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Compact in situ microscope for photoelectron spectroscopy
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1. Introduction

Photoelectron spectroscopy is a powerful tool in direct investi-
gation of the electronic structure of materials. The requirement
of photoelectron spectroscopy with spatial resolution has
become urgent both in scientific research and industry applica-
tions'' 7). However, the processes of scanning the whole sample
and especially targeting the specific region of interest are usually
very time-consuming. An assisting in situ microscope could
significantly improve probing efficiency. Similar inconvenience
also exists in other types of electronic microscopes, including
the scanning electron microscope (SEM)'®), the transmission
electron microscope (TEM)!*~'!), the scanning tunneling micro-
scope (STM)!"?, tip-enhanced Raman spectroscopy (TERS)!"?),
and photoemission electronic microscopy (PEEM)!*. Several
methods have been tried to solve this problem. As for the spatial
and angular-resolved photoemission spectroscopy (sr-ARPES),
by now only one system (the end station at the Elettra synchro-
tron in Italy)"*~'”! with an assisting optical microscope has been
reported, utilizing a homemade miniature photoelectron ana-
lyzer and telescopic optical structure, the configuration of which
makes the direct view of microscopy possible. Unfortunately, it
is not real in situ but side assisting. In the other setups of elec-
tronic microscopy, the most common method currently used is
to have a conventional microscope adhere the windows of the
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Photoelectron spectroscopy is a powerful tool in characterizing the electronic structure of materials. To investigate the
specific region of interest with high probing efficiency, in this work we propose a compact in situ microscope to assist
photoelectron spectroscopy. The configuration of long objective distance of 200 mm with two-mirror reflection has been
introduced. Large magnification of 5 x to 100 X, lateral resolution of 4.08 um, and longitudinal resolution of 4.49 um have
been achieved. Meanwhile, the testing result shows larger focal depth of this in situ optical microscope. Similar configu-
rations could also be applied to other electronic microscopes to improve their probing capability.

Keywords: photoelectron spectroscopy; in situ optical microscope; long objective distance; large magnification.

experimental vacuum chamber. This poses some obstacles to
the operation and causes a limitation of magnification. To the
best of our knowledge, the scheme of an in situ microscope
simultaneously implementing photoelectron spectroscopy is
still lacking.

The design and realization of the in situ optical microscope
for photoelectron spectroscopy may face many difficulties.
First, to realize in situ monitoring of samples, the components
of the optical microscope need to keep away from the head of the
photoelectron analyzer that directly faces the sample surface,
with only few centimeters in between. Second, since the direct
microscope on top is not possible, the new configuration design
should naturally consider the idea of bending the optical path,
due to the limited space in an ultrahigh vacuum (UHV) cham-
ber. The objective lenses have to be mounted away from the sam-
ple area, which results in a distance of at least 100 mm from the
sample to the objective lens, making the realization of high res-
olution and large magnification difficult.

In this paper, we report a compact in situ microscope for pho-
toelectron spectroscopy as a side-assisting optical system inside
a UHV chamber. The microscope is designed with a macro lens
instead of an objective lens, achieving the best spatial resolution
and 1:1 magnification at a long objective distance of 200 mm.
Two-mirror reflection is employed to guide the optical path
from the sample surface to the macro lens. In this configuration,
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there is no optical component mounted directly over the surface ~ mirrors, M1 and M2, and then goes into microscopic imaging
of the sample, thus avoiding the blocking of the emitting photo- ~ part, which is fixed on a five-axis motorized stage. Subsequently,
electrons of the sample to the electronic energy analyzer. A the reflected light passes through a macro lens that is set to con-
microscope is installed downstream from the optical path to  verge the light and compensate for tilt error. The obtained image
achieve a large magnification. Combined with the microscopic ~ plane (IP) is located at the front focal plane of the objective lens
lens group and macro lens, the total optical magnification of 5x  (Olympus). Combined with tube lens (Olympus, SWTLU-C) to
to 100 X has been realized. The compact design enables integra-  realize infinite observation, the objective lens can be replaced
tion into most commercial photoelectron spectroscopy and  with a different numerical aperture (NA) to achieve various
makes in situ probing possible. According to the testing results ~ magnification. The tube lens finally forms the image on the sen-

of the various patterns, the lateral resolution reaches 4.08 pm,  sor of a low-noise and high dynamic range CMOS camera
and the longitudinal resolution achieves 4.49 pm. The impact (Phenix, MC-DK20U(C)-TP).

