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A new UHYV spectroscopic X-ray photoelectron emission and low energy electron microscope is presently
under construction for the installation at the PM-6 soft X-ray undulator beamline at BESSY II. Us-
ing a combination of a sophisticated magnetic beam splitter and an electrostatic tetrode mirror, the
spherical and chromatic aberrations of the objective lens are corrected and thus the lateral resolution
and sensitivity of the instrument improved. In addition a corrected imaging energy filter (a so-called
omega filter) allows high spectral resolution (AE = 0.1 eV) in the photoemission modes and back-
ground suppression in LEEM and small-spot LEED modes. The theoretical prediction for the lateral
resolution is 5 A; a realistic goal is about 2 nm. Thus, a variety of electron spectroscopies (XAS, XPS,
UPS, XAES) and electron diffraction (LEED, LEEM) or reflection techniques (MEM) will be available

with spatial resolution unreached so far.

1. Introduction

Combining various photoelectron spectroscopy
techniques (UPS, XPS, XAES) and X-ray absorption
with nanoscopic resolution is doubtless extremely im-
portant for many fields in surface science. Although
scanning tunneling microscopy (STM) and related
scanning probe techniques have revolutionized the
field by directly imaging surfaces on an atomic
scale, they are not appropriate tools for extracting

spectroscopic information. This holds in particu-
lar for STM, since the conditions of the scanning
tip drastically influence the tunneling conditions
and thus the obtained “spectroscopic” information
is sometimes doubtful.

In low energy electron microscopy (LEEM),
structural information on the length scale of a few
nanometers can be obtained.! Although the lateral
resolution reached so far is worse than for STM,
LEEM has developed into a valuable technique for
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studying, for example, in situ film growth. In com-
bining a LEEM with an energy filter and electron
excitation by monochromatic X-rays (“XPEEM"),
such an instrument becomes even more powerful,
since then the well-established photoemission and
X-ray absorption techniques can directly be corre-
lated with structural properties on a similar length
scale. This has been demonstrated for the Clausthal
LEEM when mounted to high brilliance undulators

at BESSY-I? and ELETTRA.3
The limiting factor in spatial resolution in both

XPEEM and LEEM is mainly the influence of axial
aberrations. In order to circumvent these limita-
tions, Rose and Preikszas proposed a device for
correction of spherical and chromatic aberrations
consisting of a magnetic beam splitter and an electro-
static tetrode mirror. Recently, Rempfer et al. have
demonstrated experimentally that such a device can
indeed be utilized as an aberration corrector.? Re-
search groups of five German research institutions
have decided to jointly develop a versatile and
high performance spectromicroscope called SMART,
which uses this aberration correction device’ In
this instrument, an aberration correction of the
objective lens in combination with an aberration
corrected imaging energy filter then allows one to
study geometric properties of surfaces as well as
physical and chemical processes with a spatial reso-
lution of well below 5 mn using many different spec-
troscopic techniques.

In this paper we will briefly describe the effect
of aberration correction on the lateral resolution
(Sec. 2) and the general layout of this instrument
(Sec. 3), which has been published in more detail
recently.® The versatility of the SMART spectro-
microscope will be demonstrated by the numerous
modes of operation (Sec. 4). In addition, some es-
timations will be given on the effect of the sample
heat load using the high brilliance undulator source
at BESSY-II.

2. Aberration Correction

As mentioned above, the crucial point in an
electron microscope is the influence of aberrations
of the objective lens. There are several ways to
correct for aberrations, which have been investigated
theoretically for example by Rose® and Zach.” To
simultaneously correct for spherical and chromatic
aberrations, there are three possibilities in principle:

(1) a combination of electric-magnetic quadrupoles
with an octupole to independently correct for chro-
matic and spherical aberrations, respectively;’ (2) a
Wien filter in between to hexapoles;® (3) an electron
mirror.® In the electron mirror concept, the rever-
sal of the electrons after deceleration to zero kinetic
energy and subsequent acceleration within the mirror
induce chromatic and spherical aberrations opposite
to those of round lenses and thus cancel out in a
highly symmetric setup.® The restrictions (such as
stability requirements of the electric power supplies)
that are necessary for realizing the first two concepts
are very demanding, and therefore the third alterna-
tive is preferable.

