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Abstract

Spectromicroscopy with the imaging technique of X-ray photoelectron emission microscopy (X-PEEM) is a micro-
chemical analytical tool installed in many synchrotron radiation laboratories, and which is finding application in diverse
fields of research. The method of sample analysis, X-ray absorption spectroscopy, does not encounter the same problems
as X-ray photoemission spectroscopy when sample charging occurs, hence even good insulators may often be analyzed
without any apparent artifacts in images or spectra. We show, however, that charging effects cannot be neglected. We
model the effect of surface charge formation on the secondary electron yield from uniform samples to demonstrate that
surface charge primarily reduces the yield of electrons which may contribute to the detected signal. We illustrate that on
non-uniform insulating samples, localized centers of charge may substantially affect microscope imaging and resolution
as the electrostatic field close to the surface is distorted. Finally, in certain circumstances non-uniform surface charge may
lead to unexpected lineshapes in X-ray absorption spectra causing, in some extreme cases, negative spectra. These
negative spectra are explained, and several strategies are reviewed to minimize the impact of sample charging when
analyzing poorly conducting samples of any nature. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

High-resolution imaging of samples can be per-
formed using electrostatic lenses that capture elec-
trons reflected from or emitted by a surface. Low-
energy electron microscopy (LEEM) [1] and
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photoelectron emission microscopy with UV light
(UV-PEEM) [2] are laboratory-based devices that
reach below 10 nm lateral resolution. As well as
observing topography, image-contrast derives from
local variations in low-energy electron reflectivity
for the first technique and in work function for the
second. X-ray illumination from a synchrotron
source can be monochromatized and continuously
varied in energy, which allows a related instrument,
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the X-PEEM to additionally acquire chemical in-
formation [3]. The specimen is studied by X-ray
absorption near edge structure (XANES) spectro-
scopy by measuring the total electron yield as
a function of photon energy, with a lateral resolu-
tion reaching 20 nm. X-PEEM images may then
contain additional contrast, depending on photon
energy, due to X-ray absorption by localized ele-
ments in a specific chemical state.

A number of such X-PEEMs are operational at
synchrotron light sources worldwide [4-7]. The
MEPHISTO spectromicroscope [8], installed at
the Synchrotron Radiation Center of the UW-
Madison, is depicted in Fig. 1. Experimentally, X-
PEEM has proven to be extremely flexible for the
study of a wide range of materials, the greatest
constraint on the sample properties being ultra
high vacuum compatibility. Examples of specimens
studied include magnetic storage devices [9],
tribological surfaces [10], cell cultures and tissue
sections [11,12]. Current reviews of X-ray micros-
copy and spectromicroscopy demonstrate an even
wider range of application [13,14].

As with all methods of analysis using electrons as
probes of a sample surface, the study of poorly
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Fig. 1. Scheme of the MEPHISTO X-PEEM. Mono-
chromatized X-rays from a synchrotron source excite photo-
emission from the sample surface. The photoelectrons are
accelerated into the electron optics and a magnified image is
formed on a detector (chevron style multichannel plate and
phosphor screen). The microscopic aperture in the back focal
plane of the objective lens aids spatial resolution by rejecting all
but a narrow band of photoelectron kinetic energies (corre-
sponding to low-energy secondary electrons in the sample) and
hence reducing chromatic aberration.

conducting samples may cause surface charging.
Many reviews describe charging effects in XPS,
which can cause the measured core level binding
energies to shift (to lower energies) by up to several
hundred eV [15]. The effect is much less severe (and
often undetectable) for absorption measurements,
however, as although the yield of secondary elec-
trons may be lowered, the assumption that it is
proportional to the actual absorption coefficient is
still rather good.

Instruments which perform XANES spectro-
scopy in the microscopic domain are more suscep-
tible to artifacts due to charging, especially if there
is severe localized charging. The trajectories of the
emitted secondary electrons contain the spatial in-
formation of the sample surface, but charged areas
distort these trajectories, with consequences for
both imaging and spectroscopy. As a greater var-
iety of samples are analyzed in this kind of imaging
X-PEEM microscopes there will be more oppor-
tunity for charging phenomena to affect data ac-
quisition. We present a description of charging
induced artifacts with examples and review strat-
egies to avoid them.

