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We demonstrate the addition of depth resolution to the usual two-dimensional images in
photoelectron emission microscopy �PEEM�, with application to a square array of circular magnetic
Co microdots. The method is based on excitation with soft x-ray standing-waves generated by Bragg
reflection from a multilayer mirror substrate. Standing wave is moved vertically through sample
simply by varying the photon energy around the Bragg condition. Depth-resolved PEEM images
were obtained for all of the observed elements. Photoemission intensities as functions of photon
energy were compared to x-ray optical calculations in order to quantitatively derive the
depth-resolved film structure of the sample. © 2010 American Institute of Physics.
�doi:10.1063/1.3478215�

Soft x-ray photoelectron emission microscopy �PEEM�
is an established powerful technique, enabling element-
specific studies of surfaces and nanostructures through im-
ages obtained via core-level excitations of photoelectrons
and secondary electrons. PEEM has been used extensively in
recent years to study element-specific physical, chemical,
structural, and magnetic properties of surfaces, resulting in a
plethora of literature revealing interesting surface and nano-
structure phenomena.1–6 Most of these studies involve image
formation from low-energy secondary electrons, although a
growing number of microscopes can image with an energy-
resolved photoelectron or Auger intensity that is thus also
element-specific. PEEM images to date are inherently two-
dimensional in space, with resolutions in the lateral x and y
directions that are now typical 10–20 nm but which promise
in the future to be in the few nanometer regime.7

Very recently, a method has been suggested, by which
soft x-ray standing-wave excitation extends the dimensional-
ity of the PEEM, giving this technique depth resolution.8

This depth resolution is achieved by setting-up an x-ray
standing wave �SW� field in the sample by growing it on a
synthetic periodic multilayer mirror substrate which in first-
order Bragg reflection acts as the SW-generator.9 The SW
can then be moved vertically through the sample in several
following ways: by varying the photon energy or the inci-
dence angle through the Bragg condition, or in a previous
study of this type, also by growing one layer of the sample as
a wedge and looking along the wedge.8 As the antinodes of
the electromagnetic field shift vertically through the sample,
they highlight various parts of the sample, introducing depth-
selectivity in the photoemission process. Exploiting this

depth-selectivity in an element-specific way requires an
energy-selection of photoelectrons contributing to the PEEM
image so as to image with a given core-electron intensity. In
a previous exploratory study, this SW-PEEM technique has
been used to determine the depth-resolved properties of a
Ag-wedge/Co/Au multilayer nanostructure.8 It was shown
that with a suitable wedge-profile sample, the vertical reso-
lution in the PEEM images approaches ��3–4 Å and is
thus about 1/10 of the SW period, which is in turn equal to
the period of the multilayer of 3–4 nm.

In this study, we demonstrate the next step in the SW-
PEEM approach; imaging a lateral array of microstructures
with depth resolution, as a prelude to future applications with
true nanometer resolution in three dimensions. In contrast
with the previous study8 the approach used here, namely,
moving the SW through the structure by means or varying
photon energy, is simpler and more versatile because it does
not require one to grow the layer of interest in a shape of a
wedge. Due to this improvement, it is possible to measure
patterned structures which are more technologically relevant,
such as arrays of microdots or pillars described in this paper.

One of the major advantages of the SW-PEEM technique
is the enhanced interface-sensitivity of the measurement due
to the possibility of translating the antinodes of the SW ver-
tically through the sample and therefore choosing the “epi-
center” of the photoemission. This effect cannot be achieved
with other methods, such as, for example, using harder
x-rays in order to increase the probing depth.

We have investigated a nanostructured system consisting
of square arrays of circular magnetic cobalt microdots,
nominally 4 nm in thickness and 1 �m in diameter,
grown on a multilayer substrate of configuration
�23.6 Å-Si /15.8 Å-Mo��40, as depicted in cross section ina�Electronic mail: agray@ucdavis.edu.
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Fig. 1�a�. Protection against oxidation of the Co and Si sur-
faces was provided by a 2-nm-thick aluminum cap layer. The
samples were fabricated at the Center for X-Ray Optics at
the Lawrence Berkeley National Laboratory. The surface car-
bon contamination has been removed from the Si/Mo
multilayer prior to the deposition of the microdots and the
capping layer. The core-level photoemission peaks used in
the element-specific study of the constituents of the structure
are indicated in �Figs. 1�b�–1�e��. The C 1s core-level signal
originated from the thin carbon-containing overlayer cover-
ing the sample after removal from the growth chamber and
exposure to ambient contaminants.