Figure 1 compares the resolution limit and the
acceptance angle of the objective lens with and with-
out correction by an electrostatic tetrode mirror as
it will be used in the SMART. The data (solid lines)
are calculated for vanishing electric field strength
(a mode that can be realized in SMART) at the
sample for a kinetic energy of 500 eV, i.e. typical
values for X-ray photoelectrons. The dashed line de-
scribes the acceptance angle in the object plane. The
(theoretical) resolution limit improves from about
10 nm to 0.5 nm upon aberration correction {with
simultaneously improved sensitivity). For equal
resolution the correction yields significantly larger
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Fig. 1. Resolution limit and angle of acceptance in the
case of a field-free object and an emission energy of 500 V:
an energy window of 2 eV has been assumed for the
energy filter. The solid lines represent the resolution limit
as a function of the beam aperture at the entrance of
the electron mirror for the corrected and the uncorrected
case; the dashed line describes the angle of acceptance in
the object plane.
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Fig. 2. Schematic layout of the new spectromicroscope SMART, presently under construction for BESSY II.

acceptance angles and thus a much higher transmis-
sion (about a factor 3000), as indicated in Fig. 1
by the horizontal and vertical arrows. This improve-
ment of transmission is an important prerequisite for
high lateral resolution, because the number of image-
forming electrons is relatively small in the case of
high energy photoelectrons, and the signal-to-noise
ratio scales inversely with the square root of the to-
tal number of electrons.

3. The SMART Concept

The layout of the SMART spectromicroscope is
schematically shown in Fig. 2. The sample which
is illuminated by monochromatized X-rays at 20°
glancing incidence is located in front of the objec-
tive lens. The magnetic beam splitter deflects the
the photoemitted, diffracted or reflected electrons
from the objective lens to the tetrode mirror and
from there through a transfer lens system into the
imaging energy filter without introducing further
aberrations. Additionally, an electron beam from a
field emission gun located opposite to the tetrode
mirror can be coupled in to illuminate the sample
through the objective lens. The omega filter is used

as an energy-selecting device. The aberrations of this
filter are corrected to second order and thus the spa-
tial information is preserved. Finally, the energy-
filtered image is projected onto an image intensifier
which is directly coupled by fiber optics to a slow
scan CCD camera. The whole instrument will be
fully computer-controlled in order to perform the
different modes of operation without time-consuming
optimization procedures. The operation voltage of
the electron imaging columm (and the bias voltage of
the sample) will be 15 kV.

3.1. Objective lens and aberration
corrector

The objective lens is designed as an electrostatic—
maguetic compound lens using the sample as cathode
(“immersion lens”). The magnetic pole piece can be
set to a negative potential which allows one to re-
duce the electrical field strength at the sample to
zero. The lens forms an intermediate image at the
entrance of the beam splitter, where a field lens sets
the source position to infinity. The signs of the third
order spherical and second rank chromatic aberra-
tions of the tetrode mirrori® are opposite to those of
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the objective lens and thus cancel each other. The
key component is the beam splitter,® which is cor-
rected to second order due to symmetry and does
not introduce dispersion. It consists of eight coil
triplets residing in grooves of the pole pieces. A thin
wall vacuum chamber made of OFHC-copper with a
total thickness of 7 mm is mounted in between the
pole pieces to let the electrons pass the complicated
way through the beam splitter which is indicated by
the dashed lines in Fig. 2.

3.2. Transfer optics and Q2 energy
filter

The five einzel lenses of the transfer optics project
the source (diffraction pattern) and sample image
onto the first and the second entrance plane of the
omega-filter,!! respectively, independent of the se-
lected magnification. The images at the entrance
planes (see Fig. 2) can be interchanged in order to
obtain energy-filtered LEED patterns. The Q filter
consists of four sector magnets, each deflecting the
electrons by 90°. All the geometric second rank aber-
rations are canceled out by symmetry and by the
fields of the 6- and 12-pole elements. The dispersion
is 35 pm/eV at 15 keV pass energy in the disper-
sion plane (“SS” in Fig. 2). A set of exchangeable
high precision slits is used to choose the appropriate
electron energy.

