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Abstract

We report recent progress in the construction of a new aberration-corrected photoemission electron microscope. The correcting
element in this instrument is a hyperbolic electron mirror which corrects for chromatic and spherical aberration. We present first
images obtained with the new instrument and numerical results from trajectory and wave-optical calculations indicating that the
resolution can be of the order of 1 nm. © 2008 Elsevier B.V. Open access under CC BY-NC-ND license.

PACS: 68.37.Nq; 41.85.Gy; 79.69.-i
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1. Introduction

Photoelectron emission microscopy (PEEM) has found numerous applications in surface science, magnetism,
biology and other areas of science [1-8]. Its main advantage lies in a very high surface sensitivity that provides large
contrast for surface topological features, for lateral changes in work-function, electron density and chemical
structure. PEEM also minimizes electron exposure damage which makes it a method of choice in quality control
applications and in soft matter studies. So far, however, the resolution of PEEM has remained at approximately
8 nm [9], which is inferior to scanning and transmission electron microscopy. This can in part be attributed to the
large amount of aberration that occurs when the photo-emitted electrons are accelerated from the sample surface,
where they have low kinetic energies, to typically a few tens of kV when they enter into the electron optical system.
These aberrations add to the lens aberrations which are also present in SEMs and TEMs. In addition, since the field
strength in the accelerating field in PEEM is limited by electrical breakdown, the objective lens in PEEM is usually
operated at large focal lengths, which also results in increased spherical aberration. Finally, the acceleration process
limits the aperture angle of the beam to values of only a few mrad, which contributes to a lowered resolution.
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In this paper we discuss the resolution limits in an uncorrected and an aberration-corrected PEEM. Our
calculations take into account the specific features of the mirror-corrected microscope that is in the final stage of
construction in our lab. In the following we first briefly review the lay-out of this new instrument. We will then
outline our approach of characterizing this system based on results from an experimental model system, numerical
ray-tracing and a wave-optical analysis.

2. Description of our PEEM microscope

Fig. 1 shows a schematic diagram of the microscope. Different from the two synchrotron-based instruments
under construction at Berkeley and in Berlin [10,11], our instrument is designed as a stand-alone instrument for
near-uv photoexcitation. It has a Y-shaped beam-line to separate the beams incident on and exiting from a
hyperbolic electrostatic mirror that serves as the correcting element. The deflection angles in the beam-line are
approximately 20°. It is noted that there are as many left-hand as right-hand deflections, and that the object, mirror
and image planes have the same orientation. These features minimize deflection aberrations [12]. Fig. 2 shows the
present status of the constructed instrument and a test image showing approximately 50 nm resolution.

image plane
- sample location
S

magnetic deflectors

transfer
lens =-—=—__
system
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Fig. 1: (a) Schematic diagram of the beam-line I and lens arrangement in the aberration corrected microscope under construction at PSU.
(b) Cross section of the hyperbolic mirror and mirror interface lens used as a correction-element for spherical and chromatic aberration.
The mirror is operated in the symmetric mode, i.e. incident and exiting trajectories are along the same paths.

(b)

Fig. 2: (a) Present status of the constructed instrument. (b) Test image showing approximately 50 nm resolution.
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Experimental work on a similar beam-line has been carried out by G. Rempfer earlier and demonstrated that this
configuration is capable of compensating spherical and chromatic aberrations over a wide range of conditions
[12,13]. The results indicate that the aberrations originating from the acceleration process can be compensated by
the mirror arrangement. It was experimentally shown that the spherical and chromatic aberration coefficients, Cs
and Cc, could be reduced to values of 1cm and 0.5 cm, respectively - a substantial reduction from values of Cs =
20 cm and Cc = 3.1 cm, obtained for a single uncorrected electrostatic lens [13]. In our PEEM a lens of this type is
used as an objective lens with an accelerating gap of approximately 4 mm from the cathode. The focal length is
about 10 mm. The acceleration process over the distance of 4 mm adds substantial amounts of spherical and
chromatic aberrations, such that the overall values for the objective in a PEEM arrangement are typically Cs = 50
cm and Cc = 50 cm at a magnification of 15.

3. Numeric simulation with SIMION 7

To obtain accurate optical data specific to our system we have set up a numerical simulation of the constructed
microscope using SIMION 7. At this point we have developed the simulation to a state that allows a trajectory
calculation with high precision, and an individual characterization of all optical elements in the system. Eventually,
however, we hope to obtain a precise analysis for the complete instrument. From the ray tracing analysis we will
then be able to obtain the chromatic and spherical aberration coefficients for the whole instrument, compare these
simulated results to the experimental findings, and in this fashion optimize the system.

