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ARTICLE INFO ABSTRACT

Keywords:

We describe a cryogenic sample chamber for low energy electron microscopy (LEEM), and present first exper-

LEEM imental results. Modifications to our IBM/SPECS aberration-corrected LEEM instrument are presented first.

Cryogenic microscopy
Pentacene
Irradiation damage

These include incorporation of mechanisms for cooling the sample and its surroundings, and reduction of various
sources of heat load. Using both liquid nitrogen and liquid helium, we have reached sample temperatures down
to about 15 K. We also present first results for low-temperature LEEM, obtained on a three-monolayer pentacene

film. Specifically, we observe a reduction of the electron beam irradiation damage cross-section at 15 eV by more
than a factor of five upon cooling from 300 K down to 52 K. We also observe changes in the LEEM-IV spectra of
the sample upon cooling, and discuss possible causes.

1. Introduction

Since its realization in 1985 [1], low-energy electron microscopy
(LEEM) has been successfully employed to study a plethora of surface
phenomena, in particular for real-time observation of dynamic processes
at surfaces including phase transitions and growth of a large variety of
materials such as molecular layers, oxide films, metals, two-dimensional
materials, etc. [2-15] Advancements such as the addition of
aberration-correction [16-18], spin-polarization of the electron beam
[19,20] and the possibility for complementary imaging with low-energy
electrons transmitted through the sample (eV-TEM) [21] have further
enhanced the capabilities of LEEM. Moreover, various other techniques
related to LEEM have made it possible to not only investigate the
microstructure of the sample surface in real and reciprocal space, but
also to extract information about other properties (such as electronic
band structure) and perform various forms of spectroscopy. Some ex-
amples include photoemission electron microscopy (PEEM) and
angle-resolved photoemission spectroscopy (ARPES), energy filtering
and electron energy loss spectroscopy (EELS) [22-25], angle-resolved
reflected-electron spectroscopy (ARRES) [26,27] and low energy elec-
tron potentiometry (LEEP) [28].

So far, LEEM measurements have mostly been performed on samples
with temperatures above room temperature. However, there have been
a number of reports of LEEM operation at cryogenic temperatures. In
2000, Tober et. al. reported the first spin-polarized LEEM images
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obtained below room temperature (at 118 K) on Co thin films grown on
Au(111), using a liquid-nitrogen-cooled spin-polarized LEEM instru-
ment [29]. Some other examples include measurements of magnetic
transitions in ultrathin Fe films on Cu(100) down to 248 K [8], growth of
indium on Si(111) down to -100°C [14], the Verwey transition of the
magnetic material Fe304 down to 100 K [7,30], evolution of magnetic
domains of a Tb film on W(110) cooled down to 80 K [31], and the
report of sample temperatures >100 K reached in the ALBA LEEM in-
strument [32]. Meanwhile, advancements in instrumentation have been
reported in similar (cathode-lens based) microscopy techniques,
extending the range of available sample temperatures into cryogenic
temperatures. For example, in 2012, Doran et. al. reported an X-ray
PEEM (X-PEEM) instrument capable of imaging down to 25 K. [33] In
2015, Tusche et. al. reported a spin resolving microscope, with cathode
objective lens design, capable of high resolution imaging of the mo-
mentum distribution of photoelectrons down to 18 K [34]. More
recently, G. Schonhense et. al have reported electronic band mapping of
various materials such as TiTey, Mo, Re, YbRh,Si; and W(110), using
X-ray photoelectron microscopy down to 20-30 K [35-38]. Some other
examples of PEEM and X-ray Magnetic Circular Dichroism (XMCD)
measurements at cryogenic temperatures include evolution of magnetic
domains of FegGeTey down to 110 K [39], structural phase transition of
V203 down to 150 K [40], imaging of a superconducting-ferromagnet
hybrid at 45 K [41], linear dichroism of FeSe at 11 K and
BaFey(Asg.g7Po.13)2 at 65 K [42], growth of anthracene layers on silicon
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at ~ -40°C[6], and measurements on van der Waals ferromagnet
FesGeTep down to 50 K [43], among others.

