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We report on the application of a two-dimensional position-sensitive area detector towards grazing

emission x-ray fluorescence (GEXRF) spectroscopy. GEXRF allows for surface-sensitive studies with

nanometer-scale accuracy in the depth direction by measuring the intensity variation of an x-ray

fluorescence line with the grazing emission angle. The presented experimental setup is based on a

fixed sample-detector arrangement and does not require any moving components. We show that the

dispersion of the grazing emission angle along a position-sensitive detector allows to acquire with an

excellent angular resolution a full GEXRF profile in a single measurement. Moreover, the use of a

two-dimensional detector allows to perform experiments with an increased solid angle of detection

per emission angle. This results in combination with the nonsequential and simultaneous acquisition

of the GEXRF profiles of different emission lines in considerably reduced acquisition times. The

realization, the demands, and the main characteristics of the scanning-free GEXRF setup will be

presented. A few experimental examples will serve to illustrate the analytical possibilities offered by

the presented setup. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4838575]

I. INTRODUCTION

The efficiency of surface analysis by means of x-ray

probing combined with x-ray emission spectroscopy (XES) is

limited by the rather large penetration depth of the incident x-

rays into the sample. Surface sensitive analysis is of interest in

different scientific and technological applications in which the

physical properties of a material are modified by a layer depo-

sition on the top of a surface or a doping process of the near-

surface region. Sample depths of several nanometers up to at

most a couple of hundred nanometers are affected. The down

scaling of devices increases the importance and demands on

surface speciation. In order to preserve a constant aspect ratio

the sample volumes to be studied get shallower and the dopant

concentrations are reduced. The surface region is also of inter-

est for catalysis. However, in the hard x-ray energy range the

typical attenuation length is in the micrometer range. Conse-

quently, the XES signal which is recorded with standard emis-

sion spectroscopy setups originates not only from the sam-

ple surface but also from the bulk volume below the surface.

Thus, the signal from the surface-near volume is dominated

by the background contribution from the bulk volume. In or-

der to enhance the surface sensitivity, either the incidence an-

gle of the probing x-ray beam or the emission angle at which

the XES signal is recorded has to be reduced to grazing an-

gles, i.e., to angles close to the critical angle for total external

reflection. The latter depends on the energy of the incident,

respectively, emitted x-ray photons and the sample material.

In grazing incidence x-ray fluorescence (GIXRF)1–5 the exci-

tation of the XES signal is confined to the surface-near vol-

ume by reducing the incidence angle of the probing beam
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to grazing values, while in grazing emission x-ray fluores-

cence (GEXRF)6–8 a detection setup which is only sensitive to

x-rays emitted at grazing angles allows to record solely the

XES signal from the surface-near volume.

A. Comparison of GIXRF and GEXRF

Both, GIXRF and GEXRF (Fig. 1), can be applied to the

elemental depth-sensitive characterization on a nanometer-

scale of the surface-near sample volume. The results provided

by the two techniques can be expected to be identical if the en-

ergy of the x-rays which are incident at grazing angles is the

same as the energy of the x-rays emitted at identical grazing

angles.9 The physical equivalence of both techniques can be

demonstrated with the principle of microscopic reversibility

and reciprocity.10 An experimental evidence of the reciprocity

was given by the observation of interference fringes in the

angular dependence of the fluorescence radiation in GEXRF

conditions.11 From an experimental point of view, the differ-

ences between the two grazing geometries are on one side

due to the different energies of interest for the acquisition of

the angular dependence of the XES intensity and on the other

side to the different solid angle of detection which is larger

for GIXRF setups. The energy of interest is in GIXRF the

one of the incident x-ray photons and in GEXRF the one of

the emitted x-ray photons, thus once above and once below

the absorption edge. The probed depth range scales there-

fore differently with the grazing angle in GIXRF and GEXRF

because of the different absorption sensitivities to the sam-

ple matrix. The smaller solid angle of detection of GEXRF

setups is caused by the fact that the angular acceptance of

the detection setup has to be reduced in order to have well-

defined observation angles. On the other hand, this allows
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to combine the grazing emission geometry either with low-

energy resolution detectors or with high-energy resolution de-

tection setups without further deteriorating the solid angle of

detection.12–15

B. Depth-sensitivity of GEXRF

The surface- and depth-sensitive character of GEXRF

(and also of GIXRF) can be explained by two factors, the

first being the increased x-ray absorption in the depth direc-

tion caused by the shallow emission angles, the second be-

ing the refraction of the x-rays at the interface formed by the

sample with the surrounding environment (air, gas, or vac-

uum). Because of the latter factor the refracting interface has

to be flat on an x-ray wavelength scale. Since for x-rays the

real part of the complex refractive index is smaller than unity

by a decrement factor which is of the order of 10−7 to 10−3,

the angle subtended between the x-ray path and the sample-

environment interface will always be smaller on the sample

side (Fig. 1). Consequently, x-rays emitted from the bulk sam-

ple volume cannot be detected if the grazing emission angle is

sufficiently small, i.e., below the critical angle (Fig. 1, bottom

panel). The detected XES signal is due to an evanescent wave

propagating along the sample surface.9 The probed depth re-

gion is a few nanometers wide and only the atoms located

close to the sample surface contribute to the detected XES

yield. In the vicinity of the critical angle, the depth range

to which the experimental setup is sensitive changes signif-
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FIG. 1. In the grazing incidence geometry, the total external reflection of x-

rays at incidence angles ϕi below the critical angle ϕc not only improves the

excitation efficiency for fluorescence radiation of the near-surface region but

also prevents in addition any fluorescence excitation of the bulk. Above the

critical angle ϕc, the probed depth region is limited by the x-ray absorption. In

the grazing emission geometry, the probing beam penetrates into the sample

and the XES signal is created, both, at the surface and in the bulk volume.

