as a function of the kinetic elec-
tron energy calculated according to Ref. 18. The energies used in the experi-
ment are marked with red circles. (c) Atomic concentration images using the
Si 2p and Au 4f core level peaks. The data have been evaluated with CasaXPS
and principal component analysis (PCA) for noise reduction and separa-
tion of spectral contributions according to the oxidation state. Exposure time
8 min/image, energy step 0.25 eV, field of view 38 um. All spectra were taken
with 100 eV pass energy and 1 mm slits, resulting in approx. 0.4 eV energy
resolution.

hv =4.9 keV (Fig. 5(a)) shows predominantly the signal from
elemental silicon and a rather small chemically shifted Si**
peak resulting from the native SiO, on the surface. For com-
parison, a spectrum with soft x-ray excitation of hv = 400 eV
(Fig. 5(b)) was acquired with the same sample and instrument
at the Elettra NanoESCA beamline.'® The soft x-ray excited
spectrum has much higher statistical accuracy because of the
larger cross section and instrument transmission and is qual-
itatively quite different, showing a strong contribution from
Si surface oxides. It is noted that the surface was not cleaned
in any way in both experiments. The spectrum can be fitted
by a set of spectral lines corresponding to the mixture of dif-
ferent oxidation states of silicon. The fit results are compiled
in Table I. The spectral difference of the hard and soft x-ray
photoemission spectra results from the different electron ef-
fective attenuation lengths (EALs, which describe the IMFP
corrected by elastic scattering effects'”) at the two kinetic en-
ergies. Changing from 400 eV to 4.9 keV photon excitation
the IMFP in silicon increases from 12.4 A t0 90.0 A,'8 i.e., the
latter case corresponds to photoemission from the bulk of the
sample. The attenuation of the photoemission signal behaves
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TABLE 1. Fit results of the spectral distributions of the Si 2p core level ex-
cited with different photon energies as shown in Figs. 5(a) and 5(b). The val-
ues underline the bulk-sensitivity of hard-X-ray photoemission experiments
in contrast to measurements performed with soft-X-ray excitation.

hv = 0.4 keV hv = 4.9 keV
E,;, [eV] % area E,;, [eV] % area
Si elem. 99.43 5.18 99.23 88.51
Si2* 101.30 12.70
Si3t 102.37 32.00
Sitt 103.25 50.12 103.37 11.49

as I(t) = 1, - exp( — t/A), where A is the material dependent
EAL of the electrons and ¢ the path traveled through the ma-
terial. Using this relation, the bulk Si and oxide signals being
88.5% and 11.5% at 4.9 keV electron energy correspond to a
native oxide overlayer thickness of 10.8 A.

Both spectra were extracted from image stacks which
have been acquired as a function of kinetic electron energy.
Further analysis of the high kinetic energy data set at 4.9 keV
in terms of laterally resolved chemical concentration maps is
shown in Fig. 5(c). Here, the contributions of silicon and sili-
con oxide and their locations can be easily distinguished. The
analysis procedure to arrive at these maps is the following:
the data stack consisting of images at different kinetic energy
points is converted into spectra at each image pixel. These
spectra are then fitted using standard XPS analysis software
CasaXPS.!” The fitted local intensities can then be displayed
as laterally resolved atomic concentration images.

B. Spatial resolution and space-charge effects

Powerful light sources (like dedicated undulator beam-
lines) with a high photon flux are essential to obtain adequate
signal rates in the HAXPES regime. In microscopy applica-
tions, however, the primary intensity can be increased only
within certain limits. To understand this we have to keep in
mind that due to inelastic scattering processes the highly en-
ergetic primary photoelectrons create a cascade of low energy
secondary electrons. The higher the kinetic energy of the pri-
mary electron the larger is the secondary electron contribution
for which the transmission of the immersion lens objective is
usually higher. All of these electrons have to pass the immer-
sion lens system as the energy filtering of the photoelectrons
takes place only further upstream in the instrument. Very high
photocurrent densities can lead to undesirable sample charg-
ing or loss of image quality due to space charge effects in
the electron optics,’*?! especially in crossover regions of the
electron trajectories, for example, the contrast aperture.