-nma,

undulator

3.3. Sample handling and manipulation

One of the main obstacles in high resolution electron
microscopy is mechanical stability. Therefore, the
specimen chamber has been machined from one solid
piece. The samples can be positioned within an z—
y range of +5 mm, with a reproducibility of 1 um.
The sample surface normal can be aligned precisely
along the objective axis. Vibrations are damped
by insulating frictional bearings mounted between
sample holder and objective lens. Manipulators of
this type have proven to be stable against vibra-
tions and thermal effects within the nm range in
the Clausthal LEEM.!213 Samples with 10-14 mm
diameter may be mounted on a transferable sam-
ple holder. Electron bombardment heating and LNg
cooling allow sample temperatures from 200 K to
2300 K.

3.4. The photon source: PM-6
monochromator at BESSY II

Since X-ray induced electron emission processes will
mainly be used for imaging in the SMART in-
strument, high spectral resolution and brilliance
is required. Therefore, a newly developed high
resolution, high flux soft X-ray plane grating
monochromator at a BESSY-II 49 mm period un-
dulator named PM-6 will provide soft X-rays in
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Fig. 3. Optical setup of the high flux, high resolution PM6 heamline at BESSY II.
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the energy range of about 100 to 2000 eV.!4 The
monochromator may be regarded as a further refine-
ment of the Petersens SX700 concept.!® The grazing
incidence plane grating and its corresponding plane
mirror are the only vertically (the dispersion direc-
tion) deflecting elements. Therefore, the slope errors
of these plane elements mostly affect the resolving
power. The optical setup is shown in Fig. 3. Due to
collimation of the beam by the first mirror, it is possi-
ble to position the two foci of the demagnified source
independently in the fixed exit slit. Refocusing by a
toroidal mirror (later by a set of elliptical mirrors)
demagnifies the beam onto a 10 x 25 um? spot on
the sample. For an exit slit width of 10 um the re-
solving power of the PM-6 using the 1200 lines/mm
grating is calculated to be 14.000 at a photon en-
ergy of 400 eV. The photon flux density is estimated
to be 10 s~! ym~2. The use of an interchange-
able grating with 360 lines/mm increases the pho-
ton flux by about a factor of 10 at the expense
of energy resolution. The spectromicroscope will
be installed about 2.5 m from the monochromator
exit slit behind a high resolution photoemission and
X-ray fluorescence setup. Switching between these
two experimental stations will be possible within
minutes.

3.5. Sample preparation

The measurement chamber has several ports to facil-
itate in situ controlled gas exposure and evaporation.
For purposes going beyond this, a separate UHV
chamber is mounted vibrationally decoupled next to
the microscope. It allows quick sample introduction
and storage, sputtering, gas exposure, LEED/Auger
and gas analysis with a quadrupole mass spectrom-
eter. Metal evaporation sources and devices for or-
ganic and semiconductor film preparation can also
be attached.

4. Modes of Operation

The combination of synchrotron radiation with a
low energy emission microscope equipped with an
energy filter provides great versatility for spectro-
scopic imaging of surfaces. In particular, the fol-
lowing modes of operation will be available in the
SMART instrument.

4.1. Photoelectron microscopy

The monochromator provides photons to excite va-
lence and core electrons. A broad variety of well-
established spectroscopies will be available with un-
surpassed spatial resolution.

4. 1 Fized hv and Ey, (X)PEEM

e 0 eV < Eyin < 5 eV: The work function and its
local changes are imaged. The electrons are usu-
ally excited using a conventional Hg high pressure
lamp as UV source.

e 30 eV < Eij, < 100 eV: Optimal surface sensitiv-
ity is achieved.

e Ey;, equals an Auger electron energy of an element
under investigation: unmonochromatized photons
or poor resolution can be employed in order to gain
intensity.

o Eyin is selected around 2 eV to monitor the sec-
ondaries: this yields the highest electron flux with
enhanced bulk sensitivity. Contrast is achieved by
taking the difference of two images taken at photon
energies above and below a core electron threshold
energy.