However, for grazing emission angles ϕe below the critical angle ϕc only

the XES signal excited at the surface can be observed, all contributions from

the bulk are suppressed by the refraction at the sample surface interface. For

emission angles above the critical angle, the probed depth volume increases

with the emission angle and the XES signal emitted by atoms located further

away from the surface becomes observable.

icantly and increases from a few to several hundred nanome-

ters. In addition to the XES signal from the surface-near

atoms, also the XES signal of atoms located further away

from the surface can be detected after refraction at the inter-

face. In the angular range above the critical angle the probed

depth region increases, in a first approximation, linearly with

the emission angle and the sample depth which is probed at

a given emission angle is mainly limited by the absorption

of the emitted x-rays. Recording the XES intensity as a de-

pendence of the grazing emission angle allows then to char-

acterize the in-depth distribution on a nanometer-scale of the

atoms emitting the measured XES signal. In this respect, the

grazing angle at which the emitted x-rays are detected has to

be well controlled. In comparison to other surface-sensitive

analytical techniques, GEXRF measurements performed with

hard x-rays allow for non-destructive micro-trace, surface-

sensitive, and depth-profiling experiments on multielemen-

tal samples and require little or no sample preparation. Thus,

GEXRF experiments can be realized under atmospheric pres-

sure, allowing for non-invasive in situ experiments at ambient

conditions.

C. GEXRF excitation source

With respect to GIXRF, the main experimental advan-

tage offered by GEXRF is the independence on the excita-

tion source. Indeed, GIXRF measurements can only be real-

ized with collimated, monochromatic x-ray beams in order to

preserve the angular resolution, whereas GEXRF experiments

can be performed with different types of excitation sources

for the XES signal in terms of ionizing particles (x-rays or

charged particles), energy bandwidth of the ionizing particles,

and spatial size of the ionizing beam.16–20 The GEXRF pro-

files and thus also the depth ranges probed at different graz-

ing emission angles are essentially determined by the energy

of the emitted x-rays and the sample matrix. This is espe-

cially of advantage if absorption measurements are realized in

the grazing emission geometry. Indeed, in GIXRF the critical

angle and the probed depth range vary pronouncedly when

the incident beam energy is scanned through an absorption

edge,21 while in GEXRF both parameters are independent of

the incident beam energy.13 Sample thickness effects can be

excluded in an absorption spectrum measured in the GEXRF

configuration since the attenuation depth of the incident beam

is always larger than the probed depth. Only if the XES sig-

nal is excited with low-energy charged particles which pene-

trate less deep than the depth range probed by GEXRF at the

largest covered emission angle, an influence on the GEXRF

profiles becomes noticeable. Moreover, as we will demon-

strate, a spatially resolved detection of the emitted x-ray pho-

tons allows to acquire GEXRF profiles in a single measure-

ment without scanning through different sample-detector ori-

entations. This is a further, considerable advantage offered by

the GEXRF geometry. Note that in GIXRF the angular de-

pendence cannot be reconstructed from a measurement of the

XES signal at a single sample position and the angular in-

tensity profile has to be recorded sequentially by varying the

incidence angle.
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D. Scanning-free GEXRF concept

In state-of-the-art GEXRF setups, the XES intensity de-

pendence on the grazing emission angle has to be recorded in

a series of sequential measurements. The emitted XES signal

has to be measured at different sample or detector positions

which correspond to different grazing angles, the quality of

the measurement depending on the accuracy, and the resolu-

tion of the positioning system. Indeed, a good angular reso-

lution, i.e., of the order of a few hundredth degree or even

better, has to be ensured in order to resolve eventual sharp

interference fringes in the angular intensity profile.22 The re-

quired angular resolution depends on the fluorescence line

and the sample under investigation, e.g., for layered samples

the period of the interference fringes varies inversely with the

energy of the emitted x-rays and the layer thickness.10 The

main factor influencing the instrumental angular resolution is

the angular aperture of the GEXRF detection system. Equiva-

lently to the sample orientation, also the detector position can

be modified in order to change the grazing emission angle.

Indeed, in GEXRF, a spatially resolved measurement of the

XES signal allows to record the dependence of the XES in-

tensity on the grazing angle, the angle being defined by the

position of the detector with respect to the sample surface. In

order to refine the angular resolution, the angular acceptance

of the detection setup is optimized by means of a slit system

or a dispersion device.

The possibility of recording an angular intensity profile

in GEXRF without scanning through the sample or the de-

tector positions was first demonstrated by means of an imag-

ing plate in 1993 by Sasaki.23 A following application was

to acquire positional information about radioisotopes on the

top of a reflecting surface by recording the interference pat-

tern under grazing emission conditions of the x-rays emit-

ted during electron capture processes.24 Other GEXRF setups

and experiments reported in the literature were, to the best of

our knowledge, performed only in a sequential approach by

measuring the XES intensity successively at different sample-

detector orientations. Compared to two-dimensional pixel de-

tectors, imaging plates are advantageous in terms of detection

area and spatial resolution. Both of these aspects are of im-

portance for GEXRF, once because of the covered range in

grazing emission angles and once because of the angular res-

olution. The covered range in emission angles should range

from 0◦ to twice or even thrice the critical angle. However,

with respect to imaging plates, modern position-sensitive de-

tectors offer advantages in terms of sensitivity, signal-to-noise

ratio, the dynamic range and the linearity in the intensity re-

sponse. The latter two aspects are of special importance since

the x-ray intensity varies significantly with the grazing emis-

sion angle. Moreover, the x-ray intensities are acquired in a

digitized way which facilitates data treatment and analysis.

