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Optical layout of a beamline for photoemission microscopy
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An optical layout for performing photoemission microscopy using synchrotron light from the storage

ring Elettra is described. The microscope, property of the Technical University of Clausthal, was

installed on an existing monochromator and the light is de¯ected and focused by two toroidal mirrors.

A light spot of �30 mm diameter and a photon energy range from 45 to 160 eV has been achieved.

The light illuminates the sample in the microscope at grazing incidence and chemical contrast is

observed in photoemission. Apart from the standard photoemission mode of operation with

synchrotron radiation, surface NEXAFS spectra from microspot areas can be measured, and an

example is shown. Images can also be obtained with variable kinetic energies (and therefore variable

surface sensitivity) of the secondary electrons while working in NEXAFS mode. The obliquely

incident soft X-rays cause shadows due to topography on the surface, which allows an estimate of the

height of features. Three-dimensional islands give rise to Fresnel diffraction and many fringes may be

visible. This effect and its consequences for chemical imaging are discussed.
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1. Introduction

In this paper we describe the instrumentation used to

install the SPELEEM (spectroscopic photoemission and

low-energy electron microscope) at the synchrotron light

source Elettra, and some preliminary results. The design of

the soft X-ray beam transport optics was dictated by a

number of constraints and we describe the solution

adopted and the performance achieved.

An interesting result is connected with the phenomenon

of Fresnel diffraction at an edge, which is a well known

effect on both macroscopic and microscopic scales. It is

manifested as a series of fringes whose intensity is damped

with distance from the edge. Occasionally it has been

observed in unexpected situations, e.g. when using hard

X-rays incident at very grazing angles on a small mirror and

re¯ected over large distances (Ferrer et al., 1995). While

investigating the growth of thin ®lms by means of photo-

emission microscopy, we have encountered this phenom-

enon in a nanoscale system, namely lead islands on Si

obliquely illuminated by soft X-rays. The edges of the

islands are sharp and create diffraction patterns beside

their shadows.

2. Experimental

The SPELEEM microscope of the Technical University of

Clausthal (Veneklasen, 1991) was installed on a branch of

the gas-phase photoemission beamline, as described below.

The spatial resolution has been measured to be better than

22 nm in photoemission, while 8 nm has been achieved with

low-energy electron microscopy (LEEM) (Schmidt et al.,

1998). Secondary electrons or photoelectrons from the

surface are accelerated to 18 keV, and pass through the

electron microscope column and energy analyser, are

ampli®ed by a channel plate and strike a ¯uorescent screen

to produce an image, which is acquired by a CCD camera.

This is a unique instrument as no other microscope of this

kind is installed at a synchrotron light source, and no other

photoemission microscope with energy analysis has the

facility to perform LEEM.

The sample described below was prepared by ¯ashing an

Si(111) wafer to remove the oxide thermally, and then held

at �500 K during metal deposition. Silver was evaporated

from a crucible and formed a (
���
3
p � ���

3
p

) R30� structure,

onto which lead was evaporated to form three-dimensional

islands, after completion of the ®rst layer (Stranski±Kras-

tanov growth).

The source of soft X-rays is a 36-period undulator, and

the beamline delivers high-intensity synchrotron light in

the energy range 45±160 eV to the microscope. The

p-polarized light is incident at a grazing angle of 15� onto

the surface of the sample. The degree of linear polarization

has been measured at high energy and is >99%.

The optical layout of the monochromator (Melpignano et

al., 1995) and the ®rst results regarding performance
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(Prince et al., 1998) have been discussed elsewhere, but the

optics of the branch beamline have not been described

previously. The monochromator is constructed for high-

energy resolving power (greater than 10000), and our

design problem was to insert the microscope after the exit

slit with the following goals: highest possible ¯ux density at

the sample; use of an existing refocusing mirror attached to

the microscope; minimization of the de¯ection angle to

allow high energies to pass; a suf®ciently large de¯ection

angle to avoid interference with existing vacuum chambers;

minimum costs.

It is a feature of this kind of full-®eld imaging micro-

scopes like the present one that the photon transport optics

can be rather cheap and simple. They function as a

condenser system and so do not need to preserve coher-

ence for instance, as is required in scanning systems.

