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A method for microspectroscopy and energy-selective imaging using a special photoemission
electron microscop€PEEM) is presented. A modified commercial PEEM was combined with a
delay line device asg, y, tdetector serving as the basic arrangement for spectromicroscopy. One can
measure the time of flight of the electrons passing a drift section in order to analyze the energy
distribution of photoelectrons in PEEM. The time of flight is referenced to the time structure of the
synchrotron radiation from an electron storage ring. At electron kinetic energies of less than 20 eV
within the drift region a spatial resolution of about 100 nm has been obtained. Fast counting
electronics(instead of a camefadelivers an image for real-time monitoring on an oscilloscope
screen or for image acquisition by a computer. A time resolution of about 500 ps has been obtained
with the potential of further improvement. The spatial resolution of the delay line detector is about
50 um in the image plane corresponding to 1000 pixels in the image diagonal. Direct photoemission
from the W-4f core level of a W110 single-crystal sample was observed at several photon
energies. The W-#fine-structure splitting of 2.3 eV could be well resolved at a pass energy around
40 eV through the drift region. @001 American Institute of Physic$DOI: 10.1063/1.1405781

I. INTRODUCTION tion of PEEM with x-ray absorption spectroscofAS),
pioneered by Tonner and Ha?The excitation with synchro-
The ability of structural and chemical object differentia- tron radiation of variable energy obtains element specific in-
tion with high lateral resolution has proven microscopy withformation by choosing a suitable photoabsorption edge of the
photoelectrons to be a very powerful tool. Since the firstselected element. In the imaging process, the secondary elec-
phptoemlss?rl electron microscoflREEM) experiments of  tron yield is exploited which is a measure of the photoab-
Brucheet al."~" the method has established for different ap-sorption signal. The creation of a hole in an inner shell by
plications, particularly in surface physics, chemistry, and theshotoexcitation of an electron to an unoccupied state is fol-
material sciences. In the parallel imaging approach, the lafowed by an Auger deexcitation. These Auger electrons
eral photoelectron intensity distribution is viewed by ancause a secondary electron cascade due to inelastic pro-
electron-optical lens system analogously to an optical microcesses. Finally, the signal of the true secondary electrons is
Scope. observed. It increases if the photon energy reaches an ab-
In the conventional Operation modes of the PEEM |0W50rpti0n edge_ Thus, the range of app"cations of a
energy photons are used for the excitatitmat are UV gas  pegM®~!can be extended considerably using tunable syn-
discharge or Hg high-pressure lampShe image contrast chrotron radiation as an illuminating source. The photon en-
results from a lateral variation of the electron yield mainly asergy can be scanned across the regions of the absorption
a consequence of local differences of the work functionedges of the elements constituting a sample while detecting
variation of the crystalline structure as well as the surfacgne electron yield. This mode of XAS microspectroscopy di-
topography. This mode of UV-PEEM is characterized by therectly reveals the chemical distribution. In certain cases the
excitation of electrons from the valence band in the vicinityx ANES featuregx-ray absorption near edge structuatiow
of the Fermi level. Hence, only very limited information on eyen a selective imaging of the same element in different
the chemical composition of the imaged sample is obtainet;hemical states as was recently demonstrated for graphitic
because the chemical information cannot be extracted unanyg diamond-like carbon film&:13
biguously from the value of the work function or the magni- This undoubtedly very powerful method has shortcom-
tude of the electron yield. Nevertheless, the work functioning|S in those cases where there is no access to a strong ab-
contrast has been exploited with great success in the study %rption edge. For instance the energy region of typical
the spatiotemporal evolution of catalytic reactions alyrazing-incidence monochromators  covers abobw
surfaces. . - o ~ =100-1500eV. These energies are not sufficient to image
A chemically more sensitive technique is the combina-yansition metals like Pt and Au, whosé, - edges are well
beyond 2000 eV. Consequently, it is almost impossible to
3Electronic mail: oelsner@mail.uni-mainz.de detect as much as a few monolayers of Pt on top of a mag-
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netic sandwich structuté'® (by using the very weakN; Delayline-
edge. On the contrary, it is no problem to detect 0.1 mono- Objective- Birifes Detector
layers of Cr with good chemical contrast utilizing the strong Lens  Aperture Tube ’

L, 3 white lines***® Thus, if we are restricted to the soft -
x-ray range, the use of XAS is not as general as the use oS@™Ple- WF_
x-ray photoelectron spectrosco}PS), also termed elec- N 3
tron spectroscopy for chemical analy$iESCA). E;?]J:Ct“’e' I;’;Sfer'