of curvature only makes a 0.5 pm resolution reduction in the In order to ensure that the microscopic imaging part is sitting
fringe, and distortion could be controlled to less than —0.39%  away from the electronic analyzer, a long object distance of at
in the lateral direction and —0.77% in the longitudinal direction. ~ least 200 mm is required. However, the object distances of tradi-

Moreover, the larger focal depth could be clearly observed  tional telephoto lenses are generally less than 100 mm, which
by comparing it with the result of a conventional optical  limits the choice of objective lens with large NA. We therefore
microscope. use a macro lens (Canon, EF 100 mm f72.8 IS USM) as a special

kind of imaging lens, which not only meets the demand of object

distance, but can achieve the 1X magnification at the closest
2. Methods focusing distance of 300 mm (the minimum magnification is
0.5%). Equipped with different objective lenses (10X to 100x),
the compact in situ microscope for photoelectron spectroscopy
can achieve a total optical magnification of 5-100 times.
Furthermore, to compensate for the image plane tilt caused
by lateral illumination, an actively tilted CMOS camera is
assigned (the tilt angle is determined by the Scheimpflug
principle!®)).

Figure 1 illustrates the schematic drawing of the system we pro-
pose, which contains three functional parts: an LED collimation
stage, an ultrahigh vacuum chamber, and a microscopic imaging
part. The observation path and the sample are placed in parallel.
In this way, other detectors or probing means can be applied
directly above the sample.

As the standard UHYV testing chamber shows, a photoelectron
analyzer is placed directly above the sample, and the distance
from its extreme end to the specimen is only 35 mm. This avoids
the microscope blocking the photoelectron collection of the ana-
lyzer and setting the reflected light receiving configuration away =~ To evaluate the imaging quality of our compact in situ optical
from the main photon-in-electron-out path is necessary. In  microscope, a combined test target (Lbtek, RTR1Ee) suitable

3. Experimental Results

addition, considering the very limited space in a vacuum cham-  for multiple tests with a United States Air Force (USAF) reso-
ber, we only set two mirrors to transmit the reflected light out of ~ lution test target (six groups with six element sizes), a grid pat-
the sample-analyzer area. The illumination light, mounted out-  tern of 100 pm, and a group of variable line gratings (1.25 lp/mm

side the UHV, with a center wavelength of 620 nm from a red  to 250 Ip/mm) were used. In this experiment, the objective lens
LED (Daheng Optics, GCI-060401) is first collimated by a lens ~ with magnification of 40X (Olympus, UPLXAPO) was config-
L1 (Foctek Photonics, C-M35-1F12) to form a virtually 0.5-mm-  ured. First, to measure the resolution limit of the system, we
diameter wide beam. After passing through the vacuum window,  imaged groups 6 and 7 of the USAF target; the result is shown
the light source is defocused onto the specimen. The beam is  in Fig. 2(a). It can be seen that the geometric shape and relative
reflected off the sample, consequently passes through two  position of the stripes belonging to group 6 and group 7 of
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Fig. 1. Principle and scheme of the side-assisting microscope. (a) Principal optical setup including three parts: (1) LED collimation stage; (2) ultrahigh vacuum
chamber; (3) microscopic imaging. (b) Photo of the experimental setup in a clean laboratory air environment.
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element 1 (128 Ip/mm) could be observed clearly by the system,
representing the resolution obtained at least 7.8 pm in this way.
Subsequently, the part in the white outlined region of the USAF
was selected as the middle observation area, where the zooming-
in image with a smaller field of view (FOV) is shown in Fig. 2(b).
Targeting and resolving this area could accurately quantify the
spatial resolution of our microscope. The spatial resolution was
measured by a standard knife-edge scan. Considering the side
illumination and distant object distance in our system, the edge
spread function (ESF) is estimated by plotting the intensity dis-
tributions via the two blue lines, investigating differences
between lateral (X) and longitudinal (Y) directions. As shown
in Figs. 2(c) and 2(d), the line spread function (LSF), the first
derivative of ESF, results in the full width at half-maximum
(FWHM) of 6.29 pm in the direction of X and 6.69 pm in the
direction of Y, indicating a better limit of resolution in the lateral
direction. The resolution of the measurement here can be
slightly better than the result in Fig. 2(a). This is probably caused
by the field curvature of the microscope, which leads to the lower
resolution of the edge position than that of the center.

