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Abstract

Linear and nonlinear photoemission microscopy is used to study the origin of space charge
effects that are frequently observed if amplified femtosecond lasers are used for generation of
photoelectrons. Space charge effects are apparent in the width of the photoemission spectra, but
also create image blur. The onset threshold for space charge effects is determined by recording
the width of photoemission spectra and by finding the conditions under which spectral
broadening is just less than the energy resolution of the microscope. The principal findings are
independent if harmonics of the fundamental of the fs laser pulses are used, but the space charge

effects are found to be more dominant at lower repetition rates. By inserting apertures into the
electron path, the place at which space charge effects occur can be localized.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Photoemission electron microscopy (PEEM) is a versatile
technique to study the electronic structure of surfaces. Among
other mechanisms, the obtained contrast in PEEM depends
on the work function and density of states (DOS) that are
accessible by the choice of the light source. While with a
conventional Hg discharge lamp only electronic states near
the Fermi edge can be studied, UV photoemission using
He lamps [1] or UV lasers allows studying of deeper lying
electronic states. Finally, synchrotron radiation, with photon
energies of several 10 eV, opens the gate into core level
spectromicroscopy [2].

During the last few years, the temporal domain has
been added to photoemission microscopy [3, 4] due to the
availability of ultrashort laser pulses with pulse durations from
femtoseconds (fs) to attoseconds (as). The combination of
PEEM with fs lasers allows studying of ultrafast processes such
as electron—electron dynamics [5] and plasmonics [6]. Several
problems are involved, however, when combining ultrashort
laser pulses with PEEM. In many cases the photon energy of
the pulses is smaller than the work function of the material
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system of interest. ~Accordingly, nonlinear photoemission
processes are needed, which for many systems are not very
effective. One possibility to improve the photoemission yield
is then the deposition of Cs to lower the work function
of the surface. For instance, after Cs deposition 1PPE
processes can be obtained from an Si(001) surface even with
a green continuous wave laser (Ep, = 2.3 eV) [7]. A
second possibility for improving the photoemission yield is
to increase the pulse intensity and reduce the pulse duration
to make nonlinear photoemission processes more likely. This
can be achieved by ultrashort and ultraintense pulses from
femtosecond laser amplifier systems. A third possibility is
the generation of harmonics of the fundamental laser pulses
to increase the photon energy until threshold photoemission
(1PPE) becomes possible. The downside of this approach
is the loss of a great portion of the laser intensity due to
the low conversion rates. Even worse, amplified fs laser
systems work at a lower repetition rate than the 80 MHz of
the commonly used Ti:sapphire oscillators and thus compress
more photons into fewer pulses by maintaining the same
average laser intensity. Such high photon densities result in
the emission of a large number of photoelectrons during the

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Illustration of space charge effects and their impact on
PEEM measurements. The Coulomb repulsion of the photoelectron
cloud leads to a broadening of the kinetic energy distribution of the
photoelectrons (displayed in the graphs on the right-hand side of the
image) and consequently results in image blur.

interaction of the fs pulse with the surface. In addition, the
photoelectrons originate only from a small area on the surface,
i.e. an area with a size that is defined by the size of the laser spot
on the surface. The consequence is space charge effects that
affect the energy distribution of the emitted electrons and cause
image blur. Figure 1 illustrates the effects of space charge on
a propagating electron pulse. The initial energy distribution of
the photoelectrons and the high electron density in the pulse
cause Coulomb repulsion. As a result, the electron cloud
expands energetically as well as laterally [8, 9]. While the
expansion of a free propagating electron pulse has already been
studied [9], the location at which the most severe Coulomb
repulsion takes place in PEEM is still unclear. The energetic
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broadening could occur immediately at the sample surface,
between the sample surface and the objective lens, or further
down in the microscope column. For spectromicroscopy space
charge has simply to be prevented at all costs, and it is
important to know when and where space charge effects occur
and how they could be prevented. Here we report on our
observation of space charge effects in linear and nonlinear
photoemission and discuss the impact that space charges have
on PEEM measurements.