The arrangement chosen is shown in Fig. 1 and consists

of a toroidal de¯ection mirror with the light incident at a

grazing angle of 6�. The manipulator provides linear

movement in a horizontal direction to insert or remove the

mirror, as well as pitch, roll and yaw movements for

alignment. The optical parameters are given in Table 1. The

de¯ection chamber also contains a calibrated photodiode

type AXUV-100² which can be inserted to measure the

photon ¯ux.

The light is brought to an intermediate focus at a diag-

nostic chamber, equipped with a ¯uorescent screen and

another photodiode mounted on a vertical linear-motion

feedthrough. The vertical beam pro®le can also be

measured by monitoring the photocurrent at the micro-

scope while scanning the photodiode holder through the

beam. During alignment the pitch and roll of the de¯ection

mirror were adjusted to position the light on the ¯uorescent

screen and then the yaw was adjusted to obtain a horizontal

line focus.

The refocusing mirror attached to the microscope is

toroidal and its parameters are also given in Table 1. The

manipulator provides three translation axes as well as pitch

and roll. No yaw adjustment is provided: the yaw was

minimized by surveying into position. The light is incident

on the sample at a grazing angle of 15�.
This scheme of magni®cation of the light spot followed

by subsequent demagni®cation is not the ideal situation;

double demagni®cation would be preferable but is impos-

sible due to physical constraints. However it provides an

economic means of beam transport consistent with the

existing vacuum chambers.

3. Results

3.1. Optical results

The spot measured at the sample for a monochromator

exit slit opening of 80 mm was slightly elliptical with an

average diameter of 30 mm (Fig. 2). The major axis was

expected to be horizontal but was found to be rotated by an

angle of �37� with respect to the horizontal. Calculations

indicate that a yaw error of 0.3� on the refocusing mirror

will cause such a rotation of the image. The photon ¯ux

density is not signi®cantly reduced so a correction was not

attempted.

A photodiode was inserted in the microscope in the

sample position and the ¯ux was measured (Table 2). The

energy resolution was not measured but is theoretically

between 10 meV (at 45 eV) and 70 meV (at 160 eV). This is

much higher than the energy resolution of the microscope,

�0.3±0.4 eV, but cannot be degraded by further opening of

the slits to increase ¯ux density. Opening the slits simply

causes the spot size at the sample to enlarge, and there is a

gradient of photon energy across the spot. We are currently

working on schemes to obtain better optical matching,

including the use of an elliptical refocusing mirror to give

stronger focusing.

In addition to the ¯ux values under optimized conditions,

a series of undulator spectra were taken at the diagnostic

chamber before the ®nal refocusing mirror (Fig. 3) for

selected values of the gaps. The slit conditions were 80 and

180 mm corresponding to a larger illuminated area on the

sample, and a higher ¯ux. The ¯ux in the microscope is

lower due to re¯ection losses at the refocusing mirror.

There may also be discrepancies as the ¯ux in the micro-

scope is measured with the usual grazing angle of incidence

whereas in the diagnostic the beam is incident normally to

the diode, and we do not have data on the angular response

of the diode. These spectra are informative in any case as

the individual spectra indicate the maximum range over

which the photon energy range can be scanned without

changing the gap. The maximum ¯ux is indicated by the

peak of each curve; at intermediate photon energies the

gap can be tuned to obtain maximum ¯ux. Experience

indicates that the ¯ux from grating 4 is generally too low to

use.

Table 1
Optical parameters of the de¯ection mirror and refocusing mirror.

De¯ection mirror
Major radius 13000 mm
Minor radius 150.1 mm
Angle of incidence of light 84�

Entrance arm 880 mm
Exit arm: horizontal/vertical 2980 mm/3890 mm
Magni®cation: horizontal/vertical 3.4/4.4
Substrate material Zerodur
Coating Gold

Refocusing mirror
Major radius 3824.6 mm
Minor radius 29.05 mm
Angle of incidence of light 85
Entrance arm: horizontal/vertical 1320 mm/1410 mm
Exit arm 200 mm
Magni®cation 0.2
Substrate material Zerodur
Coating Gold

² Photodiodes supplied by International Radiation Detectors Ltd; email:
ird@kaiwan.com.
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The upper cut-off in energy is determined by the angles

of re¯ection on the two mirrors and their re¯ectivity.

Theoretically the transmission drops to 36.8% (i.e. 1/e) of

the maximum transmission at 180 eV. In practice we ®nd

useful transmission up to about 160 eV, depending on the

photoemission cross section of the sample.