4. Wave optical calculation of the Point Spread Function (PSF)

To obtain the limiting values for resolution, image signal intensity and contrast various instrument configurations
we have developed a wave-optical approach that is capable of calculating the point spread functions in image space
based on given values for Cs and Cc. As the SIMION work has not yet provided these we will use the experimental
results previously obtained by G. Rempfer [13]. Four experimental configurations will be analyzed: a) an
aberration-free lens system with Cs = 0 and Cc = 0; b) a typical objective lens with Cs = 20 cm and Cc = 3 cm as
discussed in [13]; c) a typical objective system in a PEEM configuration including the acceleration aberrations with
Cs =50 cm and Cc = 50 cm.; d) an aberration-corrected lens system with Cs = 1 cm and Cc = 0.5 cm.

In the following we outline the wave-optical approach. The starting point in this characterization is the
calculation of the wavefront shape in image space downstream from the last optical element in the microscope [14].
For a point source in an optical system with a given spherical aberration coefficient, Cs, the differential equation for
the wavefront is given by

C{dzw(y)J + (2,00~ z:,)idz"'(r) +r=0 (H
dy dr

optical axis

Nz

where the variables r and y are explained in Fig. 3. For small angles the solution
to this equation can be approximated by,
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From this wavefront equation we calculate numerically the phase distribution
in an aperture plane located in field-free image space. Then a Fresnel integration
is carried out to obtain the electron probability amplitude at a point i in the
vicinity of the Gaussian image,

wavefront

Fig. 3: Definition of the geometrical
parameters used in eqs. (1) and (2).
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The point spread function (PSF) is then calculated from W*¥. For the results discussed here the location of the
aperture plane was taken to be in the centre of the last lens. We have assumed that the initial energy of the
photoelectrons is 1 eV as they exit the specimen, and that the energy gain in the acceleration field is 20 kV. This
results in an object-side aperture of ~ 7 mrad. The calculation [15] is carried out in Mathematica 5.2. The oscillatory
integrand in eq. (3) poses considerable problems for convergence, but a number of useful techniques have recently
become available to obtain reliable results [16,17].

5. Computed results

Fig. 4 shows results from such a calculation for a single lens with an object distance of 3.9 cm, an image distance
of 0.6 cm and a magnification of 0.154. These lens parameters correspond closely to those used in Rempfer’s
experimental work.

Fig. 4: Point spread functions. (a) For an ideal lens with Cs=0. (b) For an aberration-corrected lens with Cs=1cm.
(c) For an uncorrected lens with Cs=20 cm.

Fig. 4(a) shows the PSF for an ideal lens with Cs = 0. The main maximum is centered on the Gaussian image
point, but due to the small aperture value, the maximum is strongly elongated along the optical axis, giving a large
depth of field. The first minimum in the radial direction occurs at 1.2 A. From the Rayleigh criterion a point
resolution of 8 A is obtained by dividing by the magnification. This value is consistent with the formula R=0.61 A /
sin®. As the aperture angle of 7 mrad is set in the acceleration process, it cannot be optimized, and the obtained
resolution value is the optimum for an aberration-free PEEM. The point-spread function shown in Fig. 4(b) is
calculated for Cs = 1 cm which is the best value found in the experimental model system for the combination of an
objective lens, auxiliary lenses and the mirror (13). This value is an estimated upper limit, set by the sensitivity of
the used experimental technique. In Rempfer’s work the aberration could smoothly be changed from positive to
negative coefficients, but the experimental uncertainty for Cs was only 1 cm. The intensity maximum for this case
is shifted from the Gaussian plane towards the lens, as expected for a positive aberration coefficient. The peak
intensity is reduced by ~ 25% and the point resolution as obtained from the Rayleigh criterion is decreased by
~10%. Otherwise the PSF is qualitatively quite similar to the ideal PSF.

Fig. 4(c) shows a calculation for Cs = 20 cm - a typical value for a single electrostatic lens. The intensity is now
widely spread in the radial and the longitudinal direction, the peak intensity is lowered by a factor 20, and the
resolution is degraded by approximately 50% in comparison to the case in Fig. 3(a).