2. Experimental set-up

The experiments have been performed in a spectroscopic
PEEM from ELMITEC (SPE-PEEM III [12]). The
ultrahigh vacuum (UHYV) instrument combines photoelectron
microscopy with photoelectron spectroscopy by means of an
imaging hemispherical energy analyzer. While a detailed
description of the electron optics has already been given by
Schmidt et al [10], we need to emphasize some specific
properties of the system. Figure 2 shows a sketch of the main
components of the electron optics. The surface is represented
by the upright arrow on the left side. The distance between the
sample surface and the objective lens is approximately 2 mm
and photoemitted electrons are accelerated toward the objective
lens by the microscopes bias voltage of 20 kV. The objective
lens forms a first focal plane and a roughly 40x magnified
image [13]. An aperture is placed in this first image plane
(selected-area aperture) to select a region of interest on the
surface. The subsequent four lenses in the imaging column,
TL to P1, define the overall location of image and diffraction
planes in the microscope independently. In RL, the electrons
are decelerated to the pass energy of the energy analyzer of
En.s = 1250 eV. The system of three lenses following RL
summarizes the function of the hemispherical energy analyzer,
with the image plane located in the symmetry plane of the
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Analyzer Dispersive Screen
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Figure 2. Optical design of the SPE-PEEM III after [10, 11]. The electrons are accelerated by a bias of 20 kV from the surface towards the
objective lens. The electrons are decelerated between the transfer optics (TL-P1) before entering the hemispheric analyzer at RL. After
passing through the analyzer, the electrons are re-accelerated in AL. The final magnification is obtained by the projector lens system (P2 and
P3). Three apertures are available to modify the acceptance angles at different places in the microscope. The selected-area aperture is located
in an image plane and is used to select a region of interest on the sample. The contrast aperture is placed in a focal plane. The exit slit of the
energy analyzer can be inserted for energy-resolved imaging and angular-resolved photoemission measurements.
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Figure 3. The sketch of the laser set-up used including the
home-built amplifier system. The seed pulses are generated by a

80 MHz Ti:sapphire oscillator and pass through the regenerative
amplifier. The amplified A = 800 nm pulses can then be used to
generate the fourth harmonic by passing the fundamental of the laser
through a set-up of three BBO crystals.

analyzer. After passing the analyzer, the electrons are re-
accelerated by the microscope’s bias voltage of 20 kV. The final
magnification is achieved by the projection lenses P2 and P3.
The focal length of the projection lens P2 can be adjusted to
either display the image plane of the analyzer on the screen,
or display the energy-dispersive plane of the analyzer, to allow
parallel recording of energy spectra over an energy range of
AE =~ 10eV.

We use Ag islands that were grown on Si(111). The
Si(111) substrates were degassed for several hours at 500 °C
and flash annealed to 1200°C to remove the protective
oxide layer. The Ag islands were then formed by self-
assembly [14-16] by molecular beam evaporation of Ag from
a home-built effusion cell [17, 18] at a substrate temperature of
about 600 °C.

Figure 3 gives an overview of the laser set-up
used. A home-built regenerative amplifier is seeded by a
commercial sub-20 fs pulse duration Ti:sapphire oscillator
(FEMTOLASERS GmbH [19]). The amplification is achieved
by the technique of chirped pulse amplification [20], and
accordingly the amplifier consists of a pulse stretcher,
an Nd:YAG pumped regenerative amplifier and a pulse
compressor. The amplified femtosecond laser pulses have a
pulse duration of about 150 fs and a wavelength of 800 nm
(hwo = 1.55 eV). The amplifier is specifically designed for
operating at different repetition rates up to 250 kHz. The
maximal energy per pulse varies from 1 to 15 ©J, depending
on the repetition rate. An additional set-up of 3 BBO crystals
is used to generate the fourth harmonic and extends the
available photon energy to 6.2 eV. The overlapping different
wavelengths are separated with a prism. Finally, the pulses
are focused by a lens (f = 1 m) and passed through a quartz
window into the vacuum chamber. The angle between the
laser pulse and the surface normal of the sample is 74°. The
spot size on the sample has a diameter of about 200 um x
400 um (FWHM) for the A = 800 nm fundamental and about
400 um x 1450 um (FWHM) for the fourth harmonics.