In order to investigate this issue, we performed a couple
of resolution tests with different photoelectron intensities en-
tering the microscope column. The results are summarized in
Fig. 6. When measuring the test structure shown in Fig. 2(a)
with the full photon flux (*10'3 s~!) on the low energy sec-
ondary peak (E;, = 3.9 V) and a contrast aperture of 500 um
it was not possible to find microscope settings to acquire a
sharp image. Only by reducing the amount of photoelectrons
by either closing the aperture or reducing the primary photon
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FIG. 6. Depending on the photoelectron current densities inside the micro-
scope the spatial resolution varies significantly. Energy filtered PEEM images
of a Au stripe structure were taken for different photon intensities (a) and (b)
at the same photon energy hv = 6550 eV and the same contrast aperture
CA = 500 pm at the maximum secondary peak E,;,, = 3.9 eV. The line pro-
files of these measurements were fitted to estimate the resolution (c). Finally,
the instrument’s spatial resolution was evaluated for various experimental set-
tings at the secondary peak (d). The resolution improves with smaller CA size
or a reduction of the photon flux. This suggests that the degradation of lat-
eral resolution is caused by space charge effects within the microscope. The
data points could be fitted with a simple parabola FWHM = a - I> 4+ b. The
resolution at high kinetic electron energies is still significantly better (e), be-
cause the disturbing secondary electrons are filtered out by the objective lens
in this microscope setting (see text).

flux we were able to achieve acceptable spatial resolutions.
Fig. 6(a) shows the PEEM image taken with CA = 500 um
and a photon flux which was reduced by beamline filters by
a factor of approx. 10. It is possible to achieve a sharp image
and to optimize the microscope settings. By removing the fil-
ter, the PEEM image becomes significantly blurred, like it is
shown in Fig. 6(b). To quantify this change in spatial resolu-
tion, a convolution of a step-function with a Gaussian profile
was fitted to the intensity profiles (Fig. 6(c)). The overall fit
function is

= (5 (o (552) s (352)) o)

- D(x). “

The spatial resolution is described by the full-width half-
maximum (FWHM =2 -4/2[n2 - o) of the Gaussian. The
profiles are superimposed by a broad Gaussian function D(x)
derived from the non-isochromaticity of the energy filter'!
which was taken into account in the fitting function. From the
fitted profile also the maximum intensity /, was extracted to
have an approximation of the count rate, which we could com-
pare to the count rates at other microscope settings. The de-
pendence of the spatial resolution on the various settings and
the related count rate is shown in Fig. 6(d) for the secondary
photoelectrons. The spatial resolution improves dramatically
by closing the CA. Alternatively, the same resolution can be
obtained by reducing the x-ray flux by an equivalent factor.
We do not have enough data points for a confident evidence,
but the spatial resolution in this space charge regime seems to
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increase quadratically with the photoelectron intensity. Thus,
for high intensity secondary electron imaging, the spatial res-
olution is not dominated by the beneficial effects of a smaller
CA size, but rather by the reduction of the amount of electrons
passing through the lens system of the microscope. This prob-
ably reduces distortions caused by space-charge effects in the
regions where electron trajectories cross in the microscope.

When we measured the same images with photoelectrons
filtered at high kinetic energies (Au 3d, E,;,, = 4344.4 eV)
a good spatial resolution could be achieved even with the
500 um CA, as it is shown in Fig. 6(e). The reason is that with
typical HAXPEEM settings like the values given in Fig. 2(a)
the objective lens serves as a high-pass filter for kinetic elec-
tron energies: Slow electrons are not sufficiently accelerated
by the electric field between the sample potential V;, and
the extractor potential V,,, to overcome the retarding field
between the extractor and column potential V, ;. The slow-
est electrons which pass into the microscope have to have
a kinetic energy of Ey;, = e¢-(V,, — V,,), which would be
2000eV in our exemplary case. The intense low-energy sec-
ondary electron background will therefore not enter the mi-
croscope and thus related space-charge effects are avoided.
As a consequence of the high-pass-filter functionality of the
objective lens, the primary electron intensity can be further
increased when measuring high kinetic energy electrons to
shorten the necessary exposure times.