Here, we present a cryogenic sample chamber, incorporated into the
aberration-corrected IBM/SPECS LEEM instrument [16,17]. It has the
capability to cool the sample to controllable cryogenic temperatures
down to ~15 K. Our design is compatible with the stringent re-
quirements imposed by the nature of LEEM. Such requirements include
the fact that the sample itself is biased with a voltage of -15 kV (as it acts
as the cathode in the cathode objective lens). Furthermore, vibrations
from the cooling mechanism are not to compromise the desired imaging
resolution. Next, we present our first results for low-temperature LEEM
on a three-monolayer pentacene film.

2. Experimental technique

The cryogenic sample chamber is incorporated in the ESCHER LEEM
instrument at Leiden University, an aberration-corrected IBM/SPECS
LEEM instrument [16,17]. The overall design has previously been re-
ported in Ref. [44]. As shown in Fig. 1, in ESCHER, the central illumi-
nation and projector column is shared between a
room/high-temperature sample chamber and the low-temperature
chamber on which we focus here. Via the top magnetic prism we can
direct the electron beam to either of the sample chambers, by controlling
the current direction. The design of the cryogenic chamber resembles

objective lens
(copper coil)
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that of the typical room/high-temperature chamber; however, the re-
quirements for low-temperature operation have led to various modifi-
cations, as discussed in detail below.

After emission from the electron gun and traversing the column with
a kinetic energy of 15 keV, the electron beam is directed toward the
sample (from the left in Fig. 1 and Fig. 2(a)) via magnetic prism 1. Before
interacting with the sample, the incoming beam is decelerated to an
energy of only a few eV, as a result of an electric field between the
sample and the objective lens (~15 kV/mm). This interaction energy is
tuned precisely via the sample potential. Afterwards, the reflected
electrons are collected by the same electric field and, after passing
through an aberration-correcting path comprising of an electron mirror,
are guided toward the detector. The entire beam path is shown in Fig. 1.
The aberration-correcting section for the cryogenic and the room/high-
temperature operation are separate, as can be seen in Fig. 1. Further-
more, the cryogenic chamber is equipped with its own separate load lock
and sample transfer mechanism. However, sample transfer between the
cryogenic and the room/high-temperature without exposure of the
sample to ambient conditions is not possible. The two sample chambers
share the central column of the microscope, so that simultaneous mea-
surements in the cryogenic and the room/high-temperature chambers
are not possible. Alternating between measuring at either sides (i.e. on
different samples) is quick and simple, however.

A detailed schematic of the cryogenic sample chamber is illustrated

electron gun
-15 kv

objective lens
(HTS coil)

sample (300K-1800K)
-15kV +V,

\

sample (15K-300K)
-15 kV +V,

magnetic prism 1

Ll
(0

electron mirror

LI
(00

electron mirror

magnetic prism 2

[ detector

Fig. 1. Schematic of the ESCHER LEEM instrument. Electrons are emitted from the gun and go through the column with a kinetic energy of 15 keV. Before interaction
with the sample, they are decelerated to a kinetic energy of eV,. The beam path for the cryogenic and room/high-temperature operation is indicated in blue and red,
respectively. The central column is shared between the cryogenic and room-high-temperature sides (purple beam path). To maintain the required symmetry, the two
sides have separate aberration-correcting electron mirrors. The objective lens coil for the room/high-temperature side is comprised of a copper coil, while for the
cryogenic side, a high-temperature superconducting (HTS) coil is used to prevent Joule heating and, hence, reduce the total heat load.
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Thermal link
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Fig. 2. Detailed schematic of the cryogenic sample chamber. (a) Schematic cross-section of the cryogenic setup. Electrons enter the chamber from the left. Various
elements are highlighted and annotated. (b) Photograph showing the HTS coil assembly. The four disks are separated by 1-mm thick Au-plated copper plates (c)
Schematic of the cryogenic sample holder, with its various components highlighted and annotated. The copper clamp around the sapphire tube is connected to the

helium flow cryostat. (d) Photograph of the sample holder assembly.

in Fig. 2(a). In the cryogenic chamber, the electromagnetic objective
lens is excited by a high-temperature superconducting (HTS) coil,
instead of a copper coil as used in the room/high-temperature chamber,
in order to avoid Joule heating of the cryogenic set-up. The HTS as-
sembly is comprised of a stack of four disk-shaped windings of a HTS
tape (SCS3050-i, Superpower Inc.) separated by 1-mm thick Au-plated
copper plates, cooled to liquid-nitrogen temperature. A picture of the
HTS coil assembly, mounted to the objective lens base, is shown in Fig. 2
(b).

