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Abstract

X-ray absorption spectra can be collected in multiple ways, each exhibiting a different probing depth. The total

electron yield signal contains contributions from primary, Auger and secondary electrons. We present data on the total

electron yield probing depth at core level energies ranging from 77 to 929 eV. By coating materials with chromium

overlayers, we find that the maximum probing depth increases with core level energy from 15 to 141 �AA. We demonstrate
that the Auger electron contribution to total electron yield intensity is negligible, therefore X-ray absorption spectra

acquired in X-ray PhotoElectron Emission spectroMicroscopy (X-PEEM) are equivalent to spectra acquired by total

electron yield. We find that the signal intensity decreases exponentially with coating thickness, and that total electron

yield probing depth and Auger electron range (calculated in the continuously slowing down approximation) are similar

at low energies, but diverge for kinetic energies above 400 eV.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In an X-ray absorption event, a primary core

level electron is ejected leaving the system in an

excited state (i.e. with a core hole). The system can

relax via filling of the core hole by an electron of

lower binding energy. This results in either the
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emission of a fluorescence photon or in radia-

tionless emission of an Auger electron. Inelastic

electron electron scattering of the Auger electron

results in a low energy secondary electron cascade

[1,2].

The creation and detection of secondary elec-

trons is fundamental for many techniques in surface
science, including scanning electron microscopy,

XANES and EXAFS spectroscopy, and for de-

vices such as cathode ray tubes and microchannel

plates [3–5]. In the case of XANES and EXAFS

experiments, it is important to know the surface

sensitivity of a particular probe, and its ability
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to collect or avoid signal from buried layers. The

various techniques of monitoring fluorescence

yield, partial electron yield and total electron yield

(TEY) exhibit different surface sensitivities. Fluo-

rescence yield has a large probing depth advantage

over electron yield [6–8], but is often unsuitable
for concentrated samples due to self absorption

effects. In addition, core levels below 2 keV have

higher a Auger electron yield than fluorescence

yield per absorption event [9]. Auger electrons may

be monitored directly in partial electron yield by

selecting electrons of a particular kinetic energy.

TEY has additional signal amplification following

the cascade of electrons generated by the inelastic
scattering of Auger electrons. No device to select

electrons of a particular energy is needed, therefore

the experimental set up is greatly simplified. The

photocurrent is easily measured and represents the

XANES or EXAFS signal [10,11].

This, however, leads to an uncertainty in the

source of the signal. Without energy discrimina-

tion, primary, Auger and secondary electrons
all contribute to the total yield photocurrent. All

three types of electrons have different kinetic en-

ergies and mean free paths. In the near edge re-

gion, primary electrons have low kinetic energy

and are incapable of creating large numbers of

secondary electrons through inelastic scattering.

The secondary electrons therefore are due almost

entirely to inelastic scattering of the Auger elec-
trons. It is generally accepted that TEY signal is

dominated by the large number of low energy

secondary electrons, therefore the TEY probing

depth must largely depend on the range over which

the Auger electrons inelastically scatter.

The mean free path of the low energy secondary

electrons also affects the probing depth. Erbil et al.

[12] have shown that for hard X-ray photons, the
TEY is dominated by secondary electrons and

have derived an expression for TEY signal versus

sample depth. Several other experiments measured

TEY from various materials at varying photon

energies [12–19]. In the present paper, we report a

systematic study of the TEY probing depth for a

single over layer element (Cr), using six different

substrates (Al, Si, Be, Ti, Fe and Cu) as Auger
electron sources. We show that the TEY probing

depth depends on the photon energy and therefore
on the Auger electron kinetic energy. We also

compare the experimental results with Auger

electron ranges calculated using the continuously

slowing down approximation.
2. Experimental details

All X-ray absorption spectra (XAS) were ac-

quired in the Spectromicroscope for the PHoto-

electron Imaging of Nanostructures with X-rays

(SPHINX), which is an X-ray PhotoElectron

Emission spectroMicroscope (X-PEEM), installed

at the University of Wisconsin Synchrotron Ra-
diation Center (SRC) [20]. In this instrument the

sample is held at high negative potential ()20 kV)
and the photoelectrons are accelerated through

and magnified by electron optics, composed of six

magnetic lenses, a 30 lm aperture and several

stigmators and deflectors. The magnified photo-

electron image is intensified by two microchannel

plates and converted into a visible image by a
phosphor screen. The final image is collected by a

12-bit digital camera and transferred to a com-

puter. The SPHINX electron optics are tuned to a

maximum transmission factor of 1 for electrons

with 0.8 eV kinetic energy. Electrons with 100 and

1000 eV kinetic energy have transmission factors

of 9.2� 10�3 and 9.9� 10�4, respectively [21]. This
device, therefore, strongly selects the secondary
electron yield.