Switching the light from one branch to the other is fast

and reliable as it involves inserting the de¯ection mirror

and only a few minutes to check and ®ne-tune the align-

ment of the light in the microscope. On removal of the

mirror, no re-alignment of the gas-phase branch is neces-

sary.

3.2. Fresnel diffraction

The images shown in Fig. 4 were taken at three different

photon energies. They show a triangular-shaped island,

�180 nm high, with a shadow cast by the light which is

incident from the right at three different photon energies.

Diffraction fringes parallel to the shadow edges are very

noticeable, and the ®rst maximum is clearly brighter than

the intensity far from the edge. These images were taken

with secondary electrons and we interpret the contrast as

being entirely due to diffraction of the incident light. To

check that the fringes were unrelated to other effects, such

as photoelectron diffraction, an image was also taken with

valence-band photoelectrons, which showed similar fringes.

Fig. 5 shows a line scan of the fringes in Fig. 4(b). They

were generated by integrating the intensity parallel to the

fringes over the area in which the fringes were uniform. In a

®rst approximation the intensity can be calculated by

assuming a sharp and perfectly absorbing edge, and eval-

uating the Kirchhoff integral (Cowley, 1995; Smith &

Thompson, 1988),

 �x� � �1=4�� R1
0

A�r��exp�ikr�=r� cos��� da;

where  is the amplitude of the wave at the measuring

position x, r is the distance from the point x to a point on

the incident wave front, A is the amplitude of the incident

wavefront and � is the angle between r and the incident

wavefront, and da is an element of area of the wavefront.

This yields the calculated curves in Fig. 5. Note that the

fringes are uniformly spaced, in contrast to the case of

diffraction from an edge viewed on a ¯at screen parallel to

the edge and perpendicular to the light. In that case the

position of the nth fringe is proportional to n1/2, so that the

fringes become closer together as the distance from the

edge increases (Smith & Thompson, 1988). The linear

spacing is a consequence of the viewing plane being at a

large angle with respect to the incident light. For grazing

angles of incidence and distances to the projection plane

large compared with the wavelength of light, it can be

shown that the position of the fringes have a spacing

approximately equal to

�n� sin �= cos2 ��f1� �f �n; h; ���1=2g / n;

where � is the angle of incidence measured from the

normal, h is the height of the island and n is the number of

the fringe. f is a slowly varying function. This gives an

almost linear spacing of the fringes.

The contrast, i.e. the difference between maximum and

minimum intensity, is not reproduced by the calculation,

but almost all experimental limitations, such as defocus,

®nite spatial and energy resolution or surface roughness,

reduce the contrast.

A more precise consideration of the diffraction condi-

tions takes account of a number of subtleties, namely the

polarization of the light, the dielectric response of the

surface and ®nite penetration of the solid. The light is

p-polarized in this case; if it had been s-polarized then, in

the case of a perfect conductor, the ®eld at the surface

would be zero, which shifts the fringes away from the

island.

In any case, the response of the surface to the electric

®eld implies that the near-surface ®eld is not equal to the

®eld far from the surface. This ®eld at the surface can be

calculated from the optical constants (Henke et al., 1993) of

lead and using the Fresnel re¯ection coef®cients as in the

case of photoemission (Jacobi et al., 1977). At 91.2 eV the

Table 2
Fluxes and ¯ux densities.

Flux measured in photons sÿ1 (200 mA ring current)ÿ1. Flux density
measured in photons sÿ1 (200 mA ring current)ÿ1 mmÿ2.

Photon energy (eV) Flux (measured) Flux density

135 eV 1.4 � 1013 (after exit slit) ±
135 eV 0.5 � 1013 (sample) 5.6 � 109

65 eV 1.0 � 1013 (after exit slit) ±
65 eV 0.3 � 1013 (sample) 3.3 � 109

Figure 1
Optical layout of the branch beamline.
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amplitude of the ®eld at the surface is reduced. The effect

was modelled by considering a ®eld which rises from the

surface to the vacuum value exponentially with distance

from the surface. Small changes occurred in the intensity of

the ®rst few fringes, as well as a rigid shift of all fringes by

0.2 of one fringe spacing, or 21 nm at 91.2 eV. In the present

case this corresponds to a very small error in the calculation

of the height of the lead island from the position of the

fringes.

The effect of ®nite transmission of the light through the

lead island was also calculated. The attenuation length in

lead varies from 3 to 6 nm in the range considered. Model

calculations, which ignore refraction and phase-retardation

effects, indicate a negligible displacement of the fringes.

