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ARTICLE INFO ABSTRACT
Keywords: Photoemission electron microscopy (PEEM) is a unique and powerful tool for studying the electronic properties
Photoemission electron microscopy of materials and surfaces. However, it requires intense and well-controlled light sources with photon energies

Space charge
Deep ultraviolet
Ultrafast laser

ranging from the UV to soft X-rays for achieving high spatial resolution and image contrast. Traditionally, many
PEEMs were installed at synchrotron light sources to access intense and tunable soft X-rays. More recently, the
maturation of solid-state lasers has opened a new avenue for laboratory-based PEEMs using laser-based UV light
at lower photon energies. Here, we report on the characteristics of a laser-based UV light source that was recently
integrated with a PEEM instrument. The system consists of a high repetition rate, tunable wavelength laser
coupled to a harmonics generation module, which generates deep-UV radiation from 192 nm to 210 nm. We
comment on the spectral characteristics and overall laser system stability, as well as on the effects of space charge
within the PEEM microscope at high UV laser fluxes. Further, we show an example of imaging on gallium nitride,
where the higher UV photon energy and flux of the laser provides considerably improved image quality,
compared to a conventional light source. These results demonstrate the capabilities of laser-based UV light
sources for advancing laboratory-based PEEMs.

1. Introduction e V 2mEy;, @
n

The illumination source is important for microscopy and is always a Here, hv is the photon energy of the incident light, ¢ is the work
major factor in determining what can be seen. This is critical for function, Ep is the bound energy of the electron before it left the mate-
photoemission-based methodologies, such as photoemission electron rial, m is the free electron mass, and h is the reduced Planck constant.
microscopy (PEEM), where energetic light is required to eject a photo- Hence, photons with energy greater than the sample work function,
electron for detection. PEEM is a multi-modal microscopy technique that typically from 3 eV to 6 eV, are needed to begin ejecting photoelectrons
operates by using a system of electromagnetic lenses to collect and from the Fermi level (Eg = 0). Further, the photon energy will dictate the
image photoelectrons emitted via the photoelectric effect from a sample studies that can be performed using PEEM. Photon energies in the deep
surface [1,2]. The emitted electron has a kinetic energy (Exi) and ultraviolet (DUV, typically 4 eV to 6 eV) give photoemission contrast
maximum momentum (k) given by related to dissimilar work function, ionization potential (IP), or density
Eun=hv— @ — Eg @ of states (DOS) near the Fermi energy. Higher photon energies (10 eV to

100 eV) allow for probing the complete electronic band structure of
surfaces where the photoionization cross section is at a maximum|3],
while soft X-rays (100 eV to 1000 eV) are able to photoemit elemental
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core electrons, providing chemically-insightful PEEM images of differ-
entiating materials and composition [1,2].

In addition to the photon energy, other essential characteristics of
the light source for PEEM are monochromaticity, high photon flux, and
continuous wave or high repetition rate (> 1 MHz) operation. Lab-based
light sources for PEEM have traditionally been based on gas (He, Hg, Xe)
discharge lamps, where the available photon energy is limited to
discrete electronic transitions. Third and fourth generation synchrotrons
with high intensity and tunable light (vacuum-UV to soft X-rays) are a
critical base for performing photoemission and have enabled many
advanced PEEM measurements [1,2]. Still, there is a strong desire to
develop and implement novel photon sources for lab-based measure-
ments to complement synchrotron sources, such as for performing
non-linear photoemission and studying ultrafast dynamics.

In recent years, the development and maturation of solid state ul-
trafast pulsed lasers has resulted in increased use of laser-based photon
sources for photoemission [4]. Key developments that have enabled the
use of ultrafast pulsed lasers are high average powers and high repetition
rates, where the former is important for maximizing photon flux from
non-linear photon generation schemes and the latter is crucial for
achieving sufficient measurement statistics. Generating DUV and
vacuum-UV photons from pulsed sources is commonly achieved through
non-linear frequency conversion schemes, such as frequency doubling
and quadrupling of near-infrared lasers in birefringent crystals [5,6]. For
example, 266 nm (4.65 eV, 3rd harmonic) and 200 nm (6.2 eV, 4th
harmonic) light can be readily produced through frequency doubling
and mixing of 800 nm (1.55 eV) light from Ti:Sapphire lasers. Mature Ti:
Sapphire technology offers several attractive properties for PEEM: high
repetition rate (=~ 80 MHz) oscillator lasers, tunable output (700 nm to
1000 nm), sufficient pulse energy for frequency conversion, and good
laser stability and beam properties. Consequently, laser-driven light
sources for laboratory-based PEEMs have seen increasing usage over the
last decade [7,8,17,18,9-16].