2. Description of uniform charging in total yield
spectroscopy

The signal detected in total yield XANES spec-
troscopy is the low-energy tail of the photoelectron
energy distribution curve [16]. At a core level
absorption edge, a proportion of the high-energy
Auger electrons emitted by the absorbing atom
scatter inelastically within the sample to produce
a distribution of low-energy electrons that is
rather independent of photon energy or sample
characteristics. The depth inside the sample from
which the emitted electrons originate is charac-
terized by the mean free path (MFP) length
for free electrons in the material. The MFP is
greater for low-energy (secondary) electrons
than for high-energy electrons (primary and Auger
electrons) and greater also for insulating materials
than metals. In most cases, the electron MFP is
much smaller than the photon penetration depth,
and we make this assumption in the subsequent
analysis.
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The yield of secondary electrons (per unit area)
from a surface illuminated by a photon flux I, can
generally be expressed as

Y(hv) = nl, M(hv) J " P(E) dE. (1)
¢

In Eq. (1) M(hv) oc hvpu(hv); where u(hv) is the X-
ray mass attenuation coefficient, p the density and
hv the photon energy [5]. M(hv) represents the
absorption of energy within a surface layer of depth
0 <4, where 4 is the 1/e photon attenuation
length, and ¢ is the effective X-PEEM sampling
depth. P(E) describes the energy distribution func-
tion of secondary electrons incident upon the
solid-vacuum interface. Only the proportion of
electrons with enough energy to escape the work
function surface potential, @, actually leave the
sample, and hence the range of integration begins
at @. P(E) depends upon the nature of the medium
through the low-energy electron MFP. The MFP is
dependent upon the properties of the medium,
more specifically the extent of electron - electron
and electron - phonon scattering for metallic,
semiconductor or insulating materials.

In an imaging technique the X-ray beam is not
tightly focused, so typically the field of view is
smaller than the illuminated sample area. For
a uniform conducting sample, the photocurrent is
balanced by conduction electrons from the sample
holder. If the sample is an insulator, the formation
of a surface layer of positive charge reduces the
yield until at equilibrium the photocurrent is once
more balanced by conduction through the sample
thickness and by surface conductivity. The forma-
tion of positive charge reduces the yield in two
ways. Recombination events, as electrons travel to
the surface, reduce the number of electrons incident
at the solid-vacuum interface, and at the surface
there is a higher potential barrier due to the surface
voltage V, (which can be considered as a contribu-
tion to a higher effective work function,
D = @ + V). Neglecting recombination loss and
surface conductance, the sample can be modeled as
a photoemitting surface taking current from
ground through a capacitance and resistance in
parallel. Balancing the current in the circuit gives

j=eAY =ic + i, (2

where j is the photocurrent, 4 the illuminated area,
ic and i are the currents through the capacitance
and resistance, respectively, and the yield Y varies
due to charging as given in Eq. (1) with the lower
limit of integration replaced by @ = @ + V.

Henke et al. have performed the integration of
Eq. (1) to find the secondary electron yields for
metallic, semi-conducting or insulating samples
[17,18]. In the case of insulating samples the yield is
inversely proportional to the work function. To
illustrate the effects of sample charging we modify
their result by replacing the work function with an
effective work function, which gives for the photo-
current

e AL M(hv) f (%)
4singp

]_cli-l-VS where ff = (3)
All terms in Eq. (3) are defined as earlier, except for
f(2) which describes the primary and secondary
scattering lengths in the medium. Eq. (2) can now
be written in terms of j and solved to obtain impli-
citly the evolution of the photocurrent, j(t), after an
X-ray beam strikes an insulating sample. At time

t=0, V=0, hence j, = ff/¢.
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where R and C are the sample bulk resistance
and surface capacitance, respectively, and
a=j.,b=j_ are the roots of the quadratic in
j obtained when factorizing (4): j. = — ¢/2R +
1./(@ + 4BR). Eq. (5) is valid for [jg=o) =Jj,] >
J > Uu=«) = al, where a is the positive root and the
asymptotic limit of j at large ¢, that is, the equilib-
rium value of j. The neglect of surface charging and
recombination are significant simplifications, but
the resulting picture has the correct behavior, as
seen in Fig. 2.

