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We have determined the effective attenuation length of photoelectrons over the range of kinetic energies
from 4 to 6 keV in Co, Cu, Ge, and Gd2O3. The intensity of the substratesSid and overlayer core level peaks
was measured as a function of the thickness of the wedge-shaped overlayers. Experimental values vary be-
tween 45–50 Å at 4 keV and 60–65 Å at 6 keV in Co, Cu, and Ge. Smaller valuess30 Å to 50 Å, respectivelyd
are found in Gd2O3. Our results confirm that, for different classes of materials, high energy photoemission
spectroscopy has the necessary depth sensitivity to go beyond surface analysis, yielding important information
on the electronic properties of the bulk and of buried layers and interfaces.
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I. INTRODUCTION

PhotoemissionsPEd electron spectroscopy is one of the
most powerful tools available for the investigation of the
electronic properties of matter. Its strong surface sensitivity
is fully exploited for studying the topmost atomic layers of a
solid. Quantifying depth sensitivity1 in PE experiments has
been an ongoing subject of research for more than 30 years,
generating a wealth of experimental and theoretical results
ssee, for instance, Refs. 2–4d. Such studies are important not
only to PE spectroscopy, but also to quantitative LEED
analysis5 and electron energy loss spectroscopy.6 It is rel-
evant to the following discussion to point out that so far
research has concentrated almost entirely on a range of elec-
tron kinetic energiessEkd that goes from a few tens of eV up
to at most 2 keV, i.e., the range that is normally analyzed in
PE experiments. At these kinetic energies, extreme surface
sensitivity prevents PE spectroscopy from being used to in-
vestigate bulk electronic properties with negligibly small
contributions from the surface. Important examples of this
difficulty can be found in the analysis of strongly correlated
systems, such as high temperature superconductors and
heavy fermion systems.7 From a more technologically ori-
ented point of view, it is also important to stress the need for
nondestructive methods of analysis capable of investigating
the electronic properties of protected thin films, buried inter-
faces and multilayered devices.

In principle, the most straightforward way of increasing
bulk sensitivity in PE experiments is to go towards higher
values of Ek s4–10 keVd. Hard x-ray photoemission spectros-
copy sHAXPESd is very demanding in terms of photon flux,
because of the low photoionization cross sections at high

photon energy.8 This is one reason why there was no follow
up to the pioneering experiments carried out on first genera-
tion synchrotron sources.9 Taking advantage of the improved
performance of modern storage rings, several projects have
been started over the last few years with the aim of measur-
ing the volume electronic properties of solids via
HAXPES.10–14 In addition, high performance laboratory
sources have been designed and developed recently for spe-
cific applications where energy resolution is of little
concern.15

Our project VOLPEsVOLume PhotoEmission from sol-
idsd has the objective of obtaining bulk sensitive valence
band PE spectra with good statistics and with energy resolu-
tion comparable to that of standard PE experiments carried
out in surface sensitive mode.14 The results of the commis-
sioning of the electron analyzer indicate that photon energies
around 6 keV offer a good compromise between attainable
energy resolution, increased depth sensitivity and a reduced
cross section for valence band PE.13 In particular, we were
able to measure the Co 2p core level emission of a Co film
buried under a 120 Å thick capping layer, and a rough esti-
mate of the effective attenuation lengthsEALd was given
sl=50±5 Å at 5 keVd. It is clear, though, that in order to set
realistic conditions for the feasibility of future experiments
and to move into applications of high energy valence band
photoemission, a more accurate and quantitative knowledge
of the depth sensitivity is required.

Model calculations estimating the depth sensitivity in this
range of kinetic energies are scarce. We will refer to the work
of Jablonskiet al.16 and Cumpson and Seah,17 whose com-
puter codes are available at the cited websites. From the
experimental point of view, an early study by Flitsch and
Raider18 estimated a mean escape depth of about 55 Å at 3.5
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keV in Si and SiO2. More recently, Dalleraet al.19 deter-
mined the EAL in GaAs to bel=53 Å at 6 keV.

In this paper, we present the result of a systematic work
dedicated to quantifying the effective attenuation length of
high energys4–6 keVd electrons. The energy dependence of
the EAL at several keV has not been investigated exten-
sively, let alone its material dependence. Yet, from the expe-
rience gained at low kinetic energies,20 it appears very im-
portant to compare, even at this early stage, values ofl for
different types of materials.