The experiment was conducted at the elliptically polar-
ized microfocus soft x-ray undulator beamline UE49-PGM-a
at the storage ring BESSY-II �Helmholtz Zentrum Berlin�,
equipped with the Elmitec PEEM-II endstation with an inte-
grated photoelectron energy analyzer.10

Simulations of expected spectra were performed using
the NIST DATABASE software; simulation of electron spectra
for surface analysis.11 The results indicated that a combina-
tion of the photon energy of 663 eV and a grazing angle of
13.8° would yield the most cleanly resolvable Co 3p, Al 2p,
Si 2p, and C 1s photoemission spectra, unobstructed by any
Auger electron features. The grazing incidence angle which
satisfies the Bragg condition is found experimentally in a
matter of minutes via a simple core-level photoemission in-
tensity rocking-curve measurement.

The x-ray beam was focused into a small spot of
�10 �m in cross section, comparable with the dimensions
of several periods in the Co microdot array. The spot was
chosen smaller than the field of view in the microscope and
is unavoidably elongated in the horizontal direction by about
a factor of 3.5 due to the grazing incidence geometry
�cf. Figs. 2�a�–2�d��. All measurements were conducted in a
normal photoemission geometry with the incidence angle
fixed at 13.8° and the photon energy was varied between 620
and 750 eV in order to scan the SW generated by the
multilayer substrate vertically through the structure.

Figures 1 and 2 summarize our results, with the data
points in Figs. 1�b�–1�e� depicting the photoemission inten-

sities for four core-level photoemission peaks—Al 2p, C 1s,
Si 2p, and Co 3p—as functions of photon energy and there-
fore as functions of the vertical position of the SW in the
sample. Photoemission peak intensities in images based on
these four peaks, as shown in Fig. 2, were extracted from the
areas inside and outside of the Co microdots using special-
ized image-processing software, background subtracted and
normalized.12

The shapes of the photoemission intensity profiles versus
photon energy �Figs. 1�b�–1�e�� contain detailed information
about the vertical dimensions of each layer in the sample. We
used the x-ray optical simulation software developed by
S.-H. Yang13 to model the photoemission intensities for the
Al 2p, C 1s, Si 2p, and Co 3p core levels as a function of
photon energy at our fixed incidence angle of 13.8° and a

640 660 680 700

Al 2p

C 1s

Si 2p

Co3p

N
or
m
al
iz
ed
Ph
ot
oe
m
is
si
on

In
te
ns
ity

(a
.u
.)

Photon Energy (eV) Photon Energy (eV)

On the Dot Exp.
On the Dot Cal.
Off the Dot Exp.
Off the Dot Cal.

640 660 680 700

640 660 680 700 640 660 680 700

Resultant Structure(a)

Si Substrate

Mo

Si

Mo
Si
SiO2

Co Dot

15.8 Å

23.6 Å

15.8 Å
17.0 Å
14.7Å

34.5 Å

Al2O3
15.6 Å

C/O 2.0 Å
Al
8.1 Å

M
ul
til
ay
er
M
ir
ro
r

(b)

(c)

(d)

(e)

FIG. 1. �Color online� �a� Self-consistent model of the film structure obtained as the result of simultaneous fitting of all the scanned-energy curves in �b�, �c�,
�d�, and �e�. Experimental �data points� and calculated �solid curves� results of photoemission intensity as functions of photon energy with the electron kinetic
energy for imaging set to �b� Al 2p, �c� C 1s, �d� Si 2p, and �e� Co 3p core levels.
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FIG. 2. Standing-wave PEEM images captured at hv=680 eV, for �a�
Al 2p, �b� C 1s, �c� Si 2p, and �d� Co 3p core levels. 680 eV is the energy
for which the Al image is a maximum off the microdots.