Eyin fixed, sweeping hv: element
mapping, CFS

¢ Photoemission (XPS, UPS) spectra are taken by
scanning hv for fixed Ey;,.

e Eyi, is chosen as discussed for the PEEM mode.
When the photon energy sweeps over one of the
photoionization thresholds of an element, areas
containing this element will show up in the 2D
image.

o Eyi, is set to an Auger transition or to approx-
imately 2 eV using secondary electrons: absorp-
tion spectra like EXAFS, NEXAFS or SEXAFS
can be recorded from areas down to 1 nm?. The
energy resolution depends, as in the conventional
case, just on the monochromator resolution.

4.1.3. Eyy, changes: ESCA, AES, CIS

The kinetic energy is selected with the objective lens
acceleration voltage. In this mode the aberration
corrector needs to be refocused and readjusted when
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FEin is changed. This complicated procedure will be
performed completely computer-controlled.

e 20 eV< hv < 2000 eV: ESCA and AES analysis
with 0.1 eV electron energy resolution.

e With a computer-controlled instrument it is also
straightforward to record images in the CIS mode
with hv — Eyin = const,

4.1.4. Parallel recording of a spectrum from

a small area

The field aperture can be adjusted to select a very
small part (down to 5 nm in diameter) of the image
in the second entrance plane. The exit slit of the
filter is removed and the projective lenses are excited
to image the dispersion plane onto the 2D detec-
tor. Rapidly changing spectra can thus be acquired
with a high dynamic signal range in a bandwidth
of about 35 eV.

4.1.5. Photoelectron diffraction (PED)

As has already been demonstrated for the
SPELEEM,3 photoelectron diffraction experiments
can be easily performed. Compared to the
SPELEEM, SMART allows larger acceptance angles
for the photoemitted electrons and thus improves the
spectral information slightly by monitoring larger
emission angles.

4.2. Imaging rough sample surfaces

One of the difficulties in PEEM and LEEM is the
image distortion when one is investigating rough sur-
faces due to the relatively high electric field strength.
In SMART the front pole piece of the electrostatic—
magnetic objective lens can be set to sample poten-
tial. Thus the spectromicroscope can be operated
with vanishing electric field strength on the sample
surface to allow for distortion-free imaging of rough
surfaces and with few restrictions for insulator sur-
faces. However, in this mode E, should be larger
than 500 eV to maintain lateral resolution.

4.3. Microscopy with an incident
electron beam

Electrons are provided by the electron gun mounted
to the beam splitter. For symmetry reasons the illu-
mination energy and the detected energy have to be
the same.

4.3.1 Real image on the detector: LEEM,

MEM

¢ Incident electrons reach the sample and are scat-
tered by the sample. The scattered electrons are
imaged. The achievable lateral resolution should
approach the theoretical limit of 0.5 nm in this
mode (LEEM).

e Very low energy electrons are reflected by the
equipotential surface in front of the sample. MEM
is very sensitive to topography and electrical or
magnetic microfields on the surface.

4.3.2. Diffraction plane on the detector:
small-spot LEED

The transfer optics projects the source image into
the second entrance plane of the omega filter. Only
elastically scattered electrons pass the filter to form
the LEED pattern on the detector. With apertures
in the electron gun system, the size of the illumi-
nated spot on the sample may be as small as 1um
and therefore on the same length scale as in conven-
tional LEEMs.