In view of these shortcomings of XAS, there are several System
approaches to combine lateral imaging with XPBSThe
ESCASCOPE® basically combines an electron energy ana-
lyzer with an imaging lens system and is characterized by ar.
ultimate resolution of a few microns, i.e., not sufficient for FIG. 1. Schematic view of the PEEM equipped with transfer lens, drift tube,
nanoanalytical purposes. Higher resolution is obtained byind delay line detector for time- and space resolved detection.
small-spot ESCA??°where the lateral resolution is obtained

by focusing the x-ray beam onto the sample or by selecting gnaging with computer-supported signal processing. The de-
small area via the electron opti€s?* Due to the scanning |ay fine detector can be used instead of a CCD camera and
mode of operation the image acquisition is relatively slow. Inp a5 5 superior time resolution in the sub-nanosecond range.
the third approach, an imaging energy filter is implemented, addition, its working principle is based upon single-

into an electron mic_roicgspe column. Two such systems havgiectron counting thus yielding maximum detection effi-
been in operatioR>® another two are under ciency.

6-28 : _ . .
development®~*® These X-PEEM instruments can reach  The PEEM is a three-lens electrostatic photoemission

very high resolution in the 30 nm rang&They pose, how- microscope comprising a tetrode objective lens, an adjust-
ever, a considerable challenge to the experimentalists due thje contrast apertufgariable size from 500 to 3gm), and
a complicated, nonlinear electron optical system. two projective lenses. As schematically shown in Fig. 1, the
A much simpler way to add the capability for ESCA has rear part of the PEEM column was used as a drift tube at
been introduced by Spiecket al*® Here the time-of-flight  (equced potential, where electrons are retarded to the drift
(TOF) technique, well known in spectroscoyi" was  energy of about 20~80 eV, required for a detectable time/
implemented into a PEEM. The necessary time resolutionergy dispersion. To analyze the energy distribution of pho-
was obtained by using a camera with an ultrafast gated oppelectrons in PEEM, the time of flight for electrons passing
tical intensifier. The technique was limited by the low effi- this section is measured, referenced to the time structure of a
ciency and the decay time of the scintillator material used foi,;|sed photon source, in our case the synchrotron radiation.
the imaging screen. It reached an overall time resolution oghis mode is similar to spectroscopic TOF experiméhfe.
about 1.4 ns thus impairing high resolution spectroscopy. The investigations were carried out at the monochromator
In this article we present a new and highly effective pp1.j| of the Berlin storage ring BESSY-I in the photon
approach to TOF-PEEM by using a space- and timegnergy range fronh»=100 to 1000 eV. The photon inci-
resolving delay line detectdf>*A lateral resolution of 100 gence angle was 65° with respect to the surface normal. The
nm has been obtained which is not limited by the detector. Igime structure of the synchrotron radiation provides short
the first experiments the time resolution was about 500 Pight pulses with an effective duration time below 600 ps
with the potential of further improvement. In contrast to the(Ref_ 35 and a period of repetition of about 208 ns in the
experiment using the gated camésetting a time-of-flight,  sjngle-bunch mode. The maximum detection time of 208 ns
i.e., energy intervalthe delay line detector collects all elec- petween two bunches sets a limit to the detection of electrons
trons arriving at different times. Since it is based on singleith low kinetic energies within the drift region. The time of
electron counting it is characterized by an ultimate detectioq“ght for electrons of a certain start energy can be varied by
sensitivity. Like in conventional X-PEEM, it makes use of using a sample bias or a variable voltage at the drift tube.
the well-known techniques of UPS and XPS combined withthjs s advantageous in order to select the desired energy
PEEM in order to investigate images with element specifiGesolution and to optimize the setting for different regions of
information at a fixed photon energy. In addition, a future{he energy distribution of photoelectrons.
challenge is to increase the spatial resolution of the electron The principle of the image detection is schematically
microscope by reducing the chromatic aberration. illustrated in Fig. 2. Each electron, after passing the drift
region with a certain energy impinges on the multichannel-
plate (chevron arrangement of two plajesducing locally a
secondary electron avalanche. The charge cloud from the
The new method for energy-selective imaging is basedMCP stack crosses the meander-like delay line wound
on a modified PEEM system in combination with a time- andaround a base platéor one dimension schematically shown
space-resolving detector thus establishing a TOF-PEEMn Fig. 2). The charge pulse induces an electric pulse on the
Some details of the design are similar to the instrument dewires which propagates to the enxls and x, of the wires
scribed in Ref. 29. Here, we combined the FOCUSwith speed of light. An electronic clock measures the signal
IS-PEEM with a ROENTDEK delay line detectdf-3*This  arrival time at each end. The time intervAlr, is propor-
technique allows a very fast two-dimensional positiontional to the respective position of the charge cloud inxhe