In the present work, a scanning-free GEXRF setup will

be presented which is based on the dispersion of the graz-

ing emission angle along one of the dimensions of a two-

dimensional position-sensitive pixel detector and which al-

lows therefore to acquire the angular intensity profile of the

XES signal in a single measurement at a fixed position of

the setup components. Instability effects due to source in-

tensity fluctuations or motor vibrations are avoided. The an-

gular acceptance in the direction along which the emission

angle is dispersed is defined by the individual pixels, no slit

system is required. The XES intensity is recorded simulta-

neously for the different covered grazing emission angles,

eliminating any dead time caused by scanning through dif-

ferent motor positions. Measurements with different sample

types, namely bulk, layered, and ion-implanted samples, will

be shown. The detector extension perpendicular to the angular

dispersion axis permits to circumvent the most important dis-

advantage of existing GEXRF arrangements, the small solid

angle of detection.

II. METHODOLOGY AND INSTRUMENTATION

The experimental setup was realized at the Optics beam-

line of the Swiss Light Source (SLS).25 The synchrotron radi-

ation was produced by a bending magnet, monochromatized

by a cryogenically cooled Si(111) channel cut monochroma-

tor and focused down to approximately 200 × 150 μm2 (v

× h) with a bendable toroidal mirror (1:1 focusing). The sam-

ples were mounted on a goniometer head and oriented at a

fix shallow incidence angle which was sufficiently far above

the critical angle of total external reflection for the consid-

ered synchrotron beam energies. A reference sample holder

was used to ensure that the different samples were at the

same position with respect to the incident beam and the two-

dimensional position-sensitive area detector, a PILATUS 100

K area detector.26 The reasons to choose a shallow incidence

angle for the incident x-ray beam were, first, to disperse the

incident beam on the sample surface in order to excite the

XES signal in a larger surface area and, second, to enhance

the excitation of the XES signal from the near-surface region

with respect to the bulk contribution and avoid background

contributions from the bulk volume. This resulted in improved

background conditions. Indeed, for shallow incidence angles

the probed depth region is not only limited by the extinction

depth of the XES signal but also by the attenuation depth of

the incident synchrotron beam.

The XES signal produced in the sample was recorded

with the PILATUS 100 K area detector which is a single-

photon counting detector and allowed for a position-sensitive

detection of the photon intensity by storing for each pixel the

number of photons with an energy above the detector thresh-

old. The detector array consisted of nH × nV = 487 × 195

pixels with a size of 172 × 172 μm2 (active area 83.8 × 33.5

mm2) and was positioned so that the normal to the detector

surface was perpendicular to the incident beam direction and

parallel to the sample surface plane, one of the detector di-

mensions being parallel to the latter plane (see Fig. 2). The

orientation close to 90◦ with respect to the synchrotron beam

minimized the scattering background on the detector whereas

the detected XES yield is not affected since the fluorescence

x-ray photons are emitted isotropically by the source atoms.

The emission angle scale was hence dispersed along the

detector dimension which is vertical to the sample surface

plane. In a pixel column of the detector the different de-

tector pixels subtend each a different, discrete angle with
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FIG. 2. Illustration of the scanning-free GEXRF setup. The dispersion of the

grazing emission angle along one direction (in the illustration, the vertical

one) of the position-sensitive detector allows to acquire the GEXRF inten-

sity profile at once without moving any components. An exemplary angular

profile of the emitted fluorescence intensity for a single emission line from a

thin layered sample is displayed on the right. The covered angular range �ϕe

and the angular resolution depend on the sample-to-detector distance D, the

detector height H, and the vertical pixel size �h (see also Fig. 3). The second

direction (in the illustration, the horizontal one of width W ) allows to acquire

the emitted x-ray fluorescence intensity for each emission angle with an in-

creased solid angle of detection per grazing emission angle. The synchrotron

beam was incident at a shallow angle on the sample in order to enhance the

excitation of the XES signal in the near surface region.