The samples that we used in our investigation were two-
component systems of the kind wedge-shaped overlayer-A
grown on substrate B. This choice allowed us to monitor in a
simple way the intensity of core level emissions of both ma-
terials as a function of the thickness of Asthis is the so-called
overlayer method3d. The substrate was always silicon, while
overlayers were chosen in such a way as to cover different
classes of materials, namely noble metalssCud, open 3d shell
metals sCod, semiconductorssGed and an open 4f shell,
strongly correlated oxidessGd2O3d.

II. SAMPLE PREPARATION

Wedge samples of Co, Cu, and Gd2O3 were preparedex
situ, using magnetron sputtering. The nominal thickness gra-
dient was 10 Å/mm for all samples. The Co sample was
capped by a 20 Å thick homogeneous layer of Cu, to prevent
oxidation. Gd2O3 was obtained by mixing 5% of oxygen to
Ar during the deposition of Gdspartial pressures were 5
310−4 mbar of O2 and 9.5310−3 mbar of Ard. Deposition
rates sin the 1–2 Å/s ranged were monitored by a quartz
balance prior to deposition. All Si substrates were cut from
the same wafer. The thins8–10 Åd passivation oxide layer
was not removed, in order to limit the possible intermixing
with deposited films. The presence of the oxide layer con-
tributes weak Si4+ components that are well separated in en-
ergy from the Si0 main lines of the substrate. In addition, it
introduces a constant attenuation factor for all Si0 peaks, but,
being a constant factor, this does not affect our analysis of
the overlayer thickness dependence of normal emission spec-
tra.

In order to avoid artifacts in the analysis of the photo-
emission intensity, we checked the thickness of our samples
by measuring the angular dependent specular reflectivity as a
function of the position along the wedge. Reflectivity mea-
surements were carried out at the x-ray metrology beamline
6.3.2 of the Advanced Light Source at the Lawrence Berke-
ley National Laboratory.21

Figure 1 shows an example of reflectivity measurements
at different positions along the Co wedge. Oscillations in the
reflectivity as a function of the scattering angle originate
from the interference between the waves scattered at the
vacuum-film and at the film-substrate interfaces.22 By match-
ing the oscillation period of the reflectivity, the local over-
layer thickness can be determined precisely.23 The results of
the reflectivity analysis agree well with nominal thickness
values, except that the Co film displayed an unexpected kink
at around midpositionssee Fig. 2d. This deviation from lin-
earity was accounted for by interpolating experimental val-

ues and by using the resulting thickness versus position
curve in the analysis of photoemission data.

We also prepared four Ge samples, in the form of homo-
geneous films, by using an electron bombardment evapora-
tor. Nominalsmeasuredd thickness values were 25s28d Å, 50
s48d Å, 75 s78d Å, and 100s112d Å.

FIG. 1. Specular reflectivity curves measured at different posi-
tions on the Co wedge. The sample displacement is 2 mm between
each successive curve. The photon energy is 777 eV. The estimated
overlayer thicknessx, indicated next to each curve, includes the Cu
capping layer.

FIG. 2. A comparison between nominal and reflectivity-derived
thickness values as a function of position along the Co wedge.
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III. PHOTOEMISSION SETUP

High energy PE experiments were performed using the
VOLPE analyzer. The complete setup was assembled at
ESRF in January 2004 and installed on beamline ID16 for
commissioning and first experiments. Results were very
promising in terms of energy resolution: an overall band-
width of ,70 meV was attained at 6 keV, with equal contri-
butions from the photon beam and from the analyzer.13 En-
ergy resolution, though, is not a major issue in the present
experiment and, relaxing constraints on both the photon
beam and the electron analyzer, we were able to measure
core level spectra with good statistics also in the low current
modes30 mA on averaged of the storage ring.

Using a combination of a Sis111d double crystal and a
Sis220d channel cut for the monochromator, we obtained, at
6 keV, a flux of 231012 photons/second per 100 mA in the
storage ring, with a photon energy resolution of 340 meV.
The photon beam size at the sample position is 60mm
3120 mm sFWHM vertical3horizontald.

The electron analyzer was operated at a pass energy Ep of
60 eV, using an entrance slit of 1.6 mm. The spatial resolu-
tion of the two dimensional detectors0.1 mm/channeld de-
fines the size of the exit slit. In the scan mode, we integrated
the signal over 15 channels, for an effective exit slit of 1.5
mm. Under these conditions, the expected analyzer resolu-
tion is 470 meV, which, combined with the photon band-
width, gives an overall resolution of 580 meV. Photoemis-
sion data confirm this estimate: Fig. 3 shows a Voigt fit to the
1s photoemission peak of Si, where the widths of the Gauss-
ian and Lorentzian contributions are fixed to their nominal
values of 580 meV and 480 meV,24 respectively. The signal
intensity is given in counts per secondscpsd, and such a
spectrum could be collected in about 2 min.