062503-2 Gray et al. Appl. Phys. Lett. 97, 062503 �2010�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



normal photoemission geometry. The software uses x-ray op-
tical theory based on Maxwell’s equations in order to calcu-
late the intensity of the electric field inside and outside the
sample, and then calculates photoemission intensities for any
core level as functions photon energy, as well as incidence
and take-off angles, while taking into account subshell
photoelectric cross sections as well as inelastic mean-free
paths of the electrons. The ultimate goal of the x-ray optical
simulation was to obtain a self-consistent model of the
sample with a single set of layer thicknesses. The model
should not only quantitatively describe the vertical dimen-
sions of the entire film structure, in the lateral on-dot and
off-dot regions but also simultaneously fit all of the experi-
mental photoemission intensity profiles �data points�. The
final determined structure is shown in Fig. 1�a� and the the-
oretical results based upon it are shown as solid lines in Figs.
1�b�–1�e�. The agreement is in general excellent, not just as
to the positions along the photon energy scale but also as to
the shapes of the photoemission intensity profiles. In addi-
tion, almost all of the differences on-dot and off-dot were
reproduced with striking similarity using the single model
depicted in Fig. 1�a�.

The model indicates that the top Si layer of the Si/Mo
multilayer substrate is covered with a 14.7 Å layer of SiOx,
mostly SiO2, resulting from the exposure of the multilayer to
air before microdot deposition. The remaining Si layer is
only 17.0 Å thick, which means that 6.6 Å of Si was con-
sumed by the SiOx film as a result of the oxidation. Since the
number density of Si atoms in pure Si is 5.00�1022 g−1 and
the same value for SiO2 is 2.24�1022 g−1, for every one
Ångstrom of pure Si consumed by the oxidation, 5.00 /2.24
=2.23 Å of SiO2 is created. Therefore, the value of 14.7 Å
of SiOx is consistent with conserving the number of Si atoms
in Si-surface oxidation. The thickness of the Co microdots
was determined to be 34.5 Å, instead of the nominal value of
40 Å. This value is consistent with the growers’ prediction of
�20% in process variation for Co growth. The Al capping
layer was found to be partially oxidized, leaving 8.1 Å of
pure Al and 15.6 Å of AlOx, mostly as Al2O3, as derived by
a self-consistent conservation of the number of Al atoms
involved in Al-surface oxidation. Thickness of the overlying
carbon-containing layer was determined to be 2.0 Å.

The qualitative differences in images shown in Fig. 2 for
the four peaks are also easy to understand. These images
were all obtained with a photon energy of 680 eV, the energy
at which the maximum in the intensity of the Al 2p line
occurs for the aluminum atoms around the dots �Fig. 2�a��.
This phenomenon occurs because at the photon energy of
680 eV an antinode of the SW is situated at the vertical
position of the valleys below the Co microdots. In case of the
C 1s photoemission peak, the microscope image captured at
the photon energy of 680 eV highlights the carbon atoms on
top of the Co microdots �Fig. 2�b��. This happens because at
the photon energy of 680 eV another antinode of the SW is
situated at the vertical position of the carbon-containing sur-
face contaminant layer on top of the Co microdots. For the
Si 2p core level, Fig. 2�c� shows that the photoemission in-
tensity “on the dots” is significantly damped, since the Si
atoms are buried beneath the surface by the 4-nm-thick Co
microdots. The intensity of the main pure Si 2p peak, rather
than the Si 2p oxide peak, was used for the Si image. Finally,
for the Co 3p image in Fig. 2�d�, due to the absence of cobalt

in the valleys between the dots, the microscopy image shows
zero-intensity for the areas off the dots.

The application of scanned-energy standing-wave
excited soft x-ray photoemission microscopy to the depth-
resolved imaging of Co magnetic microdot arrays was
investigated. It was shown that this technique can be used to
produce element-specific and depth-sensitive images of such
patterned samples. In conjunction with x-ray optical
theoretical modeling, quantitative information about the
depth-dependent chemical composition of the sample can be
extracted from the photoemission data. The good agreement
between our experimental results and model calculations
suggests that future studies with better spatial and spectral
resolution will also yield more detailed information about the
interfacial regions. In addition, exploiting magnetic
dichroism in core-level photoemission with circularly14 and
linearly polarized light15,16 will introduce magnetic sensitiv-
ity into the technique, resulting in a unique approach for
complex magnetic thin-film nanostructures. This addition of
quantitative depth sensitivity to the conventional laterally re-
solved soft x-ray PEEM thus should considerably enhance
the capabilities of the PEEM as a research, development and
metrology tool for science and industry.
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