The dynamics of charging are shown experi-
mentally by Fig. 2, which follows the evolution with
time of the photocurrent from homogeneous con-
ducting or insulating samples illuminated with
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Fig. 2. Typical photocurrent versus time curves for insulating (a
fixed human glioblastoma cell culture) and conducting (silicon
wafer) samples illuminated with 538 eV X-ray photons (at the
O 1s edge). A picoammeter connected between the sample
mounting and ground measures the total emitted current after
the illumination began (at approximately 14 s). The curves are
normalized to the synchrotron beam current and displaced
vertically for clarity. As explained in the text, charge formation
at the surface of the cell culture reduces the yield of emitted
electrons with time.

538 eV X-rays. The simple yield curve for the sili-
con wafer is stable, while charge build-up on the
insulating cell sample causes an exponential-like
reduction in photocurrent with time. Although the
equilibrium yield is evidently significantly lower for
the cell sample than the peak (initial) yield, the
XANES spectra acquired on this sample have no
spurious features or energy shifts due to the charg-
ing behavior. At equilibrium the yield remains pro-
portional to the absorption cross section through
the factor M(hv) in Eq. (1). In general on homogene-
ous samples, charging effects, if extreme, may mean
that total yield absorption spectroscopy is imposs-
ible, but if a signal is obtained at equilibrium, as in
Fig. 2, then it contains the XANES information
without artifacts. The case of spectra acquisition
with spatial resolution, however, may occasionally
suffer from artifacts of localized charging as de-
scribed below.

3. Imaging effects of localized charging

While the formation of a uniform charging layer
may reduce the total photoelectron yield, localized
charging due to lateral inhomogeneities may addi-
tionally cause image artifacts by deviating the
trajectory of emitted electrons. The imaging of elec-
trons with electrostatic lenses is sensitive to any
situation (usually sample topography) for which
emitted electrons are not parallel to the optical axis.
Localized charging can also make electron trajecto-
ries non-coaxial, and hence generate apparent top-
ography. A typical example is an insulating feature
on a conducting surface: electrons emitted by the
feature, and from nearby regions of the conducting
material are deflected by the charging spot. This
lensing effect results in a dark halo around the
object (strongly deviated electrons from nearby
areas do not pass the aperture in the back focal
plane of the objective lens) which is itself imaged
out of focus. Such lensing effects give a strong but
incorrect visual impression of surface relief. The
situation is depicted schematically in Fig. 3a.

The study of insulating films on steel for applica-
tions in tribology and wear research provided
many examples of charging features. With heat and
rubbing, the monophosphate engine oil additive
ZDDP forms highly resilient polyphosphate films,
which are also good electrical insulators [10]. Film
formation is uneven, resulting in islands that charge

imaged
intensity a) b)

electron
trajectories

1174 \\H

conductor
msulatmg spot

conductor

THIAE0N
\

insulating layer

Fig. 3. Schematic illustrations of the effect of localized charge
areas on the trajectories of emitted electrons, and on the sub-
sequent intensity distribution at the electron detector, for (a)
a charged spot and (b) a charged layer.
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Fig. 4 MEPHISTO micrographs of a region of insulating polyphosphate film created on steel by the motor oil additive ZDDP. Both
images are of the same specimen surface area, with a photon energy 140 eV (P 2s edge), but at different times. The initial image (a)
exhibits extreme charging behavior. After 2 h of continuous illumination, much more sample detail is visible in (b) The change is
attributed to permanent photon-induced surface modification which caused an increase in surface conductivity.

under X-ray illumination, as shown in Fig. 4a. The
appearance of the films in MEPHISTO evolved
with time. Fig. 4b was taken on the identical sample
region as Fig. 4a but after 2 h of continuous illu-
mination. Fig. 4b shows the modified appearance in
the photoelectron image, with less artificial (charg-
ing induced) topography, and with more structural
detail visible. We interpret the changes as being due
to irreversible film damage due to X-ray exposure,
resulting in increased electrical conductivity. The
characteristically smooth forms imaged in Fig. 4b
indicate that although the conductivity has in-
creased, charging still occurs to a lesser degree.