respect to the sample surface. Thus, the position-sensitive de-

tection allows to discriminate the emission angles of the dif-

ferent recorded x-ray photons. A prerequisite is of course that

the angular stepping in the vertical direction along which the

grazing emission angles are dispersed should be fine enough,

i.e., the difference in the emission angle between two suc-

cessive pixels, or equivalently the opening angle per pixel,

should be sufficiently small to provide a good angular res-

olution. This can be achieved, for a fixed pixel size, by in-

creasing the sample-to-detector distance D. A good angu-

lar resolution is required to separate eventual interference

fringes in the angular XES intensity profile, e.g., for layered

samples.10, 11, 27

The detector dimension parallel to the sample surface

plane permitted to increase the solid angle of detection for

the different emission angles. The angular intensity profiles

recorded in each pixel column were merged together by sum-

ming the intensities along each horizontal pixel row. The

whole active area of the detector was thus used. Consequently

the overall acquisition time could be notably reduced, per-

mitting to acquire a full GEXRF profile in a relatively short

time period. The emission angle varied, however, slightly in

the horizontal direction along a row of pixels since the dis-

tance to the XES source point on the sample surface varies

because of the plane detector surface. However, the horizon-

tal variation in the emission angle drops quickly with the

sample-to-detector distance and becomes smaller than the av-

erage spanned opening angle per pixel in the vertical direction

(Fig. 3, lower right panel). Finally, the contribution to the

angular resolution when binning the values in the different

columns is for sample-to-detector distances larger than 80 cm

about an order of magnitude smaller than the contribution of

the pixel size. In the acquired grazing emission XES intensity

profile, the mean emission angle value of each horizontal row

was assigned to the binned intensity value. A relatively large

sample-to-detector distance is, thus, not only required to re-

solve the emission angle in the vertical direction but also to

avoid an important spread in the emission angle value along

the horizontal direction and consequently a blurring of the an-

gular resolution when binning.

The covered range of emission angles should be broad

enough, i.e., at least twice the critical angle, to acquire useful

angular XES intensity profiles at once without moving any

components. Moreover, the solid angle per covered emission

angle unit should be large enough to ensure that the measure-

ments can be performed in a short time interval. Although the

XES intensity is monitored simultaneously for all the differ-

ent emission angles, the solid angle per covered emission an-

gle is referred to instead of the overall solid angle of detection.

This allows for a better comparability with respect to standard

grazing incidence or grazing emission setups where the XES

dependence on the grazing angle is recorded sequentially in

a point-by-point angular scan. The shorter dimension of the

PILATUS detector allowed to cover a large enough angular

range, the solid angle per emission angle could be increased

by orienting the long side parallel to the sample surface and

thus by binning the intensities recorded in each row over a

larger number of pixels.

The covered range in emission angles is determined by

the detector dimension (H = nV�h) and can be calculated

with the following formula:

�ϕe = tan −1

(

nV�h

D

)

, (1)

where �h = 172 μm corresponds to the pixel size in the ver-

tical direction. The opening angle for pixel j = 1,..., nV along

the emission angle dispersion axis is given by

δϕe = tan −1

(

j�h

D

)

− tan −1

(

(j − 1)�h

D

)

, (2)

whereas the emission angle was set to the value corresponding

to the pixel center,

ϕe = tan −1

(

(j − 0.5)�h

D

)

. (3)

The above equations are valid for the pixel column which

faces directly the spot irradiated by the probing beam on

the sample surface. As it was already mentioned, a differ-

ent sample-to-detector distance has to be considered for the

pixels in other detector columns: D →
√

D2 + (k�h)2 with

k = − nH−1
2

,..., nH−1
2

where it is assumed that the incidence

point of the probing beam on the sample surface is centered

along the horizontal detector dimension. The solid angle of

detection per emission angle (i.e., per pixel row) with respect

to a point source corresponds to

�e = 4 × tan −1

⎛

⎝

nH�h

2Dj

√

4D2
j + �h2 + (nH�h)2

⎞

⎠ ,

with Dj =
√

D2 + (j�h)2 .

(4)
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FIG. 3. Setup characterization for different parameters. The dispersion of the grazing emission angles over the active detector area is shown in the upper panel

for the selected sample-to-detector distance of 106 cm at which the measurements were realized. Because of the large sample-to-detector distance, the variation

of the emission angle along a detector row is small enough to allow for a binning of the recorded intensity values, thus an increased solid angle of detection

per emission angle, without deteriorating the angular resolution. The maximum difference in the sustained emission angle varies linearly from 0◦ to 0.001◦

along the detector height. The spanned range in grazing emission angles and the overall solid angle of detection depend for a given detector height on the

sample-to-detector distance (lower left panel). The angular resolution is mainly determined by the opening angle per pixel and the maximum difference in the

spanned grazing emission angle range between the different detector columns, both factors depending pronouncedly on the sample-to-detector distance (lower

right panel).

Based on above calculations and Fig. 3, a sample-to-detector

distance of about 100 cm was found to be the best compro-

mise for the present experimental setup. Finally, the detector

was placed at a distance of 106 cm from the sample. Consid-

ering the selected sample-to-detector distance and the detec-

tor extension, the relative change in the distance of the dif-

ferent pixels to the source point is less than 0.15%. For the

selected sample-to-detector distance and orientation of the

PILATUS detector, the average covered angular range was

1.812◦, the vertical opening angle per pixel was 0.00929◦,

and the solid angle per covered emission angle unit was 1.28

× 10−5 sr. The overall solid angle of detection with which

the angular intensity profiles were acquired was 2.50 × 10−3

sr. Because of the large sample-to-detector distance compared

to the detector dimensions, the maximum differences in the

covered angular range for the different pixels and detector

columns are on a relative scale at most of the order of 10−3.

Thus, it can be assumed that the dependencies of the open-

ing angle per pixel on the pixel indexes j and k can be safely

neglected.

The spanned range in emission angles per pixel as well

as the sample-to-detector distance were verified by a sam-

ple rotation by means of the goniometer head around an

axis which was parallel to the sample surface, which passed

through the center of the spot irradiated by the incident beam

and which was perpendicular to the normal of the detector

surface. This allowed also to fix the 0◦ emission angle posi-

tion along the angle dispersion axis. The intensity modula-

tion of the experimental GEXRF profiles allowed to control

the alignment of the detector with respect to the sample sur-

face plane and thus to avoid any smear of the angular resolu-

tion due to a misalignment of the detector surface around its

normal.

