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Total reflection X-ray fluorescence (TXRF) spectro-
scopy has attracted interest in recent years. Using this
technique, almost all elements ranging from sodium
(Z=11) to uranium (Z =92) in the periodic table can
be detected and analysed in a wide concentration range
in a single measurement. The present state-of-the-art
sensitivities of TXRF are stretched to femtogram range
by employing synchrotron radiation as an excitation
source. This article aims to provide a basic overview
of the TXRF technique to the general readers. We de-
scribe a TXRF spectrometer developed in a laboratory
source. An X-ray fluorescence-microprobe beamline
for TXRF is being constructed, as an extension of this
activity, on the Indian synchrotron source, Indus-2.

Keywords: Multilayer thin films, standing wave, X-ray
fluorescence spectrometry.

X-RAY fluorescence (XRF) spectrometry is a well-establi-
shed technique for elemental analysis at the micro and
trace level. This technique finds several applications in a
variety of fields'™. The technique is mostly non-destructive
in nature and has sensitivities in parts per million (ppm)
level in relative concentration or microgram of absolute
mass. Variation of XRF has continuously evolved either
in the form of conventional energy dispersive X-ray fluo-
rescence (EDXRF) or wavelength dispersive X-ray fluore-
scence (WDXRF) techniques. Figure 1 provides the sche-
matic for EDXRF and WDXRF techniques. In EDXRF
(Figure 1 a), the dispersion and detection of fluorescence
photons are performed using a solid state X-ray detector
and a multichannel pulse height (MCA) analyser. This
produces an accumulating digital spectrum that can be
processed further to derive the concentration of different
elements present in a sample. On the other hand, in
WDXRF (Figure 15), the emitted fluorescence X-rays
from a sample are separated by Bragg diffraction using a
crystal monochromator before being detected. The
EDXRF technique has an advantage over WDXRF, that it
does not contain any moving mechanical components.
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Moreover, it provides fast and simultaneous multielement
analysis for a sample. Nevertheless, the technique suffers
from a serious disadvantage of inferior energy resolution
compared to the WDXRF method.

Total reflection X-ray fluorescence (TXRF) spectro-
metry is one of the variations of the EDXRF method® in
which: (1) the specimen is excited by the primary X-ray
beam at a glancing angle less than the critical angle at
which total external reflection occurs, and (ii) primary
exciting radiation is incident on a plane polished surface,
which serves either as a sample support or is itself the ob-
ject to be examined. This mode of excitation almost com-
pletely eliminates the large Compton scattering of the
primary X-ray beam from the sample bulk, which usually
limits the detection sensitivities in the conventional
EDXRF method. The reduced Compton scattering in
TXRF mode as well as enhancement of analyte fluores-
cence intensity due to twofold excitation during incident
and reflected beams results in improved elemental detec-
tion sensitivities at few part per billion (ppb) level.

Now-a-days, from the application point of view, TXRF
spectrometry has become quite popular in semiconductor
industry for analysing trace and ultra-trace elemental impu-
rities in semiconductor devices and wafers, introduced dur-
ing manufacture procedure. Several synchrotron radiation-
based TXRF facilities have been built in recent years at
several synchrotron sources worldwide, for industrial
utilization of the technique in semiconductor technology’.

In addition to trace elemental analysis, the TXRF tech-
nique finds applications for surface and near-surface layer
characterization. The grazing incidence X-ray fluorescence
(GIXRF) technique has the potential of being one of the
most powerful and versatile methods for characterization
of layered materials, because it combines features of both
X-ray reflectivity and X-ray fluorescence. GIXRF enables
the non-destructive determination of layer thickness, den-
sity, interface roughness and depth profiling for an ele-
ment inside a layer structure.

Considering the various attractive features of the TXRF
technique and its applicability to diverse fields, we have
designed and developed a simple and versatile TXRF
spectrometer in our laboratory®®. This spectrometer allows
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a, Reflection and refraction of X-rays on a flat surface. ¢ and & are the angles of incidence and refraction respectively, defined with

respect to the sample surface. b, The super position of two plane waves on a reflector surface under total external reflection condition generates an
XSW field of periodicity A = Asing, for incidence angles (0 < ¢y < ¢). The interference fringe generated, are planes parallel to the surface. Maxi-
mum intensity of a bright fringe can be achieved as high as about four times the incident intensity.

one to perform ultra-trace elemental analyses as well as
thin film and surface characterization. The performance
of the TXRF spectrometer developed and a few examples
of applications for which it has been used are briefly de-
scribed in this article. We also describe a microprobe XRF
facility which is being constructed on the Indus-2 Indian
synchrotron source. The microprobe XRF mode would
help in investigating the elemental heterogeneity present
in any specimen at micron spatial resolution.

Theoretical background

For X-rays, the complex refractive index 7i of all materials
is slightly less than unity and is given by

i=1-5-if

where J1is a decrement term which describes the deviation
of the real part of 7 from unity, while £ denotes the ab-
sorption of X-rays into the medium.