To characterize the possible field curvature of the system, we
next selected vertically oriented grating (50 Ip/mm) witha 10 pm
step size. The result is shown in Fig. 3(a), where the microscopic
image is provided in the insets as references. From the image in
Fig. 3(a), a line cut of intensity distribution across the lines is
taken and shown in Fig. 3(b), clearly showing the expected
period of 20 pm. Then, the derivative of the line cut intensity
with respect to longitudinal position is used to measure the dif-
ference of resolution between the central and fringe FOVs. As
the derivative (red line) in Fig. 3(b) shows, each peak represents
the LSF of the upper edge of a bright stripe, whereas each trough
represents the LSF of the bottom edge, resulting in the different
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Fig. 2. System spatial resolution testing. (a) Image of a USAF target (groups 6
and 7); (b) region for experimenting; (c) and (d) assessed resolution of the
side-assisting microscope system along the solid line (X and ¥} of (b),
respectively.
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Fig. 3. System field curvature testing. (a) Two-dimensional image of a 20 pm-
period grating with a vertical orientation. The inset in (a) shows a microscopic
image of the grating. (b) The intensity profile (blue line) extracted along the
white solid line in (a) and the first derivative of the line cut (red line); (c) FWHM
corresponding to the peaks (black line) and troughs (red line) of the first
derivatives of the intensity in (b).

FWHM shown in Fig. 3(c). It is obvious that the FWHM of the
wave peak is generally larger than the corresponding trough,
which means the resolution of the bottom edge is better than
that of the upper edge. We attempted to interpret this phenome-
non. The combined resolution plate has a certain thickness and
only the test pattern is coated with Cr, which causes the illumi-
nation light to pass through in the remaining positions. Since
our system uses sideways illumination, the light may be reflected
many times in the backward direction of the target and trans-
mitted from one side, resulting in a false image on that side
and thus reducing the resolution. In addition, it can be clearly
seen that the FWHM at the middle of the image is significantly
lower than that at the edge. The maximum difference is only
0.5 um, indicating that the resolution of the center is slightly bet-
ter than that of the edge, both in upper and bottom areas. The
result shows that a certain field curvature exists in the system,
leading to the decrease in resolution in the edge position.
However, the resolution reduction of 0.5 pm has little effect
on the side-assisting observation of wide FOV in photoelectron
spectroscopy, which benefits from the correction of the
Scheimpflug principle, confirming our microscope can well pro-
vide in situ optical observation.

Considering that the purpose of our system is to assist the
photoelectron spectroscopy to probe the whole area of interest,
the image field distortion of the microscope is required to be
controlled to a small level to ensure the accuracy of localization.
To quantify the degree of distortion, a standard grid pattern of
100 pm [Fig. 4(a)] was placed within the view. The result is
shown in Fig. 4(b), which includes 16 complete grid patterns.
Using the standard grid in Fig. 4(a) as a reference, the intensity
curves are plotted in Figs. 4(c) and 4(d) along the horizontal and
vertical yellow solid lines in Fig. 4(a), respectively. The same
approach is applied to the resulting intensity curves. In compari-
son with the intensity profiles of the standard grid and the result,
it is observed that the peak positions of both are almost identical.
Since our work is concerned with the relative position of the fea-
ture in the sample and the aberration only changes the position
of the off-axis object point on the ideal surface, no distortion can
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Fig. 4. System distortion testing. (a] Standard grid pattern of 100 pm;
(b) experimental result of standard grid pattern; (c) intensity profiles of stan-
dard grid (black lines) and experimental result (red lines) plotted via the hori-
zontal yellow solid lines in (a) and (b); (d) intensity profiles of standard grid and
experimental result plotted via the vertical yellow solid lines in (a) and (b);
insets in (c) and (d) show the distortion of X direction and Y direction,
respectively.

be observed in the two axes orthogonal to each other at the
center in Fig. 4(b). Thus, the distortion can be defined as

Z —
D=0_ZP, (1)
2y

where z, is the distance from the extreme point to the axis with-
out distortion and zp is the distance from the extreme point of
the experimental result to the axis. As the insets in Figs. 4(c) and
4(d) show, the field distortion of the lines are compared with the
center line; we note that 1, 2 are for the left (upper) lines and 3, 4
are for the right (lower) lines. Results show the maximum aber-
ration is controlled within —0.39% in the lateral direction and
—0.77% in the longitudinal direction. The reason for the large
longitudinal aberration may be artifacts caused by light
returning from the bottom of the resolution target. These results
confirm that our system has precise auxiliary positioning
capability within a large FOV of 400 mm.