We acquired an image (180 lm diameter) near a
reference scratch on each sample, and collected the

integrated spectral signal from the whole image

while scanning the photon energy. After each

subsequent coating step we returned to the same

location on the sample surface, and acquired a new

spectrum. Additionally, on several samples, TEY
spectra were acquired by measuring the sample

drain current immediately following the X-PEEM

measurements.

The Al, Ti, Fe and Cu samples were polished

with diamond paste down to 0.25 lm, then UHV
cleaned. The Si wafer and the 250 lm thick Be foil
did not require further polishing. All samples were

sputtered with 1.5 keV argon ions for 20 min
(1� 10�5 Torr) in the SPHINX UHV preparation
chamber, prior to measurement.



(a)

B.H. Frazer et al. / Surface Science 537 (2003) 161–167 163
Chromium was deposited via thermal sublima-

tion at a typical pressure of 2� 10�9 Torr (base
pressure 1� 10�10 Torr). The measurement cham-
ber was typically at 1� 10�10 Torr. Chromium de-
position thickness was monitored using an Inficon�

crystal thickness monitor. The beryllium and alu-
minum XAS spectra were acquired on the 062 6 m

TGM beamline, while all other spectra were ac-

quired on the 033 HERMON beamline at the SRC.
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Fig. 1. (a) Fe 2p X-ray absorption spectra measured in

SPHINX for 0, 2.4, 6.0, 11.2 and 34.5 �AA Cr over layer thickness

and (b) corresponding Cr 2p X-ray absorption spectra.
3. Results and discussion

Fig. 1a shows one series of X-ray absorption
spectra acquired from the Fe sample before and

after several Cr depositions. As Cr thickness in-

creases, the spectral features of the Fe L3 and L2
edges (and all other edges described below) de-

crease in intensity while maintaining their line-

shapes and energy positions. We therefore assumed

that there were no chemical reactions with Cr, or

oxidations, and used the most intense feature (L3
for Fig. 1) to measure the signal to background

ratio of the under layer. All spectra acquired were

normalized to the pre-edge region using a linear fit

until, at high Cr coverage, the nonlinear beamline

throughput curve (I0) began to dominate the

background. At that point and thereafter, fifth

order polynomial fits to the pre-edge region were

used to normalize the spectra.
Fig. 1b shows corresponding Cr XAS spectra,

for the same sample as Fig. 1a. When possible (the

6 m TGM does not reach the Cr 2p binding en-

ergy) Cr spectra were taken after each coating as a

verification of the chromium deposition. To ana-

lyze the data from each sample, the substrate ab-

sorption peak to background ratio was computed

for each value of Cr thickness. The peak ratios
were normalized to the maximum value (from the

data obtained without a chromium over layer) so

the trend at all edges could be compared. These

data are presented in Fig. 2a and b. Several fea-

tures are evident from the figure. While less clear

for the low energy Al, Si, and Be edges, the ex-

ponential nature of the decrease in peak intensity

as a function of Cr thickness is evident for Ti, Fe
and Cu edges. This decay is clear for all data in

Fig. 2b, in which the natural logarithm of the peak
intensity are plotted as a function of Cr thickness.
While Erbil et al. [12] predict and offer experi-

mental evidence of a polynomial dependence of

TEY signal as a function of over layer thickness in

the hard X-ray range, reports exist in the literature

for exponential dependence in the soft X-ray re-

gion [14,15,17,18].

We do note that for small values of Cr thickness

(less than 5 �AA) there seems to be a change of slope



Table 1

Peak photon energy ht, Auger electron kinetic energy EAuger,
Auger electron effective range (AER, calculated in the CSDA

approximation as described in the text), 1=e length of a linear fit
to the natural logarithm of peak to background ratio versus Cr

overlayer thickness, the correlation coefficient of the linear fit R,
and the MPD extrapolated from the experimental data and

linear fits of Fig. 2b for each edge

ht
[eV]

EAuger
[eV]

AER

[�AA]

1=e
length

[�AA]

R MPD

[�AA]