C. Spatial resolution of covered structures

In order to test whether the spatial resolution of photoe-
mission electrons with a high information depth may be de-
teriorated by the capping layer they are passing, we used the
sample design shown in Fig. 2(a), which provides a chemical
contrast between Au and Si-stripes and a gradient in thickness
of the covering Cr layer. To acquire element-selective HAX-
PEEM images, we chose to filter on the two different Au core
levels shown in Fig. 7. We picked the Au 3ds,, core level at
a binding energy of E,, = 2206.5 eV and the Au 4f,, core
level at E;;,, = 84.0 eV. The photon energy was monochrom-
atized by a Si (111) crystal and set to hv = 6550 eV, yield-
ing a sufficient energy resolution (A(hv) = 700 meV) with a
comparatively good bulk sensitivity. The photoelectrons col-
lected had kinetic energies of E;, = 4339.7 eV (Au 3ds),)
and E;;,, = 6462.2 eV (Au 4f,,). The spectra shown in Fig. 7
were acquired with the channeltron behind the first hemi-
sphere (see Fig. 2(b)). To reach a high microscope transmis-
sion, we selected a contrast aperture of CA = 500 pm, a filter
pass energy of E, . = 100 eV, and an entrance-slit width of

ass

2 mm, which results in an energy-filter resolution of (AE,,,
= 800 meV). All measurements were performed at room tem-

perature. The overall energy resolution can be estimated as

AE = \/A(hv)? + AE? , = 1063 meV. 5)

The spectra shown in Fig. 7 have been corrected by sub-
tracting a Shirley-type background and have subsequently
been fitted with Voigt profiles. The areas beneath the Au 3ds,,
and the Au 4f;, peaks differ by a factor of 36.24, the peak
heights by a factor of 15.85 due to the lower microscope
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FIG. 7. Au 3ds, core level (a) and Au 4f and Si 2p core level spectra (b),
excited with a photon energy of hv = 6550 eV. The spectra were measured
in the channeltron mode (spatially integrated over the excited sample struc-
ture) with different exposure times and normalized for better comparison.
The amount of photoelectrons captured from the Au 3ds, is high compared
to the Au 4f core level and the exposure time for the Au 4f core level has to
be massively increased.

HAXPEEM (Au 3d 5/2, hv =6550 eV )
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transmission (compare with Fig. 3(b)) and the lower pho-
toionization cross-section of the Au 4f peak at these high pho-
ton energies. For the imaging this difference in the count rates
is crucial because we collect the electrons from each spatial
point of the sample and long acquisition times are needed
to obtain reasonable signal-to-noise levels in the contrast. To
reach the same statistic from the Au 4f core level as from the
Au 3d core level, one has to expect a factor 16-36 longer ex-
posure time, depending on the energy resolution of the filter.
A typical HAXPEEM measurement of the Cr-covered wedge
sample is shown in Fig. 8(c) as a false-color plot and as a 3D
reconstruction (d). The data were acquired in a single-event
counting mode. The data shown in Fig. 8(c) were acquired for
50 min on the Au 3ds;, peak. The measured photoelectron in-
tensity can be given in units of single-event counts per camera
pixel (counts/px). The photoelectron signal of the uncovered
Au region reaches a level of 35.55 counts/px and decreases to
a level of 6.85 counts/px in the region where the Cr thickness
reaches a value of 16.96 nm. The background level in the Si
region is significantly lower. The same experiment was done
for photoelectrons descending from the Au 4f,, core level
with a three times longer exposure time. The data are shown
in Figs. 8(e) and 8(f). Despite the longer exposure time, the
maximal measured photoelectron intensity level coming from
the uncovered Au is by a factor 3.935 smaller compared to
the photoelectrons acquired from the Au 3ds,, core level. A
12 times longer exposure time would be needed to achieve
equal statistics.

HAXPEEM ( Au 4f 7/2, hv = 6550 eV )
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FIG. 8. (a) Atomic force microscopy relief of a manufactured wedge sample. The interface between the Au and the Si layer shows up as a thin fissure. Both
materials are nearly on the same height level and are homogeneously covered by the Cr wedge. (b) 3D reconstruction of the AFM data. The spikes indicate
polluting particles, probably residuals of the CMP process. They are more prevalent on the Au layer. (c) HAXPEEM image of the wedge on the Au 3d;,, peak
after 50 min exposure time. The strong Au signal of the uncovered Au stripe vanishes under the Cr wedge. The Si part gives no significant contribution. (d)
3D reconstruction of the HAXPEEM data. The dashed lines indicate the directions along which profiles were taken for the further evaluations. (¢) HAXPEEM
image of the wedge on the Au 4f; , peak after 150 min exposure time and (f) the related 3D reconstruction. The Au 4f; , signal is significantly lower than the