1PPE@Hg-lamp

2PPE@400nm
80 MHz

+3PPE@80@m

-3PPE@800nm
250 kH2 @ 228 mW

250 kHz @33 mW

Figure 4. PEEM images of the same Ag island recorded using
different illumination sources. (a) Conventional Hg lamp. (b) Second
harmonic (A = 400 nm) of the Ti:sapphire oscillator (c) and (d)
fundamental (A = 800 nm) of the femtosecond amplifier at two
different laser intensities. (e) and (f) Fourth harmonic (A = 200 nm)
of the femtosecond amplifier at two different laser intensities.

3. Results and discussion

Figure 4 shows PEEM images of the same silver island
recorded under illumination with different light sources. Panel
(a) has been recorded with the Hg discharge lamp and shows
the topography of the Ag island on the Si(111) substrate.
No space charge effects are visible in this 1PPE image.
In panel (b), the use of frequency-doubled A = 400 nm
laser pulses from the Ti:sapphire oscillator causes nonlinear
2PPE to become the dominating process of the photoelectron
generation. The bright features on top of the Ag island in panel
(b) originate from surface plasmon polaritons (SPP) in the Ag
island [6, 21]. As in panel (a), no space charge effects are
present in the image.

The remaining panels (c)—(f) of figure 4 were recorded
using amplified laser pulses at a repetition rate of 250 kHz.
In panels (c) and (d) we used the A = 800 nm fundamental of
the amplifier system at two different laser intensities. At the
lower intensity (c) the image appears focused with no apparent
contrast between the Ag island and the Si background. Only
the edges of the island and some hot-spots [3, 22] produce
contrast. At a higher laser intensity, panel (d) of figure 4,
the contrast is similar to panel (c), but the image is severely
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distorted. To compare the nonlinear photoemission (3PPE
for A = 800 nm laser pulses) with threshold photoemission
(IPPE), figures 4(e) and (f) show PEEM images under
illumination with the (A = 200 nm) fourth harmonic of the
amplified laser pulses. Again, under illumination with a low
intensity in panel (e) the contrast between the island and the
surrounding is weak. The edges of the island appear bright
at the front due to field enhancement effects, while shadowing
causes the backside of the island to appear dark. The hot-spots
from panel (c) and (d) are not visible any more. At the higher
laser intensity, panel (f), the contrast is similar as in panel (e),
but the island—under the same microscope settings as in panel
(e)—appears blurred.

Apparently, higher laser peak intensities, panels (d) and
(f), result in blurred or severely distorted images. We will in
the following discuss the image blurring and the broadening
of the energy spectra for the two wavelengths (800 and
200 nm) independently, using spatially resolved photoemission
spectroscopy in the PEEM to determine the origin of these
effects.

3.1. 800 nm laser pulses

Figure 5 shows energy spectra of an area on the surface
that contains a hot-spot. The spectra were recorded in the
dispersive plane mode of the microscope at different laser
intensities without (a) and with ((b) and (c)) a contrast aperture
of a diameter of 50 um. All red solid curves in figure 5
were recorded using 800 nm laser pulses, the green dashed
curves were recorded with the Hg discharge lamp (Awmax =
4.9 eV) and represent the expected 1PPE spectrum for the
given microscope settings. The ‘Gaussian’ appearance of
the spectrum is caused by the small accessible energy range
(Exg—tamp — Pag ~ 0.65 eV) and the convolution of the
expected narrow spectrum with the energy resolution function
of the microscope (AE = 230 meV). Panel (a) of figure 5
displays several energy spectra of the hot-spots at average
laser intensities from 100 mW (top) to 10 mW (bottom).
The energy spectra at higher laser intensities exhibit a much
larger width than the spectrum that was obtained with the
Hg discharge lamp. When the laser intensity is reduced, the
width of the spectra decreases. The laser power, at which
the width of the energy spectra does not decrease further,
defines a power threshold below which space—charge-related
energy broadening is smaller than the energy resolution of the
microscope.