To incorporate chromatic aberration into the calculation we assume a Gaussian distribution of electron energies
as indicated in Fig. 5(a), calculate the variation in image distance from the chromatic aberration coefficient, and then
sum over the corresponding distribution of point spread functions. We assume an energy spread of 1 eV (FWHM)
and typically sum over 200 energy values. The outcome is then normalized to the same total source brightness as
used for all other calculations. Fig. 5(b) shows results from this calculation for the same lens as used in the context



R. Kéonenkamp et al./ Physics Procedia 1 (2008) 505-511 509

of Fig. 4. The radial intensity distributions shown are obtained in the plane of highest intensity, not the Gaussian
image plane. The combination of Cs = 1 cm and a chromatic aberration coefficient of Cc = 0.1 cm results in an
intensity reduction by a factor 3 and a marginal resolution impairment in comparison to the Cs = 0, Cc = 0 case. For
Cs = lcm and Cc = 3.1 cm, i.e. a spherically corrected, chromatically uncorrected lens the intensity and contrast loss
are far more dramatic, emphasizing the importance of chromatic aberration correction for these lenses.
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Fig. 5. (a) Energy distribution for the calculation of chromatic aberration effects with a standard width of 1 eV.
(b) Radial point-spread function in plane of highest intensity for various spherical and chromatic aberration coefficients obtained at M=0.154.
The point resolution is obtained by dividing the radial distance for the first minimum by the magnification. This yields ~8 A.

From the point spread functions, it is straightforward to calculate the optical transfer functions (OTF), which are
the Fourier transforms (FT) of the PSF. We calculate the OTF by using a discrete Fourier transformation of the
tabulated PSF. The OTF can be used to calculate the image properties also of extended objects by exploiting

FT (Image) = OTF . FT (Object).

The magnitude of the OTF, called the modulation transfer function (MTF), allows the resolution to be defined in
more general terms than the Raleigh criterion (see, for example, Ref. [18]). The resolution from the Rayleigh
criterion can be read from the MTF data by using a threshold value of 7% for the MTF amplitude. For large noise-
levels in the image, however, a higher threshold value must be used [18]. In Fig. 6 we have plotted the MTF for the
aberration-free objective lens, the uncorrected lens and the lens with a correction as obtained by Rempfer. It is
noted that the aberration-corrected lens system with aberration coefficients, Cs = lecm and Cc = 0.5 cm, will bring
about considerable improvement, in comparison to a conventional uncorrected PEEM. Other results indicate that a
combination of Cs = 1 cm and Cc = 0.1 cm will actually establish image properties very similar to the aberration-
free case. With an aperture value of 7 mrad and a Gaussian energy spread of 1 eV, the point resolution in this case
will be approximately 1 nm and the signal strength will be 30% of the aberration-free instrument.
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Fig. 6. Modulation transfer function for various values of the spherical and chromatic aberration coefficients. A useful estimate
for the resolution can be obtained by requiring that the modulation amplitude be larger than the noise level. The 3 curves were
calculated for different values of Cs and Cc. (a) Cs=20cm, Cc=3.1cm. (b)Cs=1cm,Cc=0.5cm. (¢) Cs=0cm, Cc =0cm.

As a final consideration we include a plot of the PSF for a lens with Cs = 50 cm and Cc = 50 cm. These values
constitute an estimate for a single uncorrected objective lens operated in the PEEM arrangement with initial electron
energies of 0.25 eV and final energies of 30 kV [14]. Fig. 7 compares the point spread and modulation transfer
functions for an uncorrected PEEM objective to the aberration-free case. The plots nicely demonstrate the gains in
intensity that can be expected from aberration-correction in PEEM. The data indicate that the peak intensity in the
image from the uncorrected PEEM objective is only ~ 0.3 % of the aberration-free case.
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Fig. 7. (a) PSF for an ideal lens operated at 7 mrad object-side aperture and PSF of an uncorrected objective lens
as operated in a PEEM, i.e. with an acceleration of electrons. Cs = 50 cm and Cc = 50cm are assumed for this lens.
(b) MTF for an ideal lens operated at 7 mrad aperture and for a PEEM objective lens with Cs = 50 cm and Cc = 50 cm.

6. Conclusion

To conclude, we have presented calculations addressing the limitations in an aberration-corrected photoemission
electron microscope. These results were obtained in an approach that is based on an experimental determination of
aberration coefficients carried out earlier, and a wave-optical approach that includes chromatic and spherical
aberration effects. Quantitative results for the resolution and the intensities have been obtained, and the point spread
functions and the modulation transfer functions were calculated. Since the starting point for the calculations is the
spherical aberration coefficient, the procedure allows a close comparison to experimental data obtained earlier. We
find that mirror-based aberration-corrected instruments will be produce a significantly improved image quality as
compared to conventional uncorrected instruments. In fact, aberration-correction will bring PEEMs into the same
range as today's uncorrected SEMs.
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