To further validate the imaging feasibility of the system in
actual material sample, a device was prepared with a specific
gold electrode pattern of parallel microline structures. The
image of the device is provided in Fig. 5(a) as a reference; it
has an overall size of 1.5mm X 1.5mm with the gold-plated
white area and the blue area of silicon dioxide substrate. The part
in the red outlined region of the sample is selected as the target
area, where the zooming-in image is shown in the right-hand
area, indicated by the dotted line. Targeting and resolving these
areas could well reflect the performance of our microscope.

Chinese Optics Letters

First, the optical resolution of our setup in the material sample
experiment is evaluated by plotting the intensity profiles via the
line cuts obtained from Fig. 5(d), both in the directions of X and
Y. As can be expected, the space limitation directly above the
sample causes the illumination light to be obliquely incident,
making a lower vertical resolution rather than a horizontal; a
similar phenomenon can be seen in the testing of combined tar-
gets. Indeed, as shown in Figs. 5(e) and 5(f), the resolution mea-
sured along the two axes is slightly different, being 4.08 pm along
the direction perpendicular to the incident plane, and 4.49 pm
along the direction parallel to it. It is noteworthy that the reso-
lution measured in the sample experiment was improved by
about 2 pm, compared to the result of the resolution plate.
This may be due to the tiny thickness of the material sample,
resulting in little effect on the reflected light from the bottom,
the condition readily available in photoelectron spectroscopy
and other electronic microscopes (the thickness is typical only
in the hundred nanometer range).

As Fig. 5(e) demonstrates, the stripes with 10 pm interval can
be clearly distinguished by the system and no obvious field
curvature or distortion exists at the edge of the FOV.
Furthermore, in comparison with the result of the same area
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Fig. 5. Experimental results and quantitative analysis. (a) Sample morphology
and region for experimenting; (b) result of square-shaped area; (c) and (d) res-
olution measured along the two line cuts in (b), respectively; (e) result of cen-
tral stripe area with our setup; (f) result of conventional high-resolution
optical microscope at 40x.
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Fig. 6. Microscope images of graphene flake. (a) Conventional optical micro-
scope image of the sample at 25x; (b) microscope image with the proposed
setup.

under conventional optical microscope at 40X displayed in
Fig. 5(f), the gold-plated electrode parts are higher than the
silicon dioxide area, and a height difference between the center
part and the edge of the gold-plated area could be clearly
observed in our system, indicating that our microscope has a
large depth of field, which is impossible to observe with other
conventional optical microscopes. To verify the practice perfor-
mance of the system, a graphene flake is also tested. The image in
Fig. 6(b) not only captures the shape of the graphene flake in
Fig. 6(a) but also vividly reveals the stereomorphology of the
sample, which we assume was caused by the small tilt angle
between the position of the mirror and the sample holder.
Fortunately, the unexpected 3D features appearing in the image
are merits of the system from the side of the potential users of
photoelectron spectroscopy.

4. Conclusion

In summary, we have designed and built a compact in situ
microscope for photoelectron spectroscopy, solving the problem
of the inconformity for mounting an in situ microscope and the
difficulty of samples to zoom in with a large magnification. The
observation path of our microscope in this paper and the sample
in UHV are placed in parallel, avoiding obstructing other detec-
tors from observing directly over the sample. We used the macro
lens to replace the objective lens in the conventional optical
microscope, achieving a 1:1 magnification at a long object dis-
tance of 200 mm. Combined with the microscope lens group, we
achieved a maximum magnification of 100 times. The long
object distance can satisfy the configuration of most photoelec-
tron spectroscopy and other electronic microscopies, making
the microscopic imaging part of our system mounted away from
the main probing means. Even though a few setups may require
a longer object distance, it can be achieved by adjusting the
macro lens, though it will lose some resolution and magnifica-
tion. According to the experimental results, the lateral resolution
can reach 4.08 pm, and the longitudinal resolution can achieve
4.49 pm. The impact of curvature only makes a 0.5 pm resolu-
tion reduction in the edge, and distortion could be controlled to
a small level, to less than —0.39% in the lateral direction and
—0.77% in the longitudinal direction. The larger focal depth
can also assist other electron microscopes in probing uneven
samples. A practice test performed on the graphene flake verifies

Vol. 21, No. 6 | June 2023

the feasibility of the proposed configuration in the studies of
photoelectron spectroscopy and other related microscope
systems.
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