The use of a position sensitive detector makes it possible
to acquire spectra in the so-called fixed mode, i.e., accumu-

lating over the energy range defined by the acceptance of the
detector in the dispersive direction, without changing any
voltage. For a pass energy of 60 eV, this energy range is 4.5
eV, sufficient to record a whole photoemission peakscf. Fig.
3d. In our experiment we made use of this mode of acquisi-
tion, in addition to the standard step-by-step one.

IV. DATA COLLECTION AND ANALYSIS

The thickness gradient axis in the wedge samples was
oriented vertical, i.e., normal to the measurement plane de-
fined by the incoming photons and by the collected electrons.
In this way, we could select the overlayer thickness by a
vertical translation of the sample, leaving the geometry of
the PE measurement unaltered. All PE measurements were
performed at room temperature, with the photon beam im-
pinging at 45 deg onto the sample surface and by collecting
photoelectrons at normal emission. We chose this experimen-
tal geometry in order to keep data analysis as simple as pos-
sible. It is now well recognized that the description of the
emission depth distribution functionsEDDFd as an exponen-
tial decay is not valid whenever elastic scattering events can-
not be neglected.2–4 On the other hand, making use of both
numerical and analytical calculations, it was shown that the
emission angle plays an important role in the shape of the
EDDF function, and elastic scattering effects are enhanced at
grazing emission.25 At normal emission, the EDDF is well
approximated by an exponential decay behavior and the EAL
has a well defined valuel that can be obtained by a simple
fit to the experimental data. Moreover, although rarely stated
explicitly, model calculations taking into account the depen-
dence on Ek indicate that elastic scattering effects on the
EDDF become less important when going towards higher
kinetic energies.5,26 It should be stressed, though, that even
under these favorable conditionsl should be regarded as a
practical EAL valuesas defined in Ref. 27d and, especially,
that it should not be confused with the electron inelastic
mean free pathsIMFPd,2,3 which does not account for the
influence of the elastic scattering processes.

We definel as the thickness of the overlayer that reduces
to 1/e the intensity Is of a core level emission from the
substrate, assuming a unitary intensity I0

s for the bare sub-
strate. Therefore, the intensity of a core level peak from the
substrate varies as a function of the overlayer thicknessx as

Issxd = I0
se−x/l.

In the same way, the intensity I of a peak related to the
excitation of a core electron in the overlayer will vary as

Isxd = I0s1 − e−x/ld,

I0 being the intensity for an infinite thickness of the over-
layer. It is worth underlining that, in both cases,l expresses
a property of the overlayer material. Measuring the bare sub-
strate and a very thick overlayer fixes the values of I0

s and I0,
thus makingl the only free parameter for a given electron
kinetic energy Ek.

Data were collected either in a scan mode or in a fixed
mode. An example of the former is given in Fig. 4 for Co:
whole PE spectra were recorded as a function of Ek at dif-

FIG. 3. Si-1s photoemission from the bare substrate, after sub-
traction of an integral background curvesdotsd. Experimental con-
ditions are detailed in the text. The line is a Voigt function, assum-
ing the nominal values of the experimental resolutions580 meVd
and of the natural peak linewidths480 meVd.
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ferent sample positions, i.e., at different overlayer thickness
values in the wedge. Raw data were corrected for photon flux
and accumulation time. The area under the curve for the bare
Si substrate was set to unity. To evaluate the EAL, these
values were fitted with an exponential decay, yieldingl
=50±2 Å sFig. 5d. The abscissa in Fig. 5 is the total over-
layer thickness, i.e., we assumed that the 20 Å thick homo-
geneous capping layer of Cu behaves as Costhis was con-
firmed a posteriorid. Alternatively, one can plot the intensity
versus the actual Co thickness and scale the intensity of the
bare silicon to account for the attenuation through 20 Å of
Cu susing values in Table Id. This procedure yieldedl
=51±2 Å.

In the fixed mode, we set the kinetic energy of the ana-
lyzed peak at the center of the detector and, by scanning the
sample height, we recorded the total peak intensity versus
layer thickness. Another scan at 10 eV higher kinetic energy
was also recorded to take into account variations in the back-
ground. The difference between the two measurements gave
the variation of the peak area as a function of the overlayer
thickness. Figure 6 shows three curves obtained in a fixed
mode, measuring the Si-1s emission intensity as a function
of the thickness of the Gd2O3 overlayer. The sample was
moved in steps of 0.2 mm, corresponding to a Gd2O3 thick-
ness variation of roughly 2 Å from one point to the next. The
three curves differ for the photon energy employeds5925 eV,
7500 eV, and 8000 eVd, hence for the kinetic energy of the
photoelectrons. Lines are exponential best fits. The results

obtained using the two collection modes always agreed well.
The fixed mode allows for faster data acquisition.