The MEPHISTO spectromicroscope frequently
analyses biological samples (cell cultures, tissue sec-
tions) which are poor conductors, but photoemit
when sufficiently thin and mounted on a conduct-
ing gold substrate. Tissue mounted in epoxy and
ultramicrotomed can be imaged for section thick-
nesses of 30-500 nm. Fixed tissue sections or cell
cultures, 3-10 pm in thickness exhibit substantial
charging unless first ashed and consequently thin-
ned in an oxidative UV/ozone environment to re-
move carbon [19].

Even ashed samples can show charging induced
artificial topography, as demonstrated in Fig. 5.
Additionally, Fig. 5 shows how the sample appear-
ance may vary with photon energy as this crosses
an absorption threshold. The main feature in Fig.
51is a gap in ashed human meningioma tissue which
reveals the underlying gold substrate. Each pair of
images (a and b, ¢ and d) shows the photoelectron
images, respectively, below and above the calcium
2p and oxygen ls absorption edges. Calcium and

oxygen spectra, acquired from a uniform tissue area
are shown for reference. The ashed tissue charges
under the beam, while the mostly empty gold sub-
strate region remains neutral. At the substrate-tis-
sue border, electrons photoemitted from the gold
substrate are deviated from a coaxial trajectory and
cannot pass through the aperture: hence, the corre-
sponding image area appears dark. The situation is
depicted schematically in Fig. 3b. As the extent to
which the trajectories are perturbed varies smooth-
ly away from the border, the effect in the image is of
a smooth, three-dimensional protruding feature,
which is only an artifact, as Fig. 5c makes clear.

The total yield varies substantially above and
below the oxygen 1s edge at 538 eV, with the corre-
sponding difference in the extent of charging above
and below the edge. The calcium 2p edge at 349 eV
lies closer to lower-energy edges of other physiolo-
gically present elements (potassium, carbon, sulfur,
phosphorus) and hence there is a much smaller
difference in the on- and pre-edge images.

A comparison of Fig. 5c and d shows that the
effect of charge-induced apparent topography may
vary strongly with photon energy. This effect is
shown most vividly when the individual photo-
electron micrographs, taken at incremental photon
energies, are stacked together and animated to
form a movie. The images of Fig. 5 were extracted
from such movies, which can be found on-line at
http://www.src.wisc.edu/mephisto/mephisto_movie
s.htm The movies clearly demonstrate another ef-
fect of sample charging: image defocusing with
photon energy. The charge at the surface of an
insulating sample affects the image formation



134 B. Gilbert et al. | Ultramicroscopy 83 (2000) 129-139

Ca 2p absorption

ON-EDGE
388 eV )
E I
E
=
E
E
£l a)
£ |ere-EDGE
R EE
- |
i [
|
|
HE 38 30 32 38
Photon energy (eV)
O 1s absorption
P, |
% |
z |
=
e i
% |PRE-EDGE [ |
=, 531 eV
= |
E ON-EDGE
H 5387 eV
: d)

530 535 540 545 550
Photon energy (eV)

Fig. 5. MEPHISTO micrographs of ashed human meningioma tissue on silicon. The central feature is a gap in the tissue which reveals
the underlying substrate. These images show charging induced apparent topography, which varies in degree with the photon energy.
Micrographs (a) and (b) are below and above the calcium 2p edge, at 346.5 and 348.9 eV, respectively. The Ca 2p spectrum is displayed
on the right. Micrographs (c) and (d) are below and above the oxygen 1s edge, at 531 and 538.7 eV, respectively. The O 1s spectrum is
also displayed on the right. As explained in the text, the extent of surface charging can vary across absorption edges. Micrograph (c), just
below the oxygen edge gives the flattest and most accurate image of the sample, with no artificial topography.

through the optics by changing the potential differ-
ence between the sample surface and the grounded
first element of the objective lens. This accelerating
potential is exactly the variable used to focus the
photoelectron image on the detector (note that in an
X-PEEM the focus voltage also affects the magnifi-
cation). The movie across the oxygen 1s edge, which
exhibits the largest charging effect, shows that both
the magnification and the focus move with the
photon energy. The effect is smaller at the calcium
edge, but the movie explicitly shows two defocusing
events which coincide with the two 2p peaks.