The angular resolution of the setup was experimentally

found to be about 0.015◦, thus comparable to the best reported

angular resolutions for other GEXRF setups.6 The main con-

tribution is given by the vertical opening angle per pixel.

Other contributions are due to the discussed variation of the

emission angle along a row of pixels (the maximum difference

in the sustained emission angle in a pixel row being 0.001◦),



123102-6 Kayser, Szlachetko, and Sà Rev. Sci. Instrum. 84, 123102 (2013)

FIG. 4. Energy dependence for Ge of the real part (scattering properties) and

the imaginary part (absorption properties) of the complex refractive index as

well as the critical angle (from bottom to top). The vertical bars indicate the

energy of the main emission lines and the energy of the incident beam. The

linewidths of the Kα lines being below 3 eV and the ones of the Kβ about

4.2 eV, the change for each emission line in the optical properties can be

estimated.

the extension of the sample surface area irradiated by the

incident beam and also the linewidth of the different fluores-

cence lines has to be considered. The former contribution can

be assessed by geometrical means and is much smaller than

the calculated variation of the emission angle along a horizon-

tal pixel row for a point source. Indeed, the dimensions of the

irradiated sample surface are much smaller than the detector

dimension. The latter contribution can be estimated from the

variation of the critical angle over the linewidth of the stud-

ied XES signal. In a first approximation, valid in the energy

regime below the absorption edge of the involved XES transi-

tion, the relative change in the critical angle over the linewidth

�E can be estimated by �ϕc

ϕc
≈ �E

E
(see Fig. 4). For the K

emission lines the relative change in energy over the linewidth

is about 5 × 10−4. A further factor which could broaden the

angular resolution is the probed sample depth which varies

with the grazing emission angle.28 However, the vertical size

of the detector pixels is much larger, thus this factor can be

safely neglected.

III. EXPERIMENTAL MEASUREMENTS

In the following, a few experimental examples of GEXRF

profiles acquired with the presented setup will be presented

together with an analysis of the data. Namely, the experimen-

tal data for a Ge bulk sample, a V- and a Cr-layered Si wafer as

well as two different Ga-implanted Ge wafers will be shown.

In the presented setup, the GEXRF profiles of the different

XES lines which were excited were acquired in a single mea-

surement and could not be separated from each other, unlike

in other reported setups. In the latter either a dispersive ele-

ment or a silicon drift detector (SDD) is used in order to per-

form the measurement on a single x-ray emission line (within

the possibilities given by the energy resolution of the detec-

tion setup). Indeed, the PILATUS detector does not allow for

a direct energy discrimination of the recorded x-ray photons,

only a threshold for the minimum energy of an x-ray pho-

ton can be set. Thus, all the x-ray energies above the detector

threshold have to be considered. Consequently, the analysis

of the measured GEXRF profile has to be adapted in order to

consider all the XES lines of the different elements in the sam-

ple having an absorption edge below the energy of the incident

synchrotron beam and an energy above the detector thresh-

old. The threshold was set for the presented measurements

to 4.25 keV. For the mentioned samples only the K emission

lines had to be considered. The advantage of acquiring the

GEXRF profiles from different x-ray emission lines simulta-

neously in a single measurement was a higher overall inten-

sity yield allowing for faster measurements. Moreover, the ac-

quired GEXRF profile contained more information since the

contribution of different emission lines can be regarded as the

combination of different GEXRF datasets.

When acquiring the GEXRF profiles, the detector was

not set up in order to have the 0◦ emission angle on the bot-

tom pixel row but several pixel rows above it. This allowed to

measure the scattering background in parallel to the GEXRF

profile and to correct the latter for the air scattering inherent to

the measurement because of the large sample-to-detector dis-

tance. The background correction was realized by subtract-

ing the average intensity per pixel recorded in the detector

area below the 0◦ emission angle. Indeed, the scattering back-

ground was found to be constant in the direction along which

the emission angle is dispersed.

The measured GEXRF profiles were analyzed on the ba-

sis of the formalism presented by Urbach and de Bokx.10, 29 In

the latter, the intensity dependence on the emission angle for

a given XES line is obtained by considering the contribution

of the emitting atoms. Physical phenomena influencing the

detected XES intensity are directly taken into account and ex-

plicit analytic expressions for the angular intensity profile are

obtained. This is advantageous for the interpretation of the ex-

perimental data. The formalism had, however, to be adapted

to the shallow incidence angle and the simultaneous acqui-

sition of multiple XES lines. Moreover, the elastic, i.e., co-

herent, scattering from the sample had also to be considered.

The different individual GEXRF profiles Ij (ϕe, λ
j
e ) were mul-

tiplied by their normalized relative intensity RIj and summed

together

I (ϕe) =

m
∑

j=1

RIj × Ij

(

ϕe, λ
j
e

)

with

m
∑

j=1

RIj = 1 , (5)

where m stands for the number of different photon energies

which were recorded (XES lines and elastic scattering), λe
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for the wavelength of the considered emission energy, and ϕe

for the grazing emission angle.