Early integration of high pulse energy ultrafast lasers in PEEM ex-
periments suffered from severe space charge effects, which resulted in
signal degradation due to the low repetition rates of the laser systems
[19-22]. Space charge is the result of multiple photoelectrons inter-
acting with each other via Coulomb repulsion as they propagate from
the sample surface to the detector. Tightly grouped electron bunches
emitted by short and intense light pulses can result in significant
distortion and degradation of the spatial, momentum, and energetic
information carried by the electrons [23].

Space charge effects were studied previously in several different
PEEM and light source configurations. In a PEEM with a hemispherical
energy analyzer using a femtosecond pulsed amplified laser at moderate
repetition rates (100 kHz and 250 kHz), space charge effects were
observed and the authors argued that a significant portion of the space
charge effect could arise at the entrance to the energy analyzer, where
the propagating electrons are slowed down to 1250 eV from the initial
20 keV acceleration voltage [19]. At synchrotron light sources, space
charge effects were studied under high photon flux and high repetition
rate (500 MHz) conditions in the soft X-ray regime, where many elec-
trons over a wide energy range can easily be liberated by a single light
pulse [24,25]. Space charge effects were also observed in a PEEM using
an in-line omega filter, where no deceleration in the energy analyzer is
present [25], suggesting that the majority of the space charge interac-
tion happens during the initial acceleration of electrons from the sample
surface. More recently, a novel gas discharge vacuum UV light source
was investigated, which produces relatively long pulses (10s of ns) at a
low repetition rate (few kHz) [26]" The space charge effects were severe
despite the long pulses, indicating that the photoelectrons underwent
significant Coulomb interaction as they left the sample surface and at
trajectory cross over points within the PEEM. Ultimately, space charge
in PEEM must be minimized to maximize the reliability and accuracy of
measuring the position, energy, and momentum of the photoelectron,
which in practice means reducing the number of photoelectrons
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generated per excitation pulse [19,24-26]. This implies that the number
of pulses per unit time (repetition rate) should be as high as possible to
maintain signal quality. The previous studies on space charge in PEEM
have examined lower repetition rate regimes with short [19] and long
[26] pulses and higher repetition rates with moderate pulse durations at
synchrotron sources [24,25]. However, there has been no report on the
extent of space charge effects in PEEM using high repetition rate
femtosecond pulsed lasers.

Here, we report on the successful integration of a high repetition
rate, ultrafast DUV source to a PEEM instrument. The laser system
consists of a wavelength-tunable, 80 MHz Ti:Sapphire laser driving a
harmonic generation module to produce tunable DUV output wave-
lengths as short as 192 nm. The optical output from this laser system is
then coupled to a PEEM, and to the best of our knowledge, this unique
set-up is the first of its kind. We show that the laser system provides good
performance, in terms of tunability, spectral quality, photon flux, and
stability. We then show initial PEEM results on the effects of space
charge in the system at high repetition rates, as well as the improved
imaging quality over a conventional light source for wide bandgap
semiconductors. The combination of high photon flux and continuous
tunability with mostly automated wavelength control represents an
evolutionary step in access and reliability to high-intensity light sources
for laboratory-based PEEMs.

2. Materials and methods
2.1. Laboratory conditions for instrumentation

The PEEM and laser optics (i.e., optical table) are both located at
ground level in the Advanced Measurement Laboratory building in
Gaithersburg, MD. The horizontal and vertical floor vibrations are less
than 1 pm s~ and 3 pm s~%, respectively, for frequencies between 1 Hz
and 1000 Hz. The PEEM table is passively dampened. The PEEM and
optical table are not connected and are used without air floating to
maintain repeatable coupling of the laser into the PEEM without active
laser beam stabilization. The laboratory is temperature and humidity
controlled to within 0.25 °C and 5% relative humidity, respectively.