Au 3ds, so that much longer exposure times are needed to reach similar statistics.
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FIG. 9. (a) Comparison between the AFM (green dots) profile representing
the Cr wedge and the HAXPEEM (blue and red squares) data for photoelec-
trons filtered on two different kinetic electron energies. The photoelectron
intensities from the Au 4f,, core level were multiplied by a factor of 3.935
so that the signal of the not covered Au parts are on the same level for both
core levels. The AFM profile was smoothed (green line). The HAXPEEM
data at any wedge position were then assigned to the height of the Cr wedge,
resulting in the exponential curves (d). These curves were fitted with Eq. (6).
Using the parameters of these exponential fits to simulate the HAXPEEM
signal as a function of the Cr-wedge thickness, the red and blue solid lines
in (a) are obtained, which very well fit to the original HAXPEEM data. In
order to find the correct alignment between the AFM and HAXPEEM pro-
files in (a), they were shifted with respect to each other and the quality of the
resulting exponential fit was judged by its RMSE, where the minimum marks
the best fit (b) and (c). The orange curves show the EALSs resulting from the
exponential fits as a function of the alignment and reveals how sensitive the
result of the EAL is on the correct alignment.

1. EAL determination

To compare the AFM-data (Fig. 8(a)) with the photoe-
mission data (Figs. 8(c) and 8(e)), profiles of both data sets
were extracted along the wedge direction (see Fig. 9(a)). For
a better statistics, the AFM data were averaged over a 6.5 um
wide stripe perpendicular to the wedge-direction, in case of
the HAXPEEM data the averaging stripe had a width of
9.7 um. To be able to directly assign the HAXPEEM data to
the height of the wedge-profile, the AFM data were smoothed
(green curve). Obvious spikes not belonging to the wedge pro-
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file were neglected. Assigning the HAXPEEM profile to the
wedge height given by the AFM profile results in the curve
shown in Fig. 9(d) which describes the decay of the photo-
electron intensity [ as a function of the cover thickness ¢
This curve can be fitted by

wedge*

twedge
A - cos(a)

)+%, (©)

where I, + 1, is the photoelectron intensity measured on
the uncovered Au, Ibg is the photoelectron background, and
A is the EAL of the photoelectrons traveling through the
cover layelr.22 The cos(x) term takes into account that pho-
toelectrons with higher emission angles « relative to the sur-
face normal have to travel longer distances through the cover
layer. Because of the microscope’s small acceptance angles
for high kinetic electron energies (Fig. 3(a)), we can explic-
itly neglect this term together with a variety of other angle-
dependent issues.”® The calculated «,,,, values for the rele-
vant kinetic energies are compiled in Table II together with
the fit results. The measured EALs are in good agreement
with the IMFP calculated using the modified Bethe equation
for electrons with E;;, = 4339.7 eV (E,;, = 6462.2 eV, re-
spectively) and Cr with the element-specific parameters given
in Ref. 18. The difference between the EAL and the IMFP
is extensively described in Ref. 17 and is related to elas-
tic scattering effects of the electrons traveling through the
cover layer, which therefore in average exhibit longer trajecto-
ries inside the cover layer than the straight distance 7,,,,, in
Eq. (6) suggests.”* Without these effects, the EAL and the
IMFP would be identical,?® whereas with these effects the
EAL could be smaller than the related IMFP by up to 30%.%°

The method described above to determine the EAL for a
material and a specific electron kinetic energy is commonly
referred to as “overlayer film method.” Many experimental
uncertainties concerning this method were discussed, in-
cluding uncertainties in film growth and film-thickness mea-
surements, angular anisotropies in electron transport, atomic
reconstruction and intermixing at the substrate/overlayer
interface, a lack of film uniformity, and effects of surface
excitations.?* What is more, the above mentioned effect
of elastic scattering depends on the film thickness®’ and
might even result into a non-exponential dependence of the
photoemission signal on the overlayer thickness under certain
experimental geometries.”® The evidence that it is exponential

I(twedge) =1, -exp <—

TABLE II. Results of exponential fits shown in Fig. 9(d) and related calcu-
lations. The calculated «,, ., as well as the related objective lens transmission

were calculated with Egs. (3) and (1), the IMFP was calculated according to
Ref. 18.