Photon Beam

Il. EXPERIMENTAL SETUP
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electrons passing the microscope. This is achieved by direct
x detection and storage of they, t“coordinates” of all elec-
I/'y trons arriving at the delay line detector. The time resolution
depends only on the specifications of the detector itself, in
contrast to the method reported in Ref. 29, where the decay
time of the PMMA-scintillator screen turned out to be the

bunch marker major limiting contribution.
A I1l. TIME AND SPATIAL RESOLUTION
x time Using the equations given by Spiecketral?® we have
x-position T calculated the theoretical energy versus time resolution of the
time of flight present device. The achievable energy resolution of the de-

FIG. 2. Detection principle of the delay line detector. Theposition is scribed TOF-spectro-mlcroscope dep_ends mainly . on the
derived from the time delag 7, of the arrival time at the two endg and length of th? drift tUb? use_d and the drift energy def_m?d b_y
x, of the delay line. The TOF is derived from the arrival time of the center the retardation potential at its entrance. For the transit time in
of the two signals ax, andx, with respect to the bunch marker. A second the PEEM-lens regions the situation is more complicated.
delay !ine behi_nd the first one being azimuthally rotated by 90° yields theThe minimum energy of all electrons in the other sections of
same information foy. the device is about 800 eV, so for electrons with drift ener-
gies below 100 eV we have neglected all contributions of the
direction. For they direction the same arrangement is usedhigh-energy part of the lens system. In this experiment, we
but rotated azimuthally by 90°. This position encoding usingused a drift tube with a lengthy=400 mm.
the delay line method has many advantages as compared to The electron time of fligh{ TOF) depends on the drift
charge dividing methods. The electronic readout is considerenergyE, as shown in the double logarithmic plot of Fig. 3.
ably simpler and allows a higher spatial resolution. Maxi-We find a TOF below 200 ns for drift energies above 10 eV.
mum acquisition rates in the MHz regime and even multihitThis TOF is close to the upper limit in our experiments
events can be processed with commercially available eleavhich is given by the single bunch period of 208 ns at the
tronics. The arrangement of two crossed delay lines yieldsjsed synchrotron radiation source BESSY-I. The second line
together with a pulse amplification electronics as well as an Fig. 3 shows the dispersichE/d 7 for a certain drift en-
time to digital conversion unifTDC), time resolved two- ergy. One can estimate an energy resolution of 10 meV for
dimensional images. For each event, this is attained by dehe drift energy of 10 eV by use of a detection system with a
termination of the center of the two signals andx, with  time resolution of 100 ps. In this article we will show mea-
respect to the time reference of the exciting photon sourceurements which were taken at a time resolution of 500 ps
(bunch marker, see Fig.).2A fast histogram storage device using drift energies of about 40 eV. In this case, we reached
enables a high data transfer rate after the detection and anresolution limit of about 450 meV. Nevertheless, we have
image monitoring in real time with an integrated two channelsuccessfully performed the imaging at drift energies down to
digital to analog conversiofDAC) for the use of a conven- E4=5 eV using device parameters like in the conventional
tional oscilloscope. PEEM mode. This mode was not applied in our TOF experi-
The main advantage of this approach in contrast to ouments, because its maximum TOF exceeds the detection win-
earlier experimenrt (defining a certain time interval for de- dow of 208 ns(BESSY-I single bunch perigdin the future
tection is that it provides a simultaneous acquisition of all this mode will be available using the time structured modes
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2000 - N ! g Typical TOF electron spectra for soft x-ray excitation are
vvvvvvv D )‘ | shown in the lower inset of Fig. 4. It is possible to shift the
S [ spectra by varying the sample bias voltage in order to opti-
0 S R - . mize the time resolution in the region of interest. We were
' : ‘ : : : : : . able to get a high spatial resolution in the operation modes
200 250 300 350 400

with kinetic energies of less then 20 eV within the drift re-
time [ns] gion. With respect to the nonretarding mode no changes in
FIG. 4. Time resolution measurements: direct detection of phdtopsand reso'““qn haYe been _Observed In appropriate tests with a
electron signalgbottom) using different sample bias. conventional image unit.
The delay line detector provides its spatial resolution
independently of a time structure of the incoming electrons.
at the new Berlin Synchrotron source BESSY-II. Here1 WeTherefOI‘e, the device may be used also for PEEM inVeStiga-
expect a period of about 400 or 800 ns in a double buncions by means of a continuous-wave irradiation as shown in
mode or in a single bunch mode, respectively. The minimunhe following examples. An example image for a measure-
drift energy can be chosen down to 5 eV or below usingMent of the spatial resolution of the delay line detector used
these modes. Therefore, we expect much progress in the eff-Shown in Fig. 5. Note that this is not an image of a sample,
hancement of the energy resolution limit of TOF-PEEM us-It Was measured with a homogeneous irradiation using a
ing high performance readout electronics. shadow mesililine W|dth 200 um, per_|0d 3 mmin front of
The best calibration in TOF measurements can bdhe detector. In this way, a resolution of 4in has been