2.2. Laser setup to the PEEM

The layout of the optical setup is illustrated in Fig. 1a. The laser
source is a tunable Ti:Sapphire oscillator laser (Chameleon Ultra II,
Coherent [27]), which outputs approximately 3.5 W average power with
a 140 fs pulse duration at an 80 MHz repetition rate. The center wave-
length can be tuned via computer control between 680 nm and 1080 nm.
The laser output is directed via two mirrors through a broadband
Faraday isolator and half-waveplate before entering the harmonic gen-
eration module. The Faraday isolator prevents back-reflections from the
harmonics module from entering the laser, which was found to be
crucial for achieving stable operation of the system across the wave-
length tuning range.

The harmonics module (HarmoniXX, APE [27]) generates the second
(2m), third (3w), and fourth (4m) harmonics of the fundamental (o) from
the Ti:Sapphire laser. The module uses a non-linear frequency doubling
and mixing scheme to generate the 4w via mixing 30 with the laser
fundamental (i.e., 40 = 30 + o), similar to other reported optical setups
[5,6]. Most of the critical optics in the module are motorized and can be
computer controlled.

The 4o output of the module is directed towards a periscope, as
shown in Fig. 1b, which raises the beam height by 25 cm to match that of
the sample stage in the PEEM. The beam passes through a diaphragm iris
before reaching a fused silica (FS) lens (500 mm focal length), which
focuses the 4® beam though a MgF, conflat window into the PEEM and
onto the sample at normal incidence, as shown in Fig. 1c. The laser
power sent into the PEEM can be attenuated by a variable neutral
density (ND) filter wheel before the periscope that reflects a portion of
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(a) Top-down view of PEEM and
optical table

(b) Expanded view of 4w path
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Fig. 1. Optical layout of DUV laser system and PEEM.
Top-down view a) of laser and PEEM tables and b)

zoomed-in view of N, purged box and tube in (a),
showing the 40 beam path as it passes a motorized flip
mirror and neutral density (ND) wheel before entering
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a periscope to match the PEEM height. The path length
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entering the vacuum chamber and the path of photo-
emitted electrons in the microscope imaging column
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the beam, as shown in Fig. 1b. The reflected portion is dispersed through
a prism to spatially separate residual o and 3w backgrounds from the 4w,
which is directed through a diaphragm iris onto an optical power meter.
This allows for accurately monitoring the 4o intensity and is an essential
aid when optimizing the 4w after changing the laser wavelength. The
beam can be intercepted before the periscope by a motorized flip mirror
to direct the beam either to a spectrometer for diagnostics, or to a beam
dump. The optical setup between the 4w output from the harmonics
module and the window of the PEEM is enclosed within an acrylic box
and tube which are purged with N3 to reduce absorption of the UV light
by oxygen and water and prevent ozone generation. The box also pro-
vides protection against any stray UV light to laboratory occupants and
minimizes the effects of air currents on the beam stability.

2.3. PEEM experimental conditions

The PEEM is a commercial system without aberration correction
(SPECS GmbH [27-29]) and the PEEM set-up before laser installation
has been previously described [30]. The system has a magnetic prism
array for energy selection (Fig. 1c) and does not have an electron gun.
The base pressure of the analysis chamber was better than 10~° mbar.
The acceleration voltage was 15 kV for all PEEM experiments, and the
turbomolecular pumps in the vacuum system remained on while
acquiring all PEEM images. PEEM images were either acquired using the
DUV laser source or a conventional mercury arc source. All images were
corrected for detector non-uniformity using a standard flat-field and
dark image method. All PEEM images were corrected for position or
energy drift before averaging the individual frames.

An epitaxial graphene on SiC sample [31] was used for the mea-
surements in Section 3.2.1. The sample was outgassed briefly in-situ at
approximately 500 K before experiments. A spatial aperture was used in
the diagonal plane of the PEEM magnetic prism to select a 7.4 um area of
the sample for spectroscopy. A 2 um wide slit was inserted at the PEEM
magnetic prism entrance to give an energy resolution of approximately
350 meV, and the dispersed energy spectrum was projected onto the
detector. The 40 wavelength was 200 nm (6.2 eV). The image exposure
time was 10 s with 20 frames averaged at a detector voltage of 1400 V.

The sample for the PEEM images in Section 3.2.2 was p-type GaN
grown on an unintentionally doped GaN buffer on an n-type GaN

angle) illuminated by 4o light.