A. Bulk sample

For the Ge bulk sample the Kα1, Kα2, Kβ1, and Kβ3 as

well as the elastic peak had to be considered when analyzing

the recorded GEXRF angular intensity profile, the relative in-

tensity ratios of these 5 contributions being known.30 The con-

tribution of the elastic peak with respect to the overall contri-

bution of the fluorescence lines was estimated from the differ-

ent atomic cross-sections for the K-shell photoelectric absorp-

tion and the coherent scattering. The cross-sections can be

considered as being proportional to the probability for the K-

shell ionization and the subsequent emission of a fluorescence

photon (taking the fluorescence factor into account), respec-

tively, the elastic scattering of an incident photon. The relative

change with the x-ray energy in the transmission through air

on the path from the sample to the detector was taken into

account as well while the detector efficiency could safely be

considered to be uniform in the x-ray energy range of interest

for the different measurements. Moreover, calculations reveal

a quite pronounced dependence of the GEXRF profile on the

shallow incidence angle (see Fig. 5, left panel). Indeed, the in-

cidence angle has an influence on the probed depth volume for

emission angles above the critical angle for the emitted x-rays.

The exact value of the incidence angle (ϕi = 2.769◦ ± 0.007◦)

was extracted from the fit of the measured Ge GEXRF profile.

Thanks to the reference holder the incidence angle was iden-

tical for the other samples. The experimental GEXRF profile

for a bulk sample is described by means of Eq. (5) where the

individual contributions are given by

Ij

(

ϕe, λ
j
e

)

=
∣

∣tbulk ր air

(

λj
e

)
∣

∣

2

×
1 − e−(2Im(kbulk(λ

j
e ))+kbulk(λi )ρbulk)Tbulk

2Im
(

kbulk

(

λ
j
e

))

+ ki
bulk(λi)ρbulk

. (6)

In Eq. (6) the first factor stands for the change in the field

strength of the emitted radiation upon the transition of the in-

terface separating the sample volume from the outside and the

fraction with the exponentials accounts for the absorption of

the incident and emitted x-ray photons inside the sample. In

the subindex, the first named medium indicates from which

side the emitted radiation is incident on the interface and the

arrow indicates an upward or a downward propagation to-

wards the refracting interface. The density is denoted by ρbulk,

the thickness by Tbulk, and the wavelength of the incident ra-

diation by λi. The different factors in Eq. (6) are defined as

follows:

tbulk ր air

(

λj
e

)

=
kair

(

λ
j
e

)

kbulk

(

λ
j
e

)

√

n2
bulk

(

λ
j
e

)

− cos2 ϕe

sin ϕe +

√

n2
bulk

(

λ
j
e

)

− cos2 ϕe

,

kair

(

λj
e

)

=
2π

λ
j
e

sin ϕe,

kbulk

(

λj
e

)

=
2π

λ
j
e

√

n2
bulk

(

λ
j
e

)

− cos2 ϕe ,

ki
bulk(λi) =

2π

λi

√

n2
bulk(λi) − cos2 ϕi .

B. Layered samples

In the case of layered samples with thin (1-10 nm) or

medium (10-100 nm) thicknesses, the extinction depth is for

emission angles above the critical angle larger than the layer

thickness. A shallow incidence angle will thus not reduce the

probed depth region in the layer as it was the case for the bulk

sample but ensure a more efficient excitation of the XES sig-

nal from layer atoms and an improved signal-to-background

ratio. GEXRF measurements on layered samples are reported

in Refs. 6, 8, 27, and 31–34.

FIG. 5. In the left panel the dependence on the synchrotron beam incidence angle of the theoretical GEXRF profile for a bulk Ge sample as calculated with Eqs.

(5) and (6) for the Ge K emission lines and the elastic contribution is shown. It can be seen that the aspect ratio depends significantly on the shallow incidence

angle. The exact value of the probing beam incidence angle was deduced from a fit of the experimental GEXRF profile of the bulk Ge wafer (right panel), the

individual contributions of the different emission lines and the elastic line are displayed as dashed lines.
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FIG. 6. Fit of the experimental GEXRF profiles for a V-layered Si sample

(top panel) and a Cr-layered Si sample (bottom panel). A layer thickness of

23.2 ± 0.9 nm was fitted for the V layer and of 22.1 ± 0.2 for the Cr layer.

The individual contributions of the V, respectively, Cr Kα1, Kα2, Kβ1, and

the elastic line are displayed as dashed lines. While for the characteristic

lines obviously only the layer volume needed to be considered, the whole

sample volume needed to be considered for the elastic line (see text). The

characteristic lines of the bulk Si were not recorded because they were too

low in energy.

The individual contributions from the layer part of the

sample (Kα1, Kα2, Kβ1, and the elastic line) when fitting the

V layered Si wafer and the Cr layered Si wafer (Fig. 6) by

means of Eq. (5) are defined as follows:

I
(

ϕe, λ
j
e

)

=
∣

∣tlay. ր air

(

λj
e

)
∣

∣

2

×
1 − e−(2Im(klay.(λ

j
e ))+klay.(λi )ρlay.)Tlay.

2Im
(

klay.

(

λ
j
e

))

+ klay.(λi)ρlayer

×
1 +

∣

∣rlay. ց bulk

(

λ
j
e

)
∣

∣

2
e−2Im(klay.(λ

j
e ))Tlay. + �(ϕ)

(

λ
j
e

)

∣

∣1 − rlay. ր air

(

λ
j
e

)

rlay. ց bulk

(

λ
j
e

)

e
−2iklay.

(

λ
j
e

)

Tlay.
∣

∣

2
,

(7)

where �(ϕe) corresponds to a correction term and the reflec-

tion factors on the two interfaces present in a layered sample

are given by

rlay. ր air,=

√

nlay.