To determine where the space charge effect occurs, we
inserted a 50 um diameter contrast aperture into the beam
and repeated the experiment. The results for different laser
intensities are displayed in the bottom panels of figure 5 for
higher laser fluences (b) and for lower laser fluences (c).

Interestingly, insertion of the contrast aperture reduces
the energy broadening drastically, and the measurements with
and without contrast aperture suggest that space charge effects
evolve somewhere between the contrast aperture and the exit
slit of the analyzer. Since the electron density in the focal
planes of all lenses in the electron optical column is lower than
the electron density in the back focal plane of the objective
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Figure 5. Energy spectra of photoelectrons as a function of the
average laser power (marked with arrows) for 800 nm laser pulses of
the amplifier system at a repetition rate of 100 kHz. The dashed
green curves represent energy spectra that have been obtained with
the Hg lamp under the same imaging conditions. (a) Without contrast
aperture; (b) with 50 um contrast aperture. The space charge effect is
significantly reduced. (c) Same as in (b), but for lower laser
intensities.

lens, we do not expect additional space charge effects from
the two lenses P2 and P3 of the projection system. The
same argument applies to the four lenses in the transfer optics
between the selected-area aperture and the entrance of the
analyzer. The most likely candidate where space charge effects
could occur is the retarding lens RL, because here the electrons
are decelerated. This deceleration results in an accumulation of
electrons in the focal plane of RL and, hence, the Coulomb
repulsion has a much stronger effect, i.e. the space charge
broadening will be most prominent here.

To avoid space charge artifacts, it is necessary to
determine the critical laser fluence threshold below which the
PEEM images are not affected by the Coulomb repulsion.
Although the shape of the spectra changes as a function of
the laser intensity, we simply determine the full width at half-
maximum (FWHM) of the spectra to compare the different
spectra. Figure 6 shows the FWHM of the energy spectra
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Figure 6. The spectral width of the energy curves in figures 5(b)

and (c) as a function of the average laser power. The laser pulses
used have a wavelength of 800 nm with a repetition rate of 100 kHz.
The dashed line represents the expected width of the energy spectra
without any space charge effects present. The dotted line is a guide to
the eye. The error bars in the x direction represent the uncertainty in
the determination of the laser power due to power meter error

(A =~ £2 mW). The error bars in the y direction are due to 0.23 eV
the energy resolution of the PEEM.

from figures 5(b) and (c) as a function of the average laser
intensity. Again, a trend can be recognized that higher laser
intensity results in a more pronounced space charge effect.
Below an average laser power of ~45 mW, however, the width
of the energy spectra does not change any more. This threshold
accords to a maximum pulse intensity of 4 x 10° W cm™2.
The corresponding width is shown as a dashed line in figure 6.
Considering the photon energy of Ej, = 1.55 eV, the Ag work
function of ® = 4.25 eV [23, 24] and that a 3PPE process
is necessary for photoemission, one arrives at an expected
width of the energy spectrum of 3E;, — ® = 0.4 eV, which
agrees well with the observation and is slightly smaller than
the expected value of Hg lamp spectral width (A Eyg_jamp =
0.65eV).

3.2. 200 nm laser pulses

To compare the above results for 3PPE with 1PPE, the fourth
harmonic of the fs laser pulses was generated and coupled into
the PEEM.

Figure 7 shows four images of the same Ag island
recorded during an experiment with high laser intensity,
where in each panel the position of the laser spot on the
sample surface was slightly changed. This slight change in
the illumination, however, had a dominating impact on the
obtained contrast. While in figure 7(a) the island appears bright
and no proper focusing is possible, the island appears darker
than the surrounding area ((b), (c)), and finally (d) the island
is not visible at all. Additionally, there are periodic intensity
variations that vary with the laser position on the surface that
are also attributed to space charge effects. Energy spectra for
the different situations in figure 7 easily yield a width of 20 eV.