Imaging
Column

Detector

substrate[32]. The sample was ex-situ cleaned in the following
sequence: ultrasonicated in acetone (5 min), ultrasonicated in iso-
propanol (5 min), placed in piranha solution (3:1 by volume HySO4:
H305, 15 min), rinsed with deionized (DI) water, placed in HCI (9.45
mol L~L, 15 min) and rinsed with DI water. The sample was immediately
loaded into the PEEM and outgassed at 500 K for 30 min, then briefly
annealed at 800 K for a few minutes.

The low magnification image in Fig. 4a was taken with the mercury
arc source at a 100 um field of view (FOV) and camera exposure times of
10 s with 100 frames averaged at a detector voltage of 1400 V. The
images in Fig. 4b and Fig. 4c were taken with 4 (200 nm, 0.37 nJ cm 2
fluence). The 50 um FOV image in Fig. 4b was acquired with a camera
exposure time of 2 s with 50 frames averaged and detector voltage 1300
V. The high magnification image in Fig. 4c was taken with a 3 um FOV,
exposure time of 5 s with 100 averages, and a detector voltage of 1400 V.
Large selected area (14.8 um projected) and contrast (100 pm) apertures
were used to eliminate lens crossover artifacts at high magnification.
Images were corrected for exposure time and detector gain differences.

3. Results and discussion
3.1. Setup characteristics

We first discuss the characteristic parameters and performance of the
laser and 4o generation. As described in Section 2.2, the laser is tunable
between 680 nm and 1080 nm. However, the achievable 4o wavelength
depends strongly on the phase matching conditions of the non-linear
crystals used for frequency mixing, as well as the UV absorption of the
crystals [5,6]. For the current harmonics module configuration, the
phase matching conditions can be realized for fundamental wavelengths
from approximately 760 nm to 840 nm, with resulting 40 wavelengths
between 190 nm (6.5 eV) and 210 nm (5.9 eV). Several » and corre-
sponding 4o spectra are shown in Figs. 2a and 2b, respectively.

Typically, using the full fundamental input power (=~ 3.5 W), we
obtain average 40 powers of approximately 2 mW to 10 mW between
192 nm and 210 nm, giving an overall conversion efficiency on the order
of 0.1%. While shorter wavelengths (e.g., 190 nm) can be achieved, it is
more difficult to align and optimize the 4o due to the lower conversion
efficiency at this limit [5,6]. The obtained average 4w powers
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Fig. 2. Laser and 4o characteristics. a) Fundamental laser spectrum at several wavelengths and b) corresponding 4 spectra. ¢) Energy bandwidths (FWHM) of the 40
spectra at different wavelengths. d) Normalized 40 power at 210 nm as a function of time after turning on the laser system. The sharp dips at around 300 min and
340 min are due to accidental activation of the lab interlock system, causing the laser shutter to close during logging. e) Short-term power stability of the 4w at 210
nm after the system has stabilized, taken from the blue shaded region in d). In f), power stability shortly after changing the operating wavelength.

correspond to a total pulse energy and photon flux on the order of 10!
J and 10*® photons s}, respectively.

The energy bandwidths of the 4o light, taken from the full width at
half maximum (FWHM) of the spectra in Fig. 2b, are found to be in the
range of 7 meV to 9 meV, as shown in Fig. 2c. This energy bandwidth is
considerably smaller than the PEEM instrument energy resolution (=
200 meV). Interestingly, it is also narrower than the fundamental laser
output (approximately 24 meV), which confirms that the non-linear
crystals in the harmonics module have been chosen to optimize output
power instead of maintaining a shorter pulse duration [6], where the
former is an initial priority for PEEM measurements. From the measured
4o spectrum, we can estimate the Fourier-transform limited pulse
duration to be approximately 230 fs. However, the laser fundamental
itself is not Fourier-transform limited, and the ratio of the pulse width
determined from autocorrelation to that from the spectral width is
roughly a factor of two. Therefore, we expect that the 4w light is also not
Fourier-transform limited, and likely closer to 500 fs, as there is no
dispersion compensation in the optical setup.