Al L 77 68 19.5 2.1878 0.9707 15.5

Si L 101 76 20.1 4.1365 0.9742 29.3

Be K 120 104 21.8 4.2730 0.9892 29.5

Ti L 464 387 40.7 6.8339 0.9951 46.8

Fe L 707 651 60.7 11.559 0.9857 76.4

Cu L 929 920 84.1 21.322 0.9833 141

Fig. 2. (a) Peak to background ratio versus Cr thickness and

(b) the natural logarithm of the peak to background ratio

versus Cr thickness for various substrates. Markers represent

experimental data, lines represent exponential and linear fits to

the data. The exponential fits of (a) are calculated from the

linear fits of (b). Fit values are given in Table 1. Lines of the

exponential fits at low Cr thickness are not plotted in (a) since

the fits and measured data diverge for small Cr thickness (inset

of (a)). (N¼Cu, +¼Fe, j¼Ti, r¼Be, d¼Si, .¼Al).
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in Fig. 2a and b. The peak intensity drops much
faster, with increasing coating thickness for Cr <5
�AA compared to >5 �AA. This might be explained by
different contributions to the secondary electron

yield, for example including the possibility of a

short mean free path for secondary electrons, as

suggested by some authors [15,22,23]. Another
possibility is surface topography at sub-monolayer

Cr coverage as this is known to strongly affect

the secondary electron yield in other systems [24].

The number of points in our data are too small to

accurately fit this region to retrieve quantitative

information on these speculations.
We performed linear fits and least square

analysis of the data in Fig. 2b and found the gra-

dient for each line, as reported in Table 1, with

correlation coefficients between 0.97 and 0.99 for

all data sets. The linear fit of each set of data en-

abled the extrapolation of data points corre-

sponding to 0.1% peak to background ratio, which

we define as the maximum probing depth. These
extrapolated data, as well as characteristic Auger

electron energy, and calculated Auger electron

ranges are presented in Table 1.

We calculated the Auger electron range, that is,

the range over which an Auger electron deposits its

energy through inelastic scattering. Our calcula-

tion is based on the continuously slowing down

approximation (CSDA) using energy dependent
stopping powers from Ashley et al. [25]. Fig. 3a

shows the electron stopping power SðEÞ in four
different metals, calculated by Ashley et al. [25], as

a function of electron kinetic energy. We are not

aware of stopping powers for Cr in the literature,

but considering that the values for the four metals

of Fig. 3a do not differ considerably, we adopted

the numerical average of the four as electron
stopping power for Cr (also plotted in Fig. 3a).
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Fig. 3. (a) Stopping power SðEÞ, for Ni (� � �), Au (- �� – ��), Cr
(––), Cu (- - - -), and Ag (– � – � – � –) as a function of Auger
electron kinetic energy. (b) AER as a function of electron ki-

netic energy calculated using Cr data from (a) in the CSDA.
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Fig. 4. Cu 2p peak to background ratio with exponential fits as

acquired with SPHINX (data¼N, fit¼ ––) and TEY (data¼j,

fit¼ - - -).
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The effective ranges for Auger electrons with dif-

ferent kinetic energies in Cr can then be calculated

by numerically integrating:

RCSDAðEAugerÞ ¼
1

2

Z EAuger

10 eV

dE0

SðE0Þ ð1Þ

where the 1/2 factor is derived from Monte Carlo

simulations of electron ranges [12]. The result of
this integration for each Auger electron kinetic

energy of our experimental data is reported in

Table 1, while the entire curve is shown in Fig. 3b.

The Auger effective range represents the dis-

tance over which one Auger electron of kinetic

energy E0 interacts within the sample. While in-
elastically scattering, that electron generates addi-

tional electrons with kinetic energy <E0, which in
turn can undergo inelastic scattering with other
electrons. As this process propagates a large num-

ber of electrons are liberated within the sample,

although only those cascading electrons that reach

the surface with kinetic energy > 0 can be detected.

Some authors [15,19] suggest that the TEY

signal may consist of significant contributions
from the primary Auger electrons as well as the

high energy cascading electrons. They report sev-

eral possible reasons for a smaller contribution of

the secondary electrons to the TEY signal: the

secondary electrons may have a smaller mean free

path than the universal curve suggests, or they

may experience reflection from the potential bar-

rier at the surface of the sample [26]. Schroeder
et al. have shown using conversion electron detec-

tion (CEY) that a significant portion of the TEY

signal consists of electrons with at least 40 eV

kinetic energy at the Ni K edge [19].

The effective energy filtering of the electron

optics in SPHINX selects the low energy electrons

but this bias is removed when collecting data by

photocurrent TEY. Fig. 4 shows two series of Cu
peak measurements. One curve represents data

collected in SPHINX, the other photocurrent

TEY. If the primary Auger electron contribution

was relevant, the two curves should differ signifi-

cantly. The curves of Fig. 4 are not identical but
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quite similar, and the probing depths are obviously

comparable. We therefore conclude that at least

in the case of chromium, the direct contributions

of Auger electrons to the TEY signal are quite

small. The only contribution of Auger electrons is

therefore indirect, occurring through multiple in-
elastic scattering and X-PEEM XAS data may be

considered equivalent to XAS measurements in

TEY.