Regarding heat transfer mechanisms, we are mainly concerned with
minimizing radiative heat transfer through vacuum as well as conduc-
tive heat transfer through solids and solid/solid interfaces. In our design,
the entire cathode objective lens and the sample stage are cooled with
liquid nitrogen to a fixed temperature of ~80 K. Furthermore, all these
elements are enclosed in an Au-plated copper cylinder which is also
cooled to the same temperature. This cylinder acts as a radiation shield
against the room temperature environment, and reduces the radiative
heat load on the sample holder by an estimated ~99.6% [45]. This is due
to the fact that the net exchange of radiative heat is proportional to (Tf —
T4, Ty and T, being the temperature of the hotter and colder sides of
heat transfer, respectively. Placement of a cooled heat shield reduces T},
from 300 K to 80 K. Cooling the lens also prevents radiative heat load
from an otherwise-warm lens on the sample. The cooling of all these
elements is carried out via a flexible copper braid connection to a liquid
nitrogen bath dewar (see Fig. 2(a)). The flexibility of this connection
dampens the vibrations coming from the dewar, hence allowing for
high-resolution imaging afforded by the aberration-correcting optics.
Cooling all these elements also minimizes cryogenic pumping by the
sample and has the added value of reducing thermal gradients.

Additionally, the sample itself can be cooled further via a flexible
copper braid connected to a low-vibration helium flow cryostat
(Advanced Research Systems Inc. LT3B), allowing for operation at
further reduced temperatures. The copper braid mounted on the cold
finger of the flow cryostat is clamped around a sapphire tube, at the end
of which the sample (inside a molybdenum cap) is mounted. A schematic

and a picture of these parts are shown in Fig. 2(c-d). The sapphire tube
provides electrical insulation between the sample (biased at -15 kV) and
the flow cryostat, whilst having a relatively high thermal conductivity
that increases with decreasing temperature. Only the sample and its
immediate vicinity are cooled by the flow cryostat. Sample temperatures
down to 15 K have been achieved. The thermometer (silicon diode) for
this readout is connected to the copper braid at the point of connection
to the flow cryostat. Sample temperatures were calibrated with a second
thermometer placed on the sample, and showed a difference of about 2 K
with the flow cryostat. The entire cool down process from room tem-
perature until the microscope is operational takes about 8 hours. This
time scale is dominated by the time it takes for the HTS lens to have
sufficient critical current. We note that the sample itself can be cooled
much faster. Also, the stabilisation time is negligible. Fig. 3 shows the
final stage of the sample cool down (to 19 K here). Cooling the sample
with liquid helium via the flow cryostat while the HTS lens is being
cooled can expedite reaching the required critical current in the lens.
Future improvements by replacing the copper braid connection to the
liquid nitrogen bath dewar with a stronger one can be expected to
further reduce this waiting time. A resistive heater element placed
behind the sample can be used to heat the sample by electron
bombardment up to ~1400 K, allowing for in-situ sample cleaning and
preparation at elevated temperatures. Furthermore, an evaporator
connected to the sample chamber allows for in-situ deposition of various
materials at ultrahigh vacuum (UHV) pressures.