In addition to the 40 photon energy (or wavelength) and intensity
characteristics, the stability of the source over time is also important to
consider for photoemission measurements. Since multiple non-linear
processes are cascaded to generate the 4w light, small fluctuations in
the laser output or laboratory ambient conditions could have significant
contributions to the power stability and noise level. The laboratory
containing the PEEM and DUV laser system is temperature controlled to
less than 0.25 °C fluctuations, which minimizes environmental effects.

The main contributions to the 4 stability come directly from the laser,
its associated thermal load on optical components, and the alignment of
the harmonics box.

Evaluating the 4o power at 210 nm after the system has stabilized for
an hour (Fig. 2d), we measure a standard deviation of the fluctuation in
power of 0.58% over 15 min, as shown in Fig. 2e. Given that the laser
output standard deviation is around 0.1% or better, which corresponds
to a theoretical standard deviation fluctuation of 0.4% for correlated
noise, this 4w power output fluctuation of 0.58% is very promising.
However, we note that reaching this level of fluctuation takes some
diligence with alignment and patience for the system to reach stability.
For example, to change the wavelength of the system, it requires opti-
mization of several optical components inside the harmonics module. As
shown in Fig. 2f, the power output fluctuations are worse shortly after
changing the operating wavelength. The measurement shown in Fig. 2d
and Fig. 2f were taken with the same optical alignment (without any
adjustments), but the data in Fig. 2d was taken three days after Fig. 2f.
This indicates that the optical components require time to settle into a
stable configuration after large wavelength changes. The fluctuation in
this case is approximately 1.2% standard deviation, which is still
acceptable for most PEEM measurements, but this may cause issues
when the intensity stability is crucial. Overall, there is relative ease in
changing the 4w output wavelength, which is an important modality in
PEEM for enhanced sensitivity to differences in the inelastic mean free
path of photoelectrons and local electronic structure (e.g., work func-
tions and valence band edges).
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3.2. Laser-based PEEM results

Upon sending the 4 beam into PEEM, we can achieve a spot size of
approximately 240 um diameter (e ~ 2) on the sample by partially
restricting a diaphragm iris just before the FS lens. For this moderate
spot size, we were not able to detect any beam motion on the sample in
the PEEM, indicating that the beam pointing stability is better than a few
tens of micrometers for our experimental layout. The spot profile is
improved when closing the iris, indicating that the 40 beam quality is
not ideal, which is expected due to beam depletion during multiple
stages of non-linear mixing. This is confirmed by an estimated M? value
of 2 for an approximately 1 mm diameter beam at the lens with the iris
closed. Even at this modest focusing condition, we find that the total
available 40 photon flux is orders of magnitude too high for PEEM
measurements. The photoelectrons generated from the 4® maximum
output power is too much for the PEEM electron detector screen to safely
handle at lower magnifications. However, the detector is not usually the
limiting factor for the usable photon flux. Space charge effects from
multiple electrons emitted by a single laser pulse limit the maximum
useful photoelectron signal and will be discussed in the following Sec-
tion 3.2.1.

3.2.1. Space charge and usable photon flux

Here, we characterize the influence of photon flux to understand the
working conditions for our PEEM measurements using the high-
repetition rate laser source. The effects of space charge in the PEEM
were evaluated by measuring the photoemission spectrum at several
laser fluences from an epitaxial graphene sample, where the measure-
ment geometry is described in Section 2.3. As the laser fluence is
increased, we first observe an increase in the peak photoemission in-
tensity, where the increased photon flux corresponds to increased
photoemission signal, as shown in Fig. 3a. Increasing the laser fluence
further causes the photoemission intensity to begin saturating and
eventually decrease as the spectrum broadens, as shown in the top-most
spectrum in Fig. 3a. This broadening and redistribution of the photo-
electron spectrum is due to the interaction of multiple electrons emitted
in a single pulse; the electrons repel each other as they are accelerated
from the sample surface and travel through the microscope, causing
their kinetic energy, as well as momentum and spatial position, to
change [19,24-26]. The FWHM of the spectra are shown in Fig. 3b to
illustrate this point. For fluences less than approximately 2 nJ cm ™2, as
indicated by the shaded blue area in Fig. 3b, the effect of space charge on
the spectrum width is negligible within the energy resolution of the
PEEM instrument.