5. Using SMART
5.1. Interactions with the sample

As in all physical experiments, the sample will be in-
fluenced by the measurement itself. Bauer et al. have
already estimated the advantage of using photoexci-
tation of image-forming (photo- or Auger) electrons
mainly from the significantly improved signal-to-
background intensity.2 Moreover, electron bombard-
ment to stimulate Auger electron emission may lead
to severe sample damage (e.g. electron stimulated
desorption and dissociation, polymerization of or-
ganic adsorbates, etc.) Near-threshold excitation by
tunable photon energy using X-ray absorption con-
trast increases secondary emission, which may fur-
thermore improve the image contrast and reduce pos-
sible damage. However, undesired effects like sample
heating and photostimulated desorption/dissociation
and/or reaction due to the high photon flux have to
be taken into account, particularly in conventional
adsorbate studies. Desorption due to field emission
is negligible in the “rough sample mode,” where al-
most vanishing electric fields act on the sample. In
the case of weak physisorptive bonding the influence
of the high electric field strength in conventional op-
eration modes can of course not be disregarded.
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Heat load

Simple estimations of the heat load on the basis of
the prospective photon flux at the PM6 beamline
lead to the conclusion that this effect can be mostly
disregarded as a limiting factor. In the stationary
state upon permanent illumination, heat dissipation
into the bulk at the illuminated spot can be described
by the Poisson equation, with K - VVT = —A(r),
with K being the heat conductivity, T the tempera-
ture and A the heat source density.

A very handy solution can be found by approx-
imating the sample by an infinite half space. The
heat is uniformly deposited into a circle with radius
a. In the center, the increase of temperature will be
largest:

(1-R)-P-hv
- K-a

For silicon [K(Si) = 80 Wm™! K~! and negligible
reflection coefficient R, total photon flux P of the
PM6 beamline = 8.4-10'2 photons/s™!, circle radius
a = 4 pm] the temperature rise AT in the center of
the disk will be as small as 0.7 K. Estimates for metal
substrates are on the same order. A more detailed
calculation (not presented here) including the pho-
ton absorption properties of the sample reproduces
these results within a few percent. Heating is thus
negligible for many adsorbate systems.

ATdisk,r:enter =

5.3. Photodesorption vs. image
acquisition time

Another effect that will be discussed briefly is the
influence of photodesorption as a consequence of the
photoexcitation/photoionization process. If 7p is the
time it takes to reduce the adsorbed particle density
to 1/e of its initial value, the number of counts that
add up in the detector!® from one pixel during this
time is (for the definition of angles a and 3 see Fig. 4)

. sin?
COl.lntS(TD) =p- P. T Auger (2&)2 . 3.sin ﬂ
gD 4.7

Assuming a pixel area P (corresponding to 10 x
10 nm? on the sample) and an effective Auger cross
section oauger, which is about 1000 times larger than
the photodesorption cross section op and a parti-
cle density p of 10'® cm~2, the number of counts
(7p) amounts to 27.000. This means that the num-
ber of collected counts before the sample changes is

el2ctrons emitted into
angle of acceptance

incident photons | ||I

/ desorbed
& particle
L

samiple with
heated spol

Fig. 4. Interactions of the sample with incident photons:
definition of the angles o and 3 used in the discussion.

dominated by the ratio of the pixel area and the ac-
ceptance angle, and not by the photon flux. The
ratio of the two cross sections gauger and op de-
pends on the sample for a given photon energy. This
means that the pixels can only be made smaller if
wide apertures are used or, more important, less sen-
sitive samples are investigated.

6. Conclusions

Aberration correction of a low energy electron mi-
croscope in combination with high brilliance syn-
chrotron radiation and a high performance imag-
ing energy filter allows spectroscopic imaging on a
length scale of several atomic distances. Whereas
in the LEEM 1mode structural properties of surfaces
can be investigated, the versatility of the SMART
spectromicroscope, which is planned to start opera-
tion at BESSY-II in the year 2000, will enable the
most common surface spectroscopy techniques (pho-
toemission and X-ray absorption) on a microscopic
scale well beyond the capabilities of existing instru-
ments. Samples may be investigated with only mi-
nor influence of electric fields and by photon-induced
heating. Aberration correction allows for (and is nec-
essarily required for) both nanometer resolution and
significantly enlarged acceptance angles.
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