The mounting of the cryogenic components has been designed such
that the conductive heat transfer from the rest of the microscope (which
is at room temperature) to the aforementioned liquid-nitrogen-cooled
parts is minimized. We chose for mechanical mounts consisting of
only three ZrO screws and four ZrO spheres, with minimal contact area
with the room-temperature parts. [45] One of these spheres is colored as
a purple circle behind the objective lens in Fig. 2(a). Finally, the sample
also needs to be adjustable with five degrees of freedom: x and y in-plane
movements to change the illuminated area on the sample, z-adjustment
as well as two perpendicular tilt-angles to align the sample with respect
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Fig. 3. Sample temperature during the final stage of sample cooling to 19 K.
Note that the liquid He supply was stopped after 75 min.

to the optical axis (i.e. the illuminating electrons). These movements are
powered by piezo elements in the sample stage. For low-temperature
operation, the SmarAct piezomotors used at the
room/high-temperature side did not suffice. Hence, new piezomotors
capable of generating sufficient force at liquid nitrogen temperature,
have been designed and produced in our lab. The piezomotors employ
compact actuators coupled to a thermal-expansion-compensating pre-
load mechanism and have optimized tribological elements and compact
roller bearings. The actuators in each motor are driven mutually out of
phase using custom power electronics. Actuator control signals are
linear ramps with a slope-matched parabolic onset. These motors, each
measuring 30 x 17 x 8.5 mm, achieve a driving force of 7 N at 77 K.
They are incorporated in the cryogenic sample stage and provide
high-precision control of sample position and tilt in all directions. The
piezomotors will be described in a separate publication.

3. Results and discussion

First, we present a real-space image obtained in the cryogenic
chamber. Fig. 4 shows a bright-field image of a Si(111) surface, imaged
at 58 K with 10.3 eV electrons. Silicon was first flashed at high tem-
perature in order to remove the native oxide layer. Upon cooling down,
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Fig. 4. Bright-field image of Si(111) 7 x 7 surface reconstruction, imaged at 58
K with 10.3 eV electrons.
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the surface undergoes a 7 x 7 reconstruction [46], also manifested in the
diffraction pattern. The bright domains in Fig. 4 are a result of the
surface reconstruction.

Next, we present the first systematic LEEM measurements within our
cryogenic chamber, obtained on a pentacene film. The pentacene layers
have first been grown on a Si(111) substrate via sublimation from a
Knudsen cell evaporator. Growth is monitored in real-time with both
LEEM and PEEM. [2,3,47] The film is covered mostly with three
monolayers of pentacene, but there exist layer count variations within
the beam diameter (60 um?), because the growth of each subsequent
layer starts before the previous layer is fully finished. Since sublimation
of molecules was not possible in the cryogenic chamber at the time, the
sample was made in the room/high-temperature chamber and was
subsequently transferred to the cryogenic chamber, with less than 30
min exposure to ambient atmosphere. After transfer to the cryogenic
chamber and cooling down, we observe a sharp diffraction pattern
corresponding to the herringbone crystal structure of pentacene, similar
to what we had observed in the room-temperature chamber after
growth. Below, we show electron beam irradiation damage and spec-
troscopy measurements on the sample, all carried out at a range of low
temperatures, in the cryogenic chamber. At low temperatures, we
observed slight charging from the electron beam. Shining UV photons
(from a Hg lamp connected to the chamber) during the measurements
successfully counteracted the charging effect. We have established that
the pentacene films are stable during prolonged Hg-UV (hv=4.9 eV)
illumination.

First, we investigate electron irradiation damage to the sample. In a
previous LEEM study [48], we examined damage to the crystalline
structure of two- to four-monolayer pentacene films as a result of
exposure to electrons with energies in the 0-40 eV range, and found the
corresponding damage cross-section for each energy. Here, we show the
results for a fixed beam energy of 15 eV, obtained at four different
temperatures. The procedure followed to quantify the damage has been
described in detail in Ref. [48]. In short, we observe and record the
decay of the diffraction pattern of a pentacene area in real-time. After-
wards, Lorentzian curves are fitted to the line profile of the Oth-order
diffraction peak in each frame of the recording. Fig. 5 shows the evo-
lution of the amplitudes of these Lorentzian fits over time (i.e. with
accumulating dose), obtained at four different temperatures. A simple
exponential fit of the form Ae™ ° * © + B to the data yields the damage
cross-section at a given temperature and beam energy. Here, D is the
accumulated dose over time in units of number of electrons per nm?, o is
the damage cross-section in nm?, and A and B are constants. It is evident
from Fig. 5 that the decay of the diffraction peak intensity proceeds at a
slower rate as the temperature of the sample decreases. The inset shows
that the damage cross-section is reduced by a factor of ~5.4 upon
cooling down from 300 K to 52 K. This is not surprising, given that in
Transmission Electron Microscopy (TEM), cryogenic temperatures are
used in order to reduce beam damage and extend sample lifetime
[49-52].