achieved by detection of scattered photons from synchrotroﬂbtained' Given the active detector diameter of 47 mm, this

radiation in zero-order mode of the monochromator. SupCOTresponds to 1000 pixels per image diameter and is thus

pressing the photoelectrons completely by a suitable voltag;;éﬁre(:tIy comparable_ to the common technique using a t)_/pical
a weak photon structure becomes visible in the time spectr -CD camera. An image taken t_>y the TOF'PE,EM with a
It marks a good reference point for measurements of théielay I|pe detectpr using a Hg-discharge Iamp_ IS showr_1 in
energy distribution of the photoelectrons. The upper inset o*r]leplgﬁ |nsgt O,fr']:'g' 6. jl'f;e s%ample s:rlface consists of sglpes
Fig. 4 shows the photon peak in detail revealing a FWHM of® on Si with a period o 3'.ZLm' » lin€ scan was made
620 ps. This is a typical timing resolution for the detector,perpend|cular to the stripe orientation as indicated by the

however, a new prototype delay line detector already yielde tr:a'?_ht line. The relsult IS S?O‘I’\m |n|tr:_e ”g?tl msithof ':1'806
200 ps®® The detection principle of the delay line detector . ¢ ''N€ Stan reveals a spatial resoiution ot ess than nm

determines both the hitting position of the electron at the” the PEEM mode using the delay line detector.

detector and the TOF through the microscope from the same
signal time measurement. Therefore, the temporal resolutio
for the TOF determination can approximately reach the de-
vice limit, measuring the event position at the detector simul-  The time of flight 7 is directly related to the transit en-
taneously. The TDC used provides a best timing resolution oérgy E4 of the electrons in the drift tube of lengthy by

. APPLICATION IN MICROSPECTROSCOPY AND
NERGY-SELECTIVE IMAGING
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. —12 - . FIG. 7. Photoelectron spectra of W-dmission from a WL10) single crys-
= Ld(ZEd/me) with Me bemg the electron mass. Thus, tal. Note that the energy resolution increases for the lower center kinetic