(

λ
j
e

)2
− cos2 ϕe − sin ϕe

√

nlay.

(

λ
j
e

)2
− cos2 ϕe + sin ϕe

,

rlay. ց bulk,=

√

nlay.

(

λ
j
e

)2
− cos2 ϕe −

√

nbulk

(

λ
j
e

)2
− cos2 ϕe

√

nlay.

(

λ
j
e

)2
− cos2 ϕe +

√

nbulk

(

λ
j
e

)2
− cos2 ϕe

,

while the transmission factor tlay. ր air(λ
j
e ) and the amplitudes

of the wavevectors are defined in analogy to the bulk exam-

ple. With respect to a bulk sample (Eq. (6)), a third factor

has to be considered in Eq. (7) for layered samples when cal-

culating or fitting GEXRF profiles. This factor takes into ac-

count interferences of the emitted x-ray photons. The interfer-

ences are due to the fact that the photons emitted within the

layer can be, with a certain probability given by the reflec-

tion coefficients, reflected on either of the interfaces formed

by the layer with the neighboring optical media. Thus, there

is more than one possible emission path towards the detec-

tor, especially for emission angles close or in-between the

critical angles for the air-layer and the layer-bulk interfaces.

Depending on the difference in the path length towards the

detector, emitted photons of a given wavelength which fol-

low different emission paths interfere constructively.10 Thus,

an interference pattern may be observed in the GEXRF an-

gular intensity profile.6, 8, 27, 31–33 The interference pattern and

the shape of the GEXRF profile in general depend signif-

icantly on the layer thickness and are thus a quite sensi-

tive probe of the layer thickness. Eventually information on

the layer density, chemical changes or the roughness can as

well be extracted from the GEXRF profile.6 Together with

the layer thickness the former two parameters allow for a

quantification without using a reference sample or calibrated

instrumentation.6

From the fit of the experimental data the layer thickness

of V, respectively, Cr, could be extracted (Fig. 6). With respect

to an eventual surface oxidation no clear evidence was found,

while the density was within 1%-2% equal to the bulk value

and a layer surface roughness of about 1 nm was retrieved. In

the fit of the experimental data with Eqs. (5) and (7) an addi-

tional component had to be added, the elastic scattering from

the bulk which has an unknown relative intensity with respect

to the layer contributions accounted for in Eq. (7). Thus, the

intensity contribution of the elastic scattering was used as an

additional fitting parameter while the evolution with the graz-

ing emission angle for the bulk contribution was modeled by

I (ϕe) ≈ |tbulk ր lay.(λe) tlay. ր air(λe)|2

×e−(2Im(klay.(λe)+klay.(λi ))ρlay.(λe)Tlay.

×
1 − e−(2Im(kbulk(λe)+kbulk(λi ))ρbulk)Tbulk

2Im(kbulk(λe) + kbulk(λi))ρbulk

×
1

|1 − rlay.(λe) ր air(λe)rlay. ց bulk(λe)e
−2iklay.Tlay. |2

, (8)
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where

tbulk ր lay.(λe)=
klay.(λe)

kbulk(λe)

×

√

n2
bulk(λe) − cos2 ϕe

√

n2
lay.(λe)− cos2 ϕe+

√

n2
bulk(λe)− cos2 ϕe

.

In Eq. (8) the incident wavelength is equal to the emitted one

since the elastic scattering is considered but for the sake of

comprehensibility different labels were used. The XES sig-

nal from the Si wafer underneath the layer did not need to

be considered because of the detector threshold (and absorp-

tion in air). The elastic contribution from the bulk beneath the

layer was quite important (Fig. 6). With respect to Eq. (6) the

presence of the layer on the top of the bulk volume has to be

considered in the transmission and absorption factors. In ad-

dition, possible reflections have to be considered with a third

factor. Only contributions with an even number of reflections

(once the x-rays emitted from within the bulk have penetrated

into the layer) need to be accounted for.

C. Ion-implanted samples

For the Ga-implanted Ge layers the individual contribu-

tions of the characteristic Ga emission lines (Kα1, Kα2, Kβ1,

and Kβ3) are defined by

I
(

ϕe, λ
j
e

)

=
∣

∣tbulk ր air

(

λj
e

)∣

∣

2

×

∫ Tbulk

0

f (z) × e−(2Im(kimp.(λ
j
e ))+kbulk(λi )ρbulk)zdz ,

(9)

where f(z) stands for the dopant depth concentration distribu-

tion (the depth axis being labeled z and being perpendicular to

the sample surface). Because of the low dopant concentration

the refractive index in the norm of the different wavevectors

was defined for a pure Ge bulk. Indeed, the Ga dopant con-

centration (1015 atoms/cm2) was considered to be sufficiently

low to not alter the optical properties of the Ge bulk. Like for

the pure bulk sample only one refracting interface and thus no

interference fringes have to be considered. A measurement

above the Ge K edge was performed in order to verify the

calibration for the incidence angle and the emission angles

realized with a pure Ge wafer (Fig. 5), thus the reproducibil-

ity from one sample to another. For the GEXRF measure-

ments of the Ga dopant the characteristic lines of the Ge bulk

FIG. 7. The experimental GEXRF profiles for Ga-implanted Ge wafers (implantation energies of 1 and 2 keV, bottom to top) are displayed on the left, together

with the fitted and the theoretical curves. The results from the fit are shown in the bottom right panel and compared to theory. In the right top panel, the