The results of our analysis are summarized in Table I,
wherel values are given for different materials and different
core level peaks. In Table I, we use the notation scan and
fixed to refer to results obtained according to the two experi-
mental procedures described above. The correspondinglsEkd
values are shown in Fig. 7.

V. DISCUSSION

Figure 7 gives an experimental estimate of the EAL in
different materials for electron kinetic energies between 4
keV and 6 keV. The values that we obtain for Co, Cu, and Ge
are fairly similar and close to predictions based on the best
available models.16,17 The full line in Fig. 7 is the IMFP in
metallic Cu, as obtained using theNIST computer code.16

Under our experimental conditions, one expects the EAL to
be smaller than the IMFP.2,3 One also expects this difference
to diminish with increasing Ek values,26 but we have not
found models that quantify this trend between 4 keV and 6
keV. The data in Fig. 7 may be interpreted as suggesting that
the difference between EAL and IMFP becomes smaller than
the experimental error bar at high kinetic energies. On the
other hand, in view of the discussion relative to Gd2O3 data
below, we believe that such a conclusion cannot be drawn on
a firm basis yet.

A quantitative comparison with other experimental data
on similar materials can be made with the results obtained
recently by Dalleraet al.,19 who analyzed three GaAs
samples where an AlAs layer of given thickness was intro-
duced at various depthss20, 40, and 60 Å from the surfaced.
They determinedlsEkd values of 44 Å at 4450 eV and of 53
Å at 6050 eV, with ansEkd0.5 dependence over the 800–6000
eV range of kinetic energies. Our results for Co, Cu, and Ge

FIG. 4. Si-1s photoemission spectra as a function of the total
overlayer thicknesssvalues, in Å, are indicated next to each curved.
All data are normalized to the incoming photon flux and on a
counts-per-second basis. The accumulation time goes from 1 second
per point for the thinnest overlayer to 6 seconds per point for the
thickest one.

FIG. 5. The area of the curves in Fig. 4 after normalization to
bare siliconsdotsd. The abscissa is the total overlayer thickness,
including the 20 Å Cu capping layer. The continuous line is the best
fit with an exponential decay function.
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give larger values ofl s44–51 Å at 4079 eV and 60–65 Å at
5738 eVd. These are not major differences and agreement
may be regarded as moderately good insofar as a clear trend
is demonstrated.

The kinetic energy dependence ofl cannot be deduced
from our data alone. If we consider, together with our results,
also lower energy values of the EAL that can be obtained
from the literaturese.g., EAL values for Cu based on the
analysis of experimental data over the range Ek
=500–1000 eV28d, a sEkd0.75 behavior gives a fair fit to the
ensemble of the data. On the one hand, such a behavior is at
variance with the results of Dalleraet al.,19 based on the
analysis of a single set of data extending over a wider energy
range. On the other hand,sEkd0.75 behavior is supported by
recent calculations for both positrons and electrons up to 40
keV.29

Turning now to Gd2O3, the values that we obtain forl are
always smaller than for all the other samples. To check for
spurious effects and experimental artifacts, we measured
more points for Gd2O3 smore emission lines and several pho-
ton energiesd and obtained consistent results. The Gd2O3 pa-
rameters relevant to the determination of the IMFPsdensity,
energy gap, and number of valence electronsd, lead to theo-
retical lIMFP values slightly larger than for Co or Cu. At this
stage, we have no explanation for this discrepancy. A reduc-
tion factor of about 0.6–0.7 would be required to explain the
difference between the calculated IMFP and the experimental
EAL. Such a strong reduction is hardly encountered even at
very low kinetic energies and this argument would not ex-
plain the difference between Gd2O3 and the other samples. A
theoretical evaluation of the IMFP in lanthanides has been
the subject of debate and of changing points of view over the
last few years, as illustrated, for instance, by the works of

TABLE I. Summary of the experimental results. From left to right, columns containsid overlayer material;
sii d photon energy;siii d core level used for the analysis;sivd type of measurementseither independent spectra
or fixed mode acquisitiond; svd electron kinetic energy;svid value ofl and corresponding error bar estimated
from an exponential fit to the data;svii d calculatedlIMFP values from Refs. 17 and 30svalues in parentheses
are from Ref. 16d.