Thus, with the present photon energy and particular values

of the dielectric constants, errors are negligible. However,

at higher energies of several hundred eV for instance, the

constants change substantially and then these effects may

become signi®cant.

These effects will be reduced for normal emission but

another effect is expected for this type of island. It is very

common for islands of f.c.c. metals to resemble the present

form, with a (111) plane parallel to the substrate and {111}

surfaces bounding it at an angle of 54.7�. Such an object will

then act as a nanoscale interferometer (Fig. 6). For this

geometry the fringe spacing is 7.06 times the wave-

length. The effect will only be signi®cant at energies below

Figure 2
Image of the illuminating light spot intensity at low magni®cation
and the calculated intensity distribution. The bottom edge of the
®gure is parallel to the horizontal direction in the laboratory
frame. Exit slit opening: 80 mm. Average spot size: 30 mm.

Figure 3
Series of undulator curves at selected gaps, measured at the
diagnostic chamber. Slits: 80 and 180 mm. (a) grating 2, (b) grating
3, (c) grating 4.
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�30±40 eV as few materials have suf®cient re¯ectivity at

higher energies.

3.3. Microspot NEXAFS

The facility to perform microspot partial-yield near-edge

X-ray absorption ®ne-structure spectroscopy has also been

developed. The total current to the ¯uorescent screen (with

the kinetic energy set to a value in the secondary) is

measured by a nanoammeter while the photon energy is

scanned; this gives the NEXAFS spectrum of the ®eld of

view. An example from an Si(111) surface with a low

coverage of Au and carbon is shown in Fig. 7(a). The

sample can then be imaged using secondary electrons and a

chosen photon energy. This is the mode of operation of

most installed photoemission microscopes, but there are

two important differences in the present instrument. Firstly,

the energy ®lter selects a narrow band of energy, mini-

mizing chromatic aberration and increasing spatial resolu-

tion. Secondly, the electron kinetic energy can be tuned,

thus tuning the surface sensitivity and/or the intensity due

to density of states above the vacuum level. An example of

an image is shown in Fig. 7(b).

The present system is still under development. Clearly it

can already be used to perform constant ®nal-state spec-

troscopy, by setting the kinetic energy to an appropriate

value and scanning the photon energy. This spectroscopy is

useful in band-mapping studies, for example. In future we

plan to implement microspot constant initial-state spec-

troscopy, which is useful for scanned energy photoelectron

diffraction and optimizing the choice of photon energy with

respect to cross section.

Figure 4
Lead island on Si(111). The synchrotron light is incident from the right at a grazing angle of 15�. (a) Photon energy 49.7 eV, wavelength =
24.9 nm. (b) Photon energy 91.2 eV, wavelength = 13.6 nm. (c) Photon energy 139.6 eV, wavelength = 8.9 nm.
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4. Summary

The optical layout has been described for a photoemission

microscopy beamline. Some of the ®rst effects observed

include Fresnel fringes which have not been reported

before in photoelectron microscopy, probably due to lack

of resolution or use of scanning systems, in which the effect

is not evident. Illumination at off-normal incidence

provides an advantage in that the height of objects on the

surface can be estimated from the shadow length. On the

other hand, diffraction fringes cause the region near the

shadow to be no longer uniformly illuminated and there-

fore photoelectron emission intensity is no longer quanti-

tatively proportional to local concentration. The fringes

were useful for optimizing focus, just as they are in trans-

mission electron microscopy. To measure accurately the

height of an island by its shadow length, the dielectric

response of the substrate material can be ignored at the

present level of resolution. However, when higher spatial

resolution becomes available, this must be considered to

avoid errors.
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Figure 6
Schematic diagram of an island acting as a nanoscale inter-
ferometer.

Figure 5
Line scan across the diffraction fringes of Fig. 4(b), and calculated
intensity.

Figure 7
(a) NEXAFS spectrum of a (

���
3
p � ���

3
p

) Au±Si(111) surface. The
curve marked `Flux' is the photocurrent at a photodiode; the
curve marked `NEXAFS' is the integrated signal from the
phosphor screen. (b) Image of the surface taken at a photon
energy of 101 eV and kinetic energy of 3.7 eV. The dark areas are
due to carbon contamination on the surface. The light area to the
left was identi®ed in photoemission as a gold-rich area.
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