dependence of the probed depth on the grazing emission angle is plotted for the different emission lines and for the weighted combination in order to illustrate

the depth-sensitive character of GEXRF.
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did not need to be accounted for since the experimental data

were acquired at a synchrotron beam energy below the Ge K

edge (11.103 keV). Moreover, the elastic contribution from

the sample was corrected for by a measurement below the Ga

K edge (10.367 keV). This allowed to record the shape of the

background contribution from the elastic peak and, taking into

account the different beam energies (once below, once above

the Ga K edge) and hence the different critical angles for the

elastic line, to subtract it from the measurement above the Ga

K edge. In addition, the contribution of x-ray emission lines

from an eventual contaminant in the sample matrix could be

excluded. Consequently, only the contribution from the char-

acteristic emission lines of Ga needed to be considered when

fitting the experimental data.

From the experimental GEXRF profiles the depth depen-

dent distribution f(z) of the dopants can be retrieved. This has

been demonstrated with other GEXRF setups.8, 35 A compari-

son of depth-profiling for Al-implanted samples with GIXRF,

respectively, GEXRF can be found in Ref. 36.

In order to retrieve the depth distribution of the Ga

dopants from the experimental GEXRF profiles (Fig. 7) the

depth distribution f(z) of Ga in a Ge matrix was calculated for

different implantation energies by means of the SRIM37 pro-

gram. This allowed, first, to find out which analytical curve

describes best the dopant depth distribution, in the present

case a half-joined Gaussian distribution, and, second, to ex-

tract the dependence on the implantation energy of the differ-

ent parameters describing the analytical function. When fit-

ting the experimental GEXRF profile with Eqs. (5) and (9), a

single free parameter, the implantation energy, was sufficient

to describe the dopant depth distribution. The result from the

fit of the experimental data is displayed, together with the de-

pendence of the probed depth on the grazing emission angle,

in Fig. 7.

IV. CONCLUSION AND PERSPECTIVES

In summary, the arrangement for a scanning-free GEXRF

setup by dispersing the grazing emission angles along one of

the dimensions of a two-dimensional position-sensitive area

detector was presented. The second detector dimension al-

lowed to increase the solid angle of detection for each emis-

sion angle. This in combination with the fact that the XES

intensity did not need to be recorded sequentially for the dif-

ferent emission angles, as in the common, scanning-based

GEXRF setups, allows for short measurement times. The

main properties of the scanning-free GEXRF setup, like the

covered range of grazing emission angles, the angular resolu-

tion, the solid angle of detection, and the dependences on the

sample-to-detector distance, the pixel size in the dispersion

direction and the area of the 2D-detector, were presented and

discussed. The most important interplay is the one between

the angular resolution, which should be sufficient to resolve

eventual interference fringes, and the sample-to-detector dis-

tance, respectively, the pixel size. A position-sensitive detec-

tor (1D or 2D) with a smaller pixel size would allow for a

more compact setup configuration. The absorption in air on

the path towards the detector and also the scattering back-

ground would be diminished if the experiment can be per-

formed in a He or vacuum environment. The presented setup

can be realized with other two-dimensional, position-sensitive

area detectors than the PILATUS as well. A CCD for exam-

ple would offer the possibility for energy discrimination, thus

a polychromatic excitation source for the XES signal could

be used, respectively, the contribution of different elements

to the measured signal could be treated separately. However,

with CCD detectors, a possible blooming effect may deterio-

rate the angular resolution.

Measurements on a bulk, a layered, respectively, and

ion-implanted samples served as illustrative examples for the

possibilities offered by the presented scanning-free GEXRF

configuration. A combination of the setup with other x-ray

techniques (GIXRF, x-ray reflectometry, or x-ray absorption

techniques) should be quite straightforward, alternatively an

implementation into a setup using complementary surface-

sensitive techniques is also realistic. In the case of combina-

tions with other scanning-based techniques, a nonsequential

acquisition of the GEXRF profiles is especially advantageous.

The setup is in principle not bound to a synchrotron source but

is also suitable for laboratory schemes. Configurations with

laboratory sources for the excitation of the XES signal (x-ray

tubes, electron guns) can certainly be realized. In compari-

son to GIXRF, a simpler arrangement can be envisaged since

no additional elements in-between the source and the sample

are needed in order to confine the monochromatic x-ray beam

to individual, well-defined grazing incidence angles. Only a

position-sensitive detector and a sufficient sample-to-detector

distance are required. The latter depends mainly on the pixel

size and influences the angular resolution. One of the main

advantages of GEXRF is that the full flux offered by the ex-

citation source can be profited from as long as the incident

radiation is confined to the sample. In combination with suf-

ficiently intense (pulsed) x-ray sources, single-shot GEXRF

or dynamical studies by means of GEXRF could be thought

about. Indeed, the use of the scanning-free GEXRF setup at an

x-ray free electron laser (XFEL) is conceivable since the graz-

ing emission geometry is insensitive to the energy jitter of the

XFEL beam. Furthermore, in combination with micro-sized

excitation sources and a normal incidence configuration (for

reasons of positional resolution) lateral surface mapping ap-

plications of the surface-near sample region are also conceiv-

able, the advantage of the presented setup being that the graz-

ing emission angles do not need to be scanned separately. In

principle, 3D measurements could be realized since GEXRF

is a depth-sensitive technique. The presented scanning-free

GEXRF setup shows the potential for the realization of new

applications with GEXRF.
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