The key to understanding our observations is consideration of the
mechanisms that lead to damage. These include electron attachment,
particularly at lower electron energies, as well as impact excitation and
impact ionization (dominant at higher energies). Each of these mecha-
nisms leads to chemical changes in the molecule and beam damage in a
different way, with the activation energies for various damage mecha-
nisms not being the same. Hence, they will likely not be suppressed
equally upon cooling. Irradiation studies of self-assembled monolayers
in the range 50-300 K suggest that reactions involving transport of small
fragments or single atoms proceed nearly independent of temperature,
while those involving transport of heavy fragments are efficiently sup-
pressed by cooling. [53] Another beam damage study in aromatic
organic single crystals reported two activation energies between 4 K and
293 K, with the higher-energy component ascribed to violent atomic
movement and bond scission [51].

Dissociative electron attachment is reported to be most effective in
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Fig. 5. Irradiation damage from a beam of 15 eV

1.09 < 0.003 electrons to a pentacene film three monolayers in
- é + thickness. To quantify the damage, Lorentzian curves
(:;- 5 are fit to the spot profile of the Oth-order diffraction
0.8 "é 0.002 peak. The plot shows the decay of diffraction intensity
= ﬁ over time, as a result of accumulated dose. Beam
% 3 + damage is obtained at four different temperatures of
‘S ﬁ 0.001 52 K, 132 K, 222 K and 300 K. The solid black curves
+ 0.6 g are simple exponential fits of the form Ae~ ® 2 + B,
8 3 + where D is the accumulated dose (horizontal axis), ¢ is
3 0.0005 360 360 damage cross-section in nm?, and A and B are con-
5 0.4 Temperature (K) stants. Cross-sections obtained from the fits are dis-
o played in the inset figure. The colors correspond to the
'g ; 52K temperatures in the main figure legend.
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the electron energy range 5-10 eV for pentacene. [54,55] This energy
range also largely coincides with the wide resonance for the excitation of
the carbon-hydrogen bond in benzene from 5.5 eV to 10 eV with a
shoulder at 4-5.5 eV [56], that can lead to hydrogen removal. For the
beam energy of 15 eV, as used here, we expect impact excitation and
ionization to be dominant, with the ionization of n-electrons starting at
6.6 eV and the ionization of 6 bonds starting at 11 eV [57-61]. Given the
notable temperature-dependence in the damage cross-sections observed
in Fig. 5, it is possible that the main damage mechanism at 15 eV is
fragmentation of pentacene into bigger fragments and the diffusion of
those fragments, rather than scission of carbon-carbon double bonds or
carbon-hydrogen bond and removal of hydrogen. However, further
measurements at different beam energies are required to reach conclu-
sions about damage at low temperatures.

Next, we study LEEM-IV spectra of pentacene as a function of tem-
perature. As mentioned earlier, in LEEM the interaction energy of the
electrons with the sample can be precisely tuned. Plotting the changes in

the intensity of the Oth-order diffraction peak (i.e. specularly-reflected
electrons) as a function of the incident beam energy yields a so-called
LEEM-IV (intensity vs. voltage) spectrum. LEEM-IV spectra are a
fingerprint of the crystal and electronic band structure of the probed
area, and -at low energies as used here- are predominantly determined
by the unoccupied electronic density of states (DOS) above the vacuum
level [26,27,62-66]. At beam energies where the DOS is high, incoming
electrons can enter the sample, resulting in lower reflectivity in the
LEEM-IV spectrum. Vice versa, a bandgap leads to high reflectivity.
LEEM-IV spectra of the three-monolayer pentacene film obtained at
different temperatures from 52 K to 300 K are plotted in Fig. 6. Each
spectrum is obtained from a pristine area on the sample. The spectra are
individually shifted (by no more than 0.3 eV) so that their mirror-mode
transition energies (from full reflection to interaction with the sample)
are at 0 eV; this is to compensate for slight beam tilt in the original re-
cordings. Note that an energy of 0 eV corresponds to electrons having
kinetic energy of 0 eV when they reach the sample. Negative energies

100

107!