4. Spectroscopic effects of localized charging

An unexpected phenomenon, which is explained
by considering the dependence of localized charg-
ing on photon energy, was the acquisition of nega-
tive XANES spectra from the specimen of Fig.

5 and others. The physical situation that may create
this is described as follows. Consider a localized
feature which is less conductive than the surround-
ing specimen. As the energy of the incident photons
crosses an absorption threshold of that element,
localized charging will cause the electrical potential
to drift more than the surrounding specimen. When
such a feature charges, the trajectories of electrons
emitted from nearby are deflected, and are less
likely to pass through the optics aperture. As the
extent of charging varies dynamically with the
photon energy, spectra from nearby regions will
contain energy-dependent intensity losses, which
are greatest close to the charging feature. Here, the
fluctuations may pull the intensity below even the
background (pre-edge) level, creating negative dips
in the total yield spectra, which perfectly follow the
spectrum of the feature itself.

Fig. 6 shows the positive and negative calcium 2p
spectra acquired from the tissue-substrate border
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regions shown with arrows in Fig. 5d. Spectra from
within both tissue and substrate areas are positive,
while negative spectra are observed at the border.

5. Strategies to minimize charging effects

The spectra of Fig. 6 clearly show that localized
charging may affect the line shape of total yield
spectra from samples that appear to be sufficiently
conductive to allow the extraction of electrons.
More generally, severe charging can make imposs-
ible X-PEEM analysis of many classes of specimens
that would be of interest, for example thick biolo-
gical samples (cells) or insulating materials science
specimens (polymers, composite materials).

Two simple approaches of eliminating charging
effects (false topography and negative spectra) were
tested on the tissue sample of Fig. 5. By lowering
the photon flux on the sample, the reduced rate of
electron extraction will reduce the overall surface
charging once the equilibrium is reached. The series
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Fig. 6. Calcium 2p X-ray absorption spectra from tissue, sub-
strate and border regions of the specimen imaged in Fig. 5.
Normal positive 2p peaks are acquired from the substrate (con-
ducting) and the ashed tissue (poorly conducting), but negative
spectra are acquired from the substrate — tissue border. Note
that the Ca 2p spectrum from the substrate is weak as calcium in
this sample originates from cells, and there is much less in
intracellular spaces.

of images in Fig. 7 show a detail of the tis-
sue—substrate border of Fig. 5, and the effect of
drastically reducing photon flux. This was achieved
by specially reducing the stored beam current of the
Aladdin synchrotron from 150 mA, to 10 and to
1 mA. A noticeable reduction of apparent topogra-
phy is evident along the series — the width of the
black band around the substrate is reduced — but at
a large cost in image brightness and quality. Both
the brightness and contrast of the last two images
had to be digitally enhanced after data acquisition
so that the features were clearly visible.

The accompanying spectra were taken from the
region marked with a box in the first image. All
spectra have been treated and normalized identi-
cally, and are plotted on the same scale. Although
the second spectrum is slightly less negative than
the first, the very low photon flux meant that spec-
troscopy was almost impossible in the final case.

The series of images in Fig. 8 show the effect of
increasing the diameter of the electron optics back
focal aperture. As described earlier, the effect of
deflecting the trajectories of electrons reduces their
transmission through the system, so increasing ap-
erture size allows a greater solid angle of electron
trajectories to pass. Fig. 8 shows that by passing
from 20 pm to 50 and 150 pm apertures more of the
initially dark border region is successively imaged.
The accompanying spectra from the region marked
by a box were again treated identically, and are
plotted on the same scale. They show that initially
negative spectra become positive at large aperture
diameter. It can be seen in these images, however,
that the image resolution is worse with larger aper-
tures.