the TOF method facilitates an energy analysis of the photognergy of W-£ electrons.
electrons from microselected areas at any sample investi-
gated by means of the PEEM. Consequently, the TOF-PEEM
may be used for XPS investigations with high lateral resoluting. The experimentally determined energy resolutions are
tion. It has to be mentioned that the energy resolution camlotted as error bars in Fig. 3.
only be constant for such XPS measurements when a “con- In addition, in these spectra one can observe a further
stant bandpass” mode is used. In this case, the time intervaldvantage of the delay line detector, that is the superior
between the detection time window and the light pulse has tsignal-to-background ratio in comparison with a conven-
be constant. In this mode either the sample potential or théonal image intensifier that consists of multichannel-plate
drift-tube potential must be swept in order to measure théMCP), phosphor screen and CCD camera. The latter con-
energy distribution. In contrast, an advantage of our aptains two sources of dark counts, that is the MCP and the
proach(TOF-PEEM by means of the delay line dete¢tisr ~ CCD camera. In addition, the pulse-height distribution of the
given by the use of the fast histogram storage device. Th®ICP is converted at the phosphor into an intensity distribu-
system may register every photoelectron within a large timeion. In our approach, the dark counts contribute only the
window and count it into the corresponding memory chan-MCP. The system counts all events above a selected thresh-
nel. This takes place independently on the electron’s drifold independently on the pulse height distribution. Every
time but is limited by the period length of the photon sourcedark-count event contributes to the background being uncor-
(T=208ns). The use of this option enables the highest dateelated in time and therefore appears smeared out over the
acquisition rate, which is essentially restricted by the transfehole duty cycle of 208 ns, while the time interval of the
speed between TDC and histogram storage ddvideMHz  spectrum might be only 10 ns. The same occurs with respect
for the present setupin this operation mode, photoelectron to the scattered electrons in the electrostatic device. Thus, it
spectra must not be taken step by step sweeping a retardiig possible to achieve a better signal-to-background ratio in
voltage but may be extracted from the histogram dataset afteromparison to experiments, where no temporal correlation is
a suitable analysis. This detection mode has no real analog imade.
comparison with a common dispersive analyzer. However, it Although the energy resolution decreases rapidly for
does not provide a constant energy resolution across thaigh drift energiess, of the electrongFig. 3), one can ob-
spectrum(see also Fig. 3 and discussjon tain enough information for chemical analysis from XPS
In order to demonstrate the varying energy resolutionwith TOF-PEEM. One example is shown in Fig. 8, measured
the direct photoemission from the Wk4core level of a at a photon energy div=780eV. The sample was a mete-
W(110 single crystal sample was observed at two differentorite fragment prepared using a flash heating procedure in
photon energiegsee Fig. 7. The kinetic energy of photo- UHV only. As expected, one observes photoemission from
electrons within the drift tube depends not only on the phodron (Fe 2p), oxygen (O E), and carbon (C4). These fea-
ton energy and the binding energy, but also on the potentiglres can clearly be assigned although the resolution is low at
difference between sample and drift tube, thus allowing tchigh kinetic energies. According to Fig. 3 the carbanlibe
select the energy resolution in the regions of interest. It camt a kinetic energy of 530 eV has an expected width of 7.2
clearly be seen from Fig. 7 that the lower drift energy resultsV.
in much better energy resolution of the W-doublet. From One of the challenges for TOF-PEEM measurements is
the right spectrum one can reproduce the binding energy db exploit the method as a powerful tool for energy-selective
the W-4f electrons of 31.4 and 33.6 eV and the spin-orbitimaging. Like imaging in ESCA, element specific informa-
splitting well, whereas at 72 eV average drift energy thetion can be extracted from this application. In addition, the
resolution is not sufficient to resolve the fine structure split-chromatic aberrations of the microscope may be reduced by
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FIG. 8. Wide-range XPS spectrum from a meteorite fragment sample at The TOF-PEEM method usmg a de_lay !me detector is
hy=780eV. dedicated to measure electron dispersion in photoelectron
microscopy in an elegant way. We have shown, that spectro-
microscopy can be done using time of flight analysis. A time
selecting a narrow energy interval for imaging. Here, weresolution of some 100 ps is currently accessible. Without
demonstrate the energy selective imaging by measurementiianging the microscope size, and retaining a linear electron-
at a structured Fe/Si sample. The results are shown in Fig. @ptical axis, it is possible to obtain energy resolutions of
At a photon energy ofir=700 eV the energy distribution is about 100 meV, using drift energies of 50 eV or less. The
695 eV wide like shown in the spectrum in Fig. 9. We could method needs to reference the electron signal to the time
not find any structure in the image integrated over the comstructure of the excitation source but opens at the same time
plete spectrum in contrast to the reference measurement witin additional application field for PEEM investigations.
a Hg-discharge lamfeft-hand side image The energy se- Without using additional equipment, the described device
lection allows to observe the expected structure from thean be used for stroboscopic experiments like known from
electrons at low kinetic energigsnages A and B Only the  the pump probe techniqié The use of the delay line detec-
image A shows the marked feature, which is apparentlytor replaces the CCD camera and therefore two conversions
given by a work function contrast. of the signal(at the fluorescent screen and in the QGibe
From electrons close to the Fermi edgeage G only a  not needed anymore. Thereby, the spatial resolution of the
bright spot is observed. It points out the fact that electronglelay line detector is about 50m in the image plane being
with high kinetic energies are totally out of the instrument’sequivalent to 1000 pixels in the image diagonal in the case of
focus. With other words, an imaging with high lateral reso-the current design. The energy selective imaging provides
lution is only possible for a narrow energy band applying theelement specific information by using a single excitation en-
above discussed mode. Nevertheless, the size of the field efgy. In the future, the chromatic aberrations of the micro-
view may be chosen approximately constéintthe fewum  scope may be reduced. To reach this aim, a possible solution
range for a wide-range spectrum of kinetic energies. Thatis given by an adjustment of the electrical field in the
enables to measure a wide-range XPS spectrum in definedectron-optical elements dynamically.
microselected areas. On the one hand, the focusing condition The energy-selective imaging can be improved even by
can be chosen free for one certain energy of interest withioptimizing the used electron optics. Only the low energy
such spectra leading to a high resolution imég&00 nm at  fraction of all emitted electrons is used in conventional op-
the chosen energy. On the other hand, the defocusing effectsation modes of PEEM. The requirements to the electron
can be largely neglected for the above-discussed “mi-optics are different for the imaging of electrons with high
crospectroscopy” mode witlum resolution. kinetic energies. Thus, there is a large potential for enhance-
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