Au 3ds, Au 4f,,
E,;, [eV] 4339.7 6462.2
cale. o, [deg] 2.27 1.96
calc. transm. 1.57 x 1073 1.17 x 1073
I, [counts/px] 29.61 + 0.07 8.21 £0.05
Ibg [counts/px] 5.84 £0.07 0.80 £+ 0.06
A [nm] 4.95 + 0.05 7.90 +0.15
calc. IMFP [nm] 5.27 7.35
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in our geometry can only be provided by measuring a large
variety of different thicknesses which is an inherent feature
of our approach. A comparable dense dataset of different
film thicknesses can hardly be reached with conventional
methods when different samples, one for each overlayer
thickness, have to be equally grown and are measured with a
non-imaging approach like HAXPES. Using the HAXPEEM
approach it is now possible to measure the impact of an
overlayer thickness gradient on the photoemission signal of
an underlying film in one shot, which in combination with
the AFM measurements gives at least a good control over
the overlayer film thickness and ensures homogenous growth
conditions for the whole dataset.

Nevertheless, the crucial challenge of the wedge-
approach is to find the correct positioning of the individually
measured profiles shown in Fig. 9(a) relative to each other.
This was ensured by involving the following procedure: Af-
ter a preliminary adjustment by hand the HAXPEEM profile
position was shifted by a few hundred nm against the AFM
profile. With each constellation the profiles were assigned to
each other and the resulting exponential curves were fitted by
Eq. (6) described above. The quality of the individual fits can
be described by their root-mean-square error (RMSE). The fit
with the smallest RMSE value then is indicative of the best
relative orientation of the profiles. Figs. 9(b) and 9(c) show
how the RMSE of the exponential fits vary with the tuning of
the lateral shift between the profiles shown in Fig. 9(a). It also
shows the related EAL derived from the fits and how strong it
would differ for a not correct alignment.

After determining the correct fit parameters for the ex-
ponential function in Fig. 9(d), we simulated a HAXPEEM
profile by using Eq. (6) with the gathered fit parameters
(Table II) and the smoothed AFM profile shown in Fig. 9(a)
(light green). The calculated curves are shown as blue and red
lines in Fig. 9(a) and very well fit to the original HAXPEEM
data (blue and red squares) confirming the correct positioning
of the profiles.

2. Lateral resolution vs. probing depth

The photoemission data shown in Fig. 8 can be used to
analyze how the spatial resolution across the Au/Si interface
develops beneath an increasing wedge thickness. The inter-
face profile of the HAXPEEM measurement perpendicular to
the wedge direction (green curve in Fig. 8(d)) was fitted with
a convolution of a Gauss function and a step function (similar
to Eq. (4))

(3 (o () ).

The FWHM of the Gauss function gives the lateral resolution
of the profile. This resolution was determined for the pho-
toemission signals from both core levels shown in Figs. 8(e)
and 8(f) which are different in the kinetic energies of the
excited photoelectrons (4339.7 eV, 6462.2 eV). How the inter-
face profile develops according to the thickness of the cover-
layer is shown in Fig. 10(a) for the Au 3ds, signal. Even un-
der a Cr cover layer of 13.5 nm the signal-to-noise ratio is
good enough to detect the chemical contrast between the Au
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FIG. 10. (a) Profiles extracted from the HAXPEEM data in Fig. 9(c) with
different cover thicknesses are fitted to determine the resolution as a function
of the cover layer thickness. The results for the Au 3dy, core level are shown
in (b) and for the Au 4f; , core level in (c). The Au 4f measurements suffer
from worse statistic. Nevertheless, both measurements do not show a clear
dependance of the spatial resolution with the thickness of the cover layer.

and the Si layer. The development of the fitted resolution as a
function of the wedge thickness is shown in Figs. 10(b) and
10(c). Depending on the absolute number of counts collected,
the lateral resolution profiles had to be averaged over a certain
distance d to get a good enough signal-to-noise ratio to

average
fit them. In each data set, a line

FWHM =a - t,,,, +b (8)

was fitted and the data points were weighted according to their
error o with o =2, The results are compiled in Table III.

TABLE III. Results of line fits to the resolution measurements shown in
Fig. 10.