Layer "vseVd Core level Data type Ek seVd l sÅd lIMFP sÅd

Co 5925 Si 1s Scan 4079 50±2 40

” Si 1s Fixed 4079 51±2 41

” Co 2p Fixed 5140 55±2 49

” Si 2s Scan 5769 61±3 54

” Si 2s Fixed 5769 60±3 54

Cu ” Si 1s Fixed 4079 44±4 40s50d
” Si 2s Scan 5769 62±6 54s67d

Ge ” Si 1s Scan 4079 47±3 52s51d
” Ge 3s Scan 5738 65±6 69

Gd2O3 ” Si 1s Scan 4079 31±1 51

” Si 1s Fixed 4079 31±3 51

” Gd 3p Scan 4372 32±3 54

” Gd 3p Fixed 4372 34±4 54

7500 Si 1s Fixed 5654 43±4 67

5925 Gd 4d Scan 5765 44±5 68

” Gd 4d Fixed 5765 46±6 68

” Si 2p Scan 5818 44±4 69

” Si 2p Fixed 5818 45±5 69

8000 Si 1s Fixed 6154 51±3 72

FIG. 6. Sample scans in fixed mode acquisitionssee the textd.
The normalized Si-1s peak intensity is plotted against the Gd2O3

overlayer thickness for three different kinetic energies. Lines are
obtained by fitting with an exponential decay function.
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Seahet al.30 and of Tanumaet al.31 To appreciate the influ-
ence of different choices of parameters on calculatedlIMFP
values, we used the expression for the IMFP that is given in
Ref. 31: varying every parameter within physically accept-
able limits, we obtained values that are always within the
shaded area in Fig. 7 and we were not able to reproduce our
experimental results. Rare earths are known to have a pecu-
liar behavior in terms of the electron mean free path at very
low kinetic energies.20 One would think, though, that the
mechanisms invoked at low energysmainly the high prob-
ability of exciting localized transitions of the 4f electronsd
are not very effective at several keV, and do not serve to
explain our findings. Therefore, it remains an intriguing ex-
perimental observation that requires better understanding and
modeling.

Overall, our results confirm that, for Ek,6 keV, photo-
electrons can travel an average distance of 50 to 65 Å before
suffering an inelastic collision. The corresponding informa-
tion depthsdefined as the layer thickness from which 95% of
the total signal is produced2,3d is of the order of 150–200 Å.
This is in agreement with earlier measurements of thin films
buried under more than 100 Å thick overlayers.13,19

These values have two implications.
sid Surface contributions at 6 keV are of the order of 2 to

7% of the total intensitysFig. 8d, according to the thickness
of the surface layer being taken as 1 or 5 Å, respectively. For
comparison, when working at ten times lower kinetic energy
snote that Ek=600 eV would be considered already as high
energy photoemission by usual standardsd, the surface layer
contributes 12% of the total intensity if it is 1 Å and 46% if
it is 5 Å. The corresponding information depth is 24 Å. Be-

ing able to put figures on these quantities is very important to
support the idea that high energy photoemission is a bulk
probe of the electronic properties of solids.

sii d Typical capping layers which are used for protecting
samples from contamination are 20 to 40 Å thick, and they
will only reduce the signal from the underlying sample by
less than a factor of 2. This implies that protected samples
can be measured easily and thatin situ preparation under
ultrahigh vacuum conditions is no longer a strict requirement
for core level photoemission spectroscopy. Also, the signal
from buried interfaces and thin films will be more accessible.
When l is ,60 Å, for instance, a film 10 Å thick buried
under a 100 Å layer will still contribute a measurable frac-
tion s,3%d of its core level bulk signalsFig. 8d, while the
corresponding intensity at 600 eVs3310−6d would not be
detectable.

VI. SUMMARY

We have measured the effective attenuation lengthl of
high energy photoelectrons in Co, Cu, Ge, and Gd2O3. Ex-
perimental values in Co, Cu, and Ge vary between 45–50 Å
at 4 keV and 60–65 Å at 6 keV, in fair agreement with
theoretical predictions.16,17 At variance with calculations,
smaller valuessrespectively, 30–35 Å and 45–50 Åd are
found in Gd2O3. Overall, our results confirm that, for differ-
ent classes of materials, high energy photoemission has the
necessary probing depth to be considered a volume sensitive
technique. Although these results do not exhaust the need for
systematic characterization studies on different materials,
they help us to define boundaries for the depth sensitivity of
high energy photoemission experiments.
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