This space charge limit corresponds to an average power and a
photon flux of approximately 50 uW and 102 photons s ~ !, respectively,
which is two orders of magnitude less than the typical 40 output power

@)y
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of the harmonics module. This photon flux limit is consistent with re-
ports from broadening with intense X-ray synchrotron illumination [24,
25] as well as amplified femtosecond lasers [19,26]. The pulse fluence of
1.3 nJ em ™2 and corresponding peak intensity of 2.6 x 107 W m~2 for
threshold photoemission here agrees very well with the values obtained
using a femtosecond amplified laser at low repetition rates of approxi-
mately 0.7 nJ cm 2 and 4.6 x 107 W m™2 (for 1PPE) [19]. In terms of
peak intensity, our results are also roughly comparable to those at
synchrotron sources using picosecond X-ray pulses, where peak intensity
thresholds of approximately 1.8 x 108 Wm 2 and 4.0 x 10 W m~2 were
determined for non- and aberration-corrected PEEM systems, respec-
tively [24,25]. The high overall photon flux at this pulse fluence dem-
onstrates that oscillator lasers in the 80 MHz range can achieve a
reasonable balance of low electron flux (to minimize space charge) and
good throughput (signal).

For the PEEM instrument used here, the electron energy in the mi-
croscope column does not change, as an in-line magnetic prism is used
for energy filtering [29]. Hence, there should not be appreciable elec-
tron spatial overlap after the first crossover in the objective lens. How-
ever, we find that the pulse fluence and peak intensity for femtosecond
pulses where space charge becomes significant is comparable to results
from instruments with different electron-optical designs [19,24-26].
Therefore, we presume that the most significant contributions to space
charge should be during the initial acceleration of the photoelectrons
from the sample surface and at the first crossover at the objective lens,
up to the entrance slit of the magnetic prism array.

Consequently, the useable 4w intensity is still strongly limited by
space charge at an 80 MHz laser repetition rate. However, for most
PEEM experiments the practical intensity is sufficient. For example,
using the 4 at this power level (e.g. 10> W), we find that we are able to
measure photoemission spectra with modest detector voltages (< 1500
V) and image acquisition times (< 5 min total) using the smallest
selected area aperture (=~ 1.85 um of sample) and narrowest energy filter
(=~ 175 meV) in our PEEM system. Similarly, in imaging mode, we find
that there is sufficient photoemission intensity at this limit for all but the
most restrictive imaging conditions (e.g., small contrast and energy
apertures). In addition, it should be possible to increase the useful
photon flux in high-magnification imaging by reducing the 4w spot size
at the sample [26], which could be achieved by expanding the 40 beam
before it is focused by the lens at the PEEM window.

3.2.2. PEEM imaging and spatial resolution

After characterizing the effects of space charge using the 4w laser, we
turn now to discuss using the 4 for real space imaging in PEEM. We first
show a PEEM image of a cleaned GaN surface taken with a traditional Hg
lamp in Fig. 4a. GaN is a wide-bandgap semiconductor that is becoming
more prevalent in consumer electronics due to the electrification of
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Fig. 3. Space charge effects in PEEM. a) Dispersive-mode photoemission spectra at various 200 nm (6.2 eV) 4o fluences. The spectra were manually aligned to the
low energy edge of the spectrum and are offset vertically for visibility. b) Photoemission spectra FWHM as a function of laser fluence. The red line is a linear fit to the
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Fig. 4. PEEM imaging. Representative image of a GaN surface a) using a non-monochromatic Hg lamp and b) using the 200 nm 4w laser-based source. The image
intensity range of b) (after correction by exposure time and detector gain) is scaled to be 60 x that in a). c) Normalized intensity histograms of the images in a) and b).
d) Line profile along the yellow rectangle in the high-magnification inset image. The red line is a fit to an error function, giving a width of 15 nm (shaded blue box).

energy and the increased reliance on power and high frequency devices
and components [33-35]. GaN has an IP greater than 6 eV [36]; hence,
the photoemission intensity using the Hg lamp is negligible and it is
difficult to observe surface features. This is due to the shortest charac-
teristic emission wavelength of the Hg lamp being approximately 255
nm (4.8 eV). Using the 4o laser at 200 nm (6.2 eV) results in a quali-
tatively different PEEM image, as shown in Fig. 4b. A much more
detailed topography can be observed, with many small bright and dark
patches. The image contrast arises from small topographic features that
cause a different photoemission yield due to the photon energy being
close to the IP of GaN. The distribution of pixel intensities in the PEEM
image is significantly broader using the 4w laser at 200 nm (6.2 eV) than
the Hg lamp, as shown in Fig. 4c. This is due to the larger photon energy
of the 4 laser, which can overcome the IP of GaN and emit both primary
and secondary electrons. The 4o fluence used here was 0.37 nJ cm™2,
below the onset of significant space charge, yet the total photoemission
intensity was roughly 60 x higher than the image generated by the Hg
lamp. Thus, we find that the DUV laser system allows for PEEM studies
of semiconducting systems with wide and ultrawide bandgaps.