As reported in Table 1, our data show maxi-

mum probing depths (MPD) ranging from 15 to

141 �AA, for Auger electrons of initial energies of 68–
920 eV, respectively. In Table 1 we note the simi-

larity between the measured maximum probing
depth and the corresponding calculated Auger ef-

fective range below 400 eV. The data for MPD and

Auger effective range (AER) are plotted in Fig. 5.

The third order polynomial and exponential fits of

Fig. 5 are merely shown as guides to the eye and

are not meant to infer functional form. The two

curves are similar in magnitude below 400 eV but

show an increasing divergence as electron kinetic
energy increases. This may be due to several ef-

fects. First, the values we used for the stopping

power are not exact calculations for Cr and errors

at low energies are propagated to higher energies

as a consequence of the CSDA. Second, it has been

shown that elastic scattering has a significant effect
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Fig. 5. Maximum probing depth (MPD,d) and Auger effective

range (AER, N) as a function of Auger electron initial kinetic

energy. Lines are exponential and third order polynomial fits,

respectively.
in increasing an electron�s inelastic mean free path
[27]. The third, and most probable cause of the

observed discrepancy is that for soft X-ray core

levels the MPD and the AER are not equivalent.

For hard X-ray core levels, the Auger effective

range (200 to >1000 �AA) is much larger than the
secondary electron escape depth (�5 �AA) [12,15]. As
a consequence, there are many multiple inelastic

scattering events resulting in a nearly uniform

density of secondary electrons within 5 �AA of the
sample surface. In this case the TEY maximum

probing depth is determined by the AER and the

TEY signal versus sample depth can be expressed

by a simple polynomial [12,19].
At lower energies the secondary electron escape

depth is a sizable fraction of the AER (20–85 �AA).
The primary Auger electron undergoes a sizable

portion of the total energy loss within 5 �AA of

the sample surface. The total number of multiple

scattering events is smaller than at higher energies

and the density of secondary electrons within 5 �AA
of the sample surface can no longer be considered

uniform. In this case the AER is not the only factor

in determining theMPD and the TEY signal versus

sample depth is exponential [14,15,17,18]. For the

very low energy core levels of Fig. 5, the total

number of scattering events is quite small and thus

the AER and MPD are in agreement.
For the Si 2p edge, we found a TEY maximum

probing depth of 29.3 �AA, which is considerably
smaller than reported by Kasrai et al. [16]. The two

measurements are not equivalent, however, as the

over layer in their system is SiO2. Low energy
electrons in a metal primarily scatter via interac-

tions with valance band electrons. In insulating

materials this does not occur, and consequently

secondary electrons have larger escape depths. It is

then expected that our maximum probing depth

would be less than that measured with an insu-

lating over layer, such as SiO2. In measuring the

Ni 2p core level (853 eV) Abbate et al. [15] found a
maximum probing depth of 25 �AA (Tb over layer)
while Vogel and Sacchi [18] find 60 �AA (Dy over-
layer). Esteva et al. [14] report a 1=e length of
7.2 and 11.3 �AA for La and Gd L edges. These

measurements are all consistent with our data

considering that different materials are being

investigated.
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4. Conclusions

We systematically measured the maximum

probing depth for core level binding energies

ranging from 77 to 929 eV. We found maximum
probing depths for Cr metal ranging from 15.5 to

141 �AA over this energy range. We also found that
the decrease in peak intensity as a function of over

layer thickness is exponential.

We used the energy filtering of the SPHINX X-

PEEM to selectively collect secondary electrons,

and compared the results with photocurrent TEY.

We observed no significant differences, and prove
that Auger electrons do not substantially contrib-

ute to the TEY signal. We therefore conclude that

measuring only low energy electrons in X-PEEM

is equivalent to measuring the TEY photocurrent.

We suggest that, for the core electron energies

in the range 77–929 eV, the maximum probing

depth is closely tied to the range over which an

Auger electron deposits its energy. A comparison
of the maximum probing depth data with approx-

imate calculations of the effective Auger electron

ranges suggests that the Auger range is on the

order of the probing depth and, in fact, likely de-

termines the depth sensitivity below 400 eV. The

MPD is material dependent and also energy de-

pendent. The divergence between the TEY MPD

and AER with increasing core energy indicates a
significant increase in the contribution from elec-

tron cascade, at least up to �1 keV, which is not
taken into account in the CSDA. To accurately

predict the MPD in the soft X-ray region a de-

tailed knowledge of the interactions of Auger elec-

trons with the solid is essential. This theory should

include corrections for elastic scattering of the

Auger electrons as well as the number of cascading
electrons generated by inelastic scattering, which

rapidly increases with initial Auger electron kinetic

energy in the soft X-ray range.
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