The data presented in Figs. 7 and 8 confirm the
interpretation of negative spectra as being due to
the effects of localized charging on electron trajec-
tories. However, the use of low flux, or large aper-
ture to minimize the effect are not viable because of
the disadvantages of each approach. A method
used in XPS is to flood a charging sample with
low-energy electrons to neutralize surface charge.
This is impractical in the present experimental con-
figuration as the sample is held at over — 10 kV to
accelerate the emitted electrons towards the optics.
Similar charging problems have been encountered
by Habliston et al. in the UV imaging of biological
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Fig. 7. The effect of X-ray illumination intensity on charging artifacts. The series of micrographs show the variation in appearance of
a detail of the specimen shown in Fig. 5 as the incident intensity is reduced. The photon energy in each case is 538 ¢V, and the
synchrotron beam current (a measure of X-ray intensity) decreases from left to right, having the values 150, 10 and 1 mA. The dark
substrate - tissue border evident in the first image becomes relatively brighter at lower intensity, indicating less severe surface charging.
The overall image intensity is much reduced, however, and the last two images have been digitally enhanced. The corresponding series of
Ca 2p spectra were from the area shown by the white rectangle in the first image. There is no substantial elimination in the negative

spectrum intensity, and the signal is too weak in the final case.

specimens in a PEM which operates on the same
principles as MEPHISTO, although without the
capability to do spectroscopy [20,21]. Since the
main contrast mechanisms in this approach are (i)
topographical and (ii) work function differences,
the evaporation of cesium onto the surface of fixed
cells enhanced the emitted yield and reduced charg-
ing, since alkali metals have very low work func-
tions. A second technique was to simultancously
illuminate the sample with UV light, at high-energy
(hv > @, the work function) to stimulate the emis-
sion of secondary electrons for imaging and with
visible light (hv < @) to induce photoconductivity
by internal photoemission. Very striking results
were obtained in which an insulating cell body that
was completely dark due to charging under only
254 nm illumination initially was imaged bright
when photoconductivity was stimulated by 325 nm
light from an HeCd laser.

A similar experiment was performed in
MEPHISTO. We aimed to simultaneously illumin-
ate a typical insulating biological sample with X-
ray photons and photons from a mercury lamp
lower in energy than the work function. A high-
pressure mercury lamp was installed outside a sap-
phire window of the MEPHISTO main chamber
with a fused quartz lens to approximately focus the
light onto the sample in front of the objective lens.
The UV light was transmitted through filters which
block photons higher in energy than the filter cut-
off energy.

Fig. 9 contains a sequence of plots of photocur-
rent versus time that demonstrate some success in
alleviating surface charging by concurrent UV and
X-ray illumination. We measured the photocurrent
emitted by the sample due to X-ray light and saw an
increase when the UV source was uncovered. The
specimen was a culture of fixed human glioblastoma
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Fig. 8. The effect of electron optics aperture size on charging artifacts. The series of micrographs show the variation in specimen
appearance as successively larger diameter apertures are placed in the objective lens back focal plane. The photon energy in each case is
538 eV, and the aperture diameters are 20, 50 and 150 um. With larger apertures, more electrons, including those deflected from the
optical axis by surface charge, are passed through the optics. Although image resolution is degraded, negative spectra are eliminated and

the substrate - tissue border is brightened.

cells on a gold substrate which was impossible to
image in MEPHISTO because of extreme charging.
As it is not possible to measure the current of
secondary electrons transmitted through the elec-
tron optics of MEPHISTO, the photocurrent was
measured on a picoammeter connected between the
sample mounting and ground. The plots show the
typical reduction in yield after initial exposure to
X-rays as surface charge builds up. The specimen
was then exposed to filtered UV light, using 305,
320 or 335 nm cut-off filters. Then the X-ray beam
was shuttered off, so that the specimen was only
exposed to filtered UV light. Finally, the UV lamp
was also shuttered off.