Au 3ds, Au 4f,,
E,;, [eV] 4339.7 6462.2
Wedge length [um] 9.58 9.58
Integration length [nm] 413 521
a —4.39 + 4.06 3.89 £+ 14.98
b [nm] 673 +£9 882 £ 19
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The measured spatial resolution for the photoelectrons
excited from the Au 3ds;, core level seems not to be influ-
enced by a thicker cover layer. The error bars of the fits are
nevertheless increasing due to the lower signal-to-noise ratio.
The evaluation of the photoelectrons from the Au 4f,, core
level was more problematic between a wedge height of 5 nm
and 12 nm. The signal-integration along the strong slope of
the wedge in combination with a worse initial signal-to-noise
ratio restrained the accuracy of the fit procedure. With a flat-
ter slope of the wedge at thicker cover layers the fit results are
consistent with the low coverage results. Both line fits have
a negligible slope a so that the measured offset b can be in-
terpreted as the measured overall spatial resolution. The over-
all spatial resolution for the Au 4f;, measurement is worse
than for the Au 3ds,, measurement due to the fact that the fi-
nal adjustment of the microscope is more involved with low
count rates. Additional experiments showed, that this behav-
ior is not systematically related to the higher kinetic energy
of the electrons. Finally we conclude, that in the present ex-
periment, significant changes of the spatial resolution with the
thickness of the cover layer are not observed. This issue will
be revisited once HAXPEEM data with improved lateral res-
olution become available.

IV. SUMMARY AND CONCLUSIONS

Based on a commercially available energy filtered photo-
electron microscopy concept (NanoESCA), an instrument for
HAXPEEM has been designed. We were able to show that in
our current resolution limit, the spatial resolution is neither
dependent on the thickness of a cover layer nor on its mate-
rial. Structures on the scale of 500 nm can be imaged with-
out resolution loss even when buried under thicker capping
layers. Nevertheless, to prove that really no dependence be-
tween spatial resolution and cover layer thickness exists, one
will have to do these experiments with a higher instrumental
resolution. With the NanoESCA this can be accomplished by
using a smaller contrast aperture. However, the next available
smaller CA of 150 um will reduce the count rate by a fac-
tor of 10 resulting in unacceptable exposure times in the cur-
rent experimental configuration. To increase the signal rates,
the photon flux density could be enhanced by optimizing the
X-ray focus relative to the field of view of the instrument or by
using higher extractor potentials, which would lead to larger
microscope acceptance angles of the photoelectrons.

Furthermore, we presented a new method to determine
the EAL with a direct photo-emission measurement. The mea-
sured EALs as a function of the material and the kinetic
electron energy are close to calculated IMFPs presented in
Ref. 18. The difference between the measured EAL and the
IMFP is due to elastically scattered electrons. As we showed
in Fig. 3(a) the instrument provides a very narrow accep-
tance angle for high kinetic electrons, which is useful for this
kind of experiments because it allows us to neglect angle-
dependent effects for the EAL determination: we are mainly
collecting electrons which are crossing the cover layer per-
pendicular to the surface and do not travel longer distances
sideways through the material because of a higher initial angle
of the electrons. The combination of microscopic approaches
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(AFM and HAXPEEM) allows us to gather a reliable dataset
of the overlayer thickness dependent photoemission-signals
in a one shot experiment, which cancels out doubts in the uni-
formity of sample growth- and measurement conditions in-
herent to conventional overlayer film methods.?* At the same
time, the good agreement between EAL measurement and
theoretical IMFP prediction proves the applicability of the
HAXPEEM for reliable quantitative analysis if the new event
counting detection is used.

The evaluation of the HAXPEEM data showed, that we
can expect much higher information depths with high kinetic
electron energies without a significant loss of spatial resolu-
tion, which confirms the conclusions provided in Ref. 8. For
future experiments, the best balance between a higher infor-
mation depth and a shorter acquisition time has to be chosen
according to the samples under investigation.

The present study demonstrates the feasibility of the new
method as an analytical tool for bulk sensitive chemical and
electronic analysis in particular if signal rates can be increased
with improved instrumental and X-ray optical parameters.
The instrument allows a sub-micrometer resolution and a high
probing depth making HAXPEEM a promising technique for
the analysis of micro-structured and layered samples, com-
monly encountered in electronic device engineering.
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