Going to higher magnification, we find that the bright and dark
patches are on the order of ten to a few hundred nanometers in size, as
shown in the inset of Fig. 4d. We estimate the spatial resolution of the
PEEM to be 22 nm + 5 nm from the average of three line profiles fit to an
error function across different patches, one of which is shown in Fig. 4d.
This spatial resolution is improved over our previous report using the Hg
lamp for illumination [30]. Importantly, this shows that a higher repe-
tition rate laser source can push the spatial resolution closer to the
theoretical limit for PEEM, which was not possible for early attempts
using low repetition rate lasers with high pulse energies [19,21,22].
Space charge is still expected to be one of the resolution limiting factors
in PEEM [24,25], therefore the development of even higher repetition
rate (or near continuous wave) DUV lasers will be required to bring the

spatial resolution of PEEM towards the theoretical limit of the electron
optics.

3.3. Outlook on laser-based PEEM

We have shown the initial results of coupling a pulsed femtosecond
DUV laser system to a PEEM, and these results were achieved within (6)
months of the laser system installation. This was largely accomplished
due to the technological maturity of Ti:sapphire oscillators and to the
environmental controls where the instrument is located. While we did
not observe any appreciable beam drift affecting our results, the long
term stability of this type of instrument would greatly benefit from
automated and in-line diagnostics of the 4m output power and spectrum
to correct laser fluctuations and drift during long or low photoemission
yield PEEM measurements. Overall, this successful demonstration shows
the accessibility of integrating pulsed laser systems to a PEEM and al-
lows for more advanced non-linear optical systems (e.g., high harmonic
generation) to be paired to the PEEM in the future.

Looking forward, the flexibility of pulsed laser sources allows for
potential expansion and modification of the optical setup to realize
different PEEM measurement modalities. Changing the photon wave-
length affects the emitted electron kinetic energy, which can be used to
enhance PEEM imaging contrast due to the information depth, photo-
ionization cross sections, and variations in composition and electronic
structure. For example, the tuning range of the UV light could be
expanded by using different harmonic generation crystals, optics, and
schemes. Non-linear multi-photon photoemission measurements, where
multiple identical photons are absorbed simultaneously to eject a
photoelectron, have been used extensively to probe plasmonic structures
[12-14,17,18] and exploit anisotropic dipole selection rules [11,15]. In
our set up, this could be achieved by using intense o, 2w, or 3w light,
depending on the electronic structure of the system under investigation.
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The pulsed nature of the laser source also allows for potential two-color
time-resolved experiments with sub-picosecond time resolution for
studying the relaxation or propagation of photoexcited carriers which
have been widely pursued by other research groups [7,8,12-14,37-40].
For our current setup, we could conceivably use residual o or 2w light to
pump a sample, then probe it using either 3w or 40 UV light, giving us
the possibility to selectively excite and probe different electronic states
near the Fermi level. In the near term, we are interested in applying
non-linear photoemission methods to image microscopic-scale defects in
semiconductors used for power electronics to disentangle topographic
and electronic effects.

4. Conclusions

Here, we have shown the first results of a unique, ultrafast laser-
based tunable DUV light source for PEEM applications. The high-
repetition rate laser and harmonics generation module provide an
intense source of UV radiation tunable between 192 nm and 210 nm
(6.5 eV to 5.9 eV). The high repetition rate of the laser helps to minimize
issues with space charge, such that a large photon flux (10*2 photon s ~
1) can be utilized for high resolution imaging and micro-spectroscopy
experiments. We also show the superiority of the DUV laser source in
imaging wide bandgap GaN compared to a conventional arc source,
which demonstrates the extended utility of measuring and imaging
electronic materials in a laboratory-based PEEM setting.
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