In each case, adding UV illumination to X-ray
illumination causes a higher photocurrent. In all
but the final curve, this is due to both increased
surface conductivity, as well as photoemission by
the filtered UV light. The final curve, taken with the
335 nm filter, shows that there is no photoemission

caused by light less than 3.8 eV in energy (the
photocurrent goes to zero when only UV light
illuminates the sample). The increase in X-ray-
stimulated photocurrent in the presence of UV
illumination can then solely be attributed to an
increase in surface conductivity due to surface-in-
ternal photoemission, which allows surface charge
to be neutralized. In each case, the increase in yield
is not instantaneous but gradual. The rate of in-
crease is governed by the rate at which newly pro-
moted conduction electrons can travel from outside
of the X-ray spot to neutralize the charge inside,
forming a dynamic equilibrium in which surface
photocurrent flows radially into the X-ray-illumin-
ated area from the (larger) UV-illuminated area.
The increase in yield detected in the presence of
UV light did not allow a noticeable improvement in
MEPHISTO imaging. For imaging in MEPHISTO
a potential of approximately — 12kV is applied
between the sample and the first element of the
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Fig. 9. Photocurrent curves for the simultaneous illumination of
a fixed culture of human glioblastoma cells by 538 eV X-rays
and by light from a filtered UV lamp, using low pass cut-off
filters at the wavelengths indicated. Under X-ray light alone, the
photocurrent follows the exponential-like decay from the initial
value, which is typical of a charging sample. In each case, when
the UV lamp shutter is removed the photocurrent increases. For
filter cut-off wavelengths of 305 and 320 nm, the increase is
partly due to additional photoemission stimulated by UV
photons, shown by the finite photocurrent that is measured
when the X-rays are stopped but the filtered UV illumination
remains. An increase in surface photoconductivity due to inter-
nal photoemission also increases the yield by reducing surface
charging. With the 335nm cut-off filter, no photocurrent is
observed with filtered UV-light alone, hence the increase in
photocurrent is due to photoconductivity alone.

objective lens, which is ground, while no such bias
was applied when the photocurrent was measured
through a picoammeter. The decay in photocurrent
in the presence of this accelerating potential im-
mediately after X-ray illumination was observed to
be much faster than when no bias is applied. This
suggests that the electric field effectively removes all
emitted electrons and reduces the probability that
low-energy electrons may recombine with the pos-
itively charged surface. After rapidly reaching equi-
librium, filtered UV illumination photoconductivity
did not increase the surface conductivity enough to
improve image brightness. A greater flux of visible

photons is therefore required to sufficiently induce
photoconductivity and improve MEPHISTO im-
age brightness on such insulating samples.

6. Conclusions

Sample charging in XANES spectroscopy is gen-
erally less detrimental to the analysis of poorly
conducting samples than for the related technique
of XPS. A uniform insulating sample under X-ray
illumination experiences the formation of a surface
layer of positive charge that reduces the photocur-
rent until equilibrium is attained. Although the
photocurrent is lower due to charging, if the signal
level allows the acquisition of total yield XANES
spectra then they accurately show the X-ray ab-
sorption fine structure. When XANES spectro-
scopy is combined with X-PEEM imaging and
microchemical analysis, however, localized charg-
ing of insulating regions may dramatically affect
the imaging and spectroscopy of nearby areas. The
most extreme example is the acquisition of negative
absorption peaks from a specimen area close to
a strongly charging region. Charging centers deflect
the trajectories of electrons emitted from nearby
areas, and if the extent of charging varies across
absorption edges there may be energy-dependent
intensity fluctuations recorded in spectra from the
surrounding sample area.

The situation more frequently encountered is
that X-PEEM analysis is completely impossible if
a sample is a very good insulator. Preparing the
sample very thinly (less than 100 nm) may improve
conduction across the bulk. Alternatively, studying
the sample in a transmission geometry [22,23] sep-
arates the absorption of photons (which is indepen-
dent of charging) for chemical analysis, from the
emission of photoelectrons (from a metal photo-
cathode) for imaging and spectroscopy. Not all
samples can be prepared for transmission experi-
ments, and in some cases the surface chemistry,
rather than the bulk information is the subject of
study. If such a sample cannot be studied because of
charging, then only an increase in the surface con-
ductivity offers a solution. This may be achieved by
evaporating a metallic surface onto the sample, or
by inducing photoconductivity. Photoconduction
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elimination of charging has been demonstrated for
the UV-PEEM, and shown here to be feasible.
Future work to obtain a higher density of visible
light photons incident upon the charging surface is
expected to allow MEPHISTO imaging of insulat-
ing biological samples.
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