Finally we again determine the threshold laser power
below which the energy broadening of the spectra is negligible.
The data of this experiment are shown in figure 8(a), where
again the width of the energy spectra decreases with reduced
laser power. Plotting the widths of the energy spectra as a

Figure 7. Extreme space charge effects during illumination of the
surface with unattenuated 200 nm laser pulses at 250 kHz repetition
rate. The yellow arrows mark the position of the island in each
image. Space charge effects cause the edges of the island to appear
blurred. Slight changes in the laser spot position on the sample result
in contrast inversion ((a) and (b)) and even a complete loss of
contrast ((c) and (d)) can be achieved.

function of the average laser power, figure 8(b), we determine
the threshold for the onset of significant space charges to be
4 x 10" Wem™2,

4. Conclusion

We studied the space charge effects in PEEM using fs laser
pulses of different photon energies, i.e. exploited linear and
nonlinear photoemission processes. When the fs laser amplifier
was used, in both cases it was possible to drive the system
into the space—charge-limited regime. We find that at the
onset of significant space charge effects a broadening of the
energy spectra occurs. For the 200 nm laser pulses the critical
threshold for the observation of space charge effects is about
4 x 107 W cm~2, approximately 100 times smaller than for
the 3PPE case with 800 nm laser pulses, 4 x 10° W cm™2.
We believe the space charge to occur in the RL lens of the
electron column, rather than between the sample surface and
the objective lens. This finding is fundamentally different from
the case of ultrafast electron diffraction [25, 26], where space
charge broadening of the electron distribution occurs during
the free propagation of the electron pulse through vacuum.
Our observation that in PEEM the electron optical elements
are, to a large extent, responsible for the space charge effect
is supported by the observation that a reduction of the electron
density in the column by reduced the space charge broadening,
while the electron density in the back focal plane of the
objective lens was not affected by the presence of the contrast
aperture. At even higher laser intensities, the spatial resolution
is lost, and all features turn into elongated lines that extend over
the entire field of view, or cause such significant image blur that
a featureless image results. Considering the enormous energy
spread that can be caused by the space charge effect, it is not
surprising that the elongations occur in the dispersive direction
of the hemispherical energy analyzer. Figure 5 shows energy
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Figure 8. (a) Energy spectra of photoelectrons as a function of the
average laser power using 200 nm laser pulses. The width of the
energy spectra decreases during the reduction of the average laser
power. This experiment is analogous to the experiment in figure 5.
(b) The dependence of spectral widths on the laser power used. The
threshold power below which space charge effects become negligible
is marked by the gray rectangle. The dotted line represents a guide to
the eye. The dashed line marks the expected width of the energy
curves from panel (a).

spectra, at higher laser fluence, that span the whole accessible
energy range of the dispersive plane imaging mode. In these
cases, the energy spread will be tens of eV. We believe that
the energy spread in these cases is so large that the different
electron paths in the analyzer do not overlap any longer. For
regular energy filtered imaging this is not an issue, as the pass
energy of the electrons is adjusted by the start voltage of the
microscope. Even for electron clouds with a large electron
energy spread, for instance created by synchrotron light, the
electrons that pass through the analyzer slit will always have
the same relative energy. These electrons will take the same
path through the analyzer and will, in all cases, provide a
sharp image. For PEEM in the space-charge-limited regime,
in contrast, the electron cloud gets disturbed while propagating
through the microscope, with a negative impact on the imaging
properties.

Apparently, the only way to eliminate space charge effects
is to reduce the average laser power. This procedure is essential
for studying the electronic properties of nanostructures with fs
laser pulses and will require the construction of amplifier
systems with high repetition rates in order to minimize
exposure times. In the first experiments that we performed
with an amplifier system that had a repetition rate of 1 kHz, the
space charge effects were so dominant that recording of spectra

in the dispersive plane mode of the microscope below the
onset threshold for space charges required exposure times of
more than 15 min per spectrum. Energy-filtered imaging under
such conditions is almost impossible. In contrast, as we have
shown here, repetition rates of 100 kHz and more are suitable
for energy-filtered spectromicroscopy without significant space
charges. With increasing repetition rates of new amplified fs
laser systems, we expect space charge effects to be less and
less of an issue.
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