Intensity (a.u.)

1072

-2 0 2

4 6 8 10

Electron Energy (eV)

Fig. 6. LEEM-IV spectra of a three-monolayer pentacene film measured at different temperatures.
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imply the electrons do not have sufficient kinetic energy to reach the
sample, resulting in total reflection.

Interestingly, in Fig. 6 we observe that most spectral features become
weaker and less sharp upon cooling the sample. There are several
possible explanations for this. The first would be the creation of disorder
in the film upon cooling, as a result of the different thermal expansion
coefficients between the silicon substrate and the pentacene layer. In our
beam damage study [48] we observed that repeated measurements of
LEEM-IV spectra on the same area lead to the diminishing and ultimate
disappearance of the spectral features. The observation was attributed to
irreversible chemical and structural changes to the film with increasing
exposure to the beam, leading to disorder and fading of the diffraction
pattern. However, in that study, all LEEM-IV features decreased in in-
tensity with increasing damage and disorder. Here, on the other hand, a
comparison of LEEM-IV spectra at 132 K and 222 K shows that while the
intensity around 1 eV is lower for the LEEM-IV at 132 K, the intensity at
the wide peak around 5 eV is the same for both. Another possible
explanation is adsorption of contaminants on the sample surface upon
cooling (note that the measurements were carried out at a pressure of
~1.0 x 10~° mbar). However, this can be considered as another form of
disorder at the surface, and hence, expected to reduce the intensity of all
parts of the LEEM-IV spectra equally. Furthermore, the diffraction
pattern of the sample was continuously recorded during warm-up from
52 K up to 300 K. Line profiles of the Oth-order diffraction spot in these
recordings did not show any change as a function of temperature, i.e.
neither widening nor sharpening. This rules out the emergence of lattice
disorder and surface contamination upon cooling as causes of the
changes observed in the LEEM-IV spectra in Fig. 6. A third possible
explanation is that upon cooling, the overlap of the unoccupied molec-
ular orbitals increases, due to contraction of the pentacene lattice. This,
in turn, can lead to a broadening of the electronic bands and suppression
of bandgaps. Such a development is then expected to result in lower
reflectivity at lower temperatures. Note, however, that in that case, the
exact changes expected will depend on the details of the electronic states
and orbital overlaps. And of course, the changes in the LEEM-IV spectra
could be a combination of several factors. Further measurements, for
example to investigate possible changes in the dispersion of these elec-
tronic states upon cooling using ARRES [26,27], and/or to study
temperature-dependent changes in electron irradiation damage
cross-sections as a function of incident electron energy, are required to
clarify the observations in Figs. 5 and 6.

4. Conclusions

We have presented the design of a cryogenic LEEM sample chamber,
as well as the first results from low-temperature measurements on a
pentacene film. Although similar to the room/high-temperature sample
chamber of an IBM/SPECS LEEM, the low-temperature requirements
lead to several design modifications to reduce the heat load, apart from
the features to cool down the sample. Sample temperatures as low as 15
K have been achieved, utilizing a helium flow cryostat that cools the
sample and its vicinity as well as a nitrogen dewar that cools the
superconducting objective lens, the entire sample stage and a radiation
shield around it. Our first observations on a three-monolayer pentacene
film are promising, showing a reduction in beam damage cross-section
by more than a factor of 5 upon cooling from 300 K to 52 K, for 15 eV
electrons. The LEEM-IV spectra of the sample also exhibited systematic
change with temperature, although further measurements are required
to conclusively explain the observations. With the cryogenic chamber,
the ESCHER microscope will give access to physical phenomena over a
very broad temperature range from ~15 K up to 1800 K, enabling novel
experiments to address questions in surface science and condensed
matter physics in both cryogenic and high temperatures.
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