If ¢, is the critical angle of incidence (Figure 2 a), then
it can be shown in good approximation that

sing, ~ +26.
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The value of §is usually small and in the range 10°-107°
for most of the materials. This implies that the total ex-
ternal reflection of X-rays takes place at extreme grazing
incidence angles. For example, for quartz or silicon sub-
strate, the critical angle is less than 4 mrad (~0.21°) for
Cu-K, X-ray energy (~8.05 keV).

In the TXRF condition, an X-ray standing wave (XSW)
field occurs in a triangular section above the surface,
where the incoming and reflected beams cross each other
(Figure 2 b). This XSW field is generated as a result of
interference of incident and reflected beams. The period
of the XSW field is given by®:

[for 0 < ¢y < @]

" 2sin @y

For small values of ¢, (<<g.), the phase shift between the
incident and the reflected X-ray beam would be ~180°. In
this condition, the node of the X-ray standing wave field
coincides at the surface of the substrate. At the critical
angle, the phase shift is close to zero and an antinode is
formed near the surface. The node to antinode distance
and their position with respect to the surface of the sub-
strate can be changed by changing the incidence angle
from zero to the critical angle. It is possible to use this
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Figure 3.

XSW field as a probe to find out the location of an impu-
rity atom near the surface. One observes the fluorescence
intensity from an impurity atom excited by the XSW field
as a monitor of the location. The fluorescence intensity
will be larger when the position of an impurity atom co-
incides with that an antinode. A low fluorescence signal
is observed if the node of the XSW field coincides with
the position of the impurity atom. Beyond the critical angle,
the reflected intensity becomes weak, thereby decreasing
the contrast of the XSW field on the flat surface and only
a small modulation in the fluorescence intensity is obser-
ved. In this condition, the fluorescence excitation is mainly
performed by the primary incident beam.

Experimental

Figure 3 a shows a schematic layout of the TXRF spectro-
meter, while Figure 3 5 shows the photograph of the spec-
trometer developed at the Raja Ramanna Centre for
Advanced Technology (RRCAT), Indore. Most of the
components of the TXRF spectrometer have been designed
and fabricated in-house. It essentially comprises of an X-
ray generator, a slit-collimator attachment, a monochro-
mator stage (i.e. first reflector), a sample reflector stage
(i.e. second reflector) and an X-ray detection system. The
mechanical details of the spectrometer are described
elsewhere®. As a monochromator, we have employed a
Ni/C multilayer monochromator [d=7.0nm, I'=0.47,
N =30] fabricated in-house. It provides well-resolved
Cu-K, (8.05keV) radiation of bandwidth ~400 eV for
excitation. The detection system for energy-dispersive
measurements consists of a Peltier-cooled solid-state de-
tector, a spectroscopy amplifier AMP-6300 and a multi-
channel pulse height analyser installed on a personal
computer. The solid-state detector provides an energy
resolution of ~170 eV at 5.9 keV and operates without
liquid nitrogen.
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a, Schematic arrangement of the TXRF set-up developed at RRCAT. b, Photograph of the TXRF spectrometer.

The effect of total external reflection of X-rays on the
elemental detection sensitivity is demonstrated in Figure
4, wherein the fluorescence spectra recorded from a 100 ng
aqueous residue of Fe, deposited on a float glass, are
shown for two excitation geometries: (1) non-TXRF mode
and (i1) TXRF mode. For the two modes, the grazing an-
gles of incidence are set to 0.12° and 0.07° that are res-
pectively above and below the critical angle of the float
glass substrate, which is ~0.1° for Mo-K,, (17.4 keV) X-
ray energy. It can be seen from Figure 4 a that in the non-
TXRF mode, a large Ca-K,, fluorescence signal from the
glass substrate as well as large spectral background are
present because of the deep penetration of the primary X-
ray beam into the substrate material. On the other hand,
in the total reflection mode (Figure 4 5), the primary
beam does not penetrate into the float glass substrate, except a
minimum penetration depth and thus only the specimen
residue deposited on top of the glass surface gets excited.
This results in a substantial reduction of Ca-K, fluores-
cence intensity and the spectral background. Furthermore,
the fluorescence intensity of the analyte (Fe) gets en-
hanced because, in addition to the primary beam the re-
flected beam also excites the fluorescence of the analyte.
Both these conditions help to drastically improve the sig-
nal-to-noise ratio thereby improving the detection sensi-
tivities achieved for TXRF to one order of magnitude
higher or more compared to the non-TXRF mode. We
have determined the elemental detection sensitivities for
various elements with the TXRF spectrometer (Figure 5).
Various single-element liquid standards of concentration
10 pg/ml were prepared from GR-grade chemicals by
mixing in de-mineralized water. Then 5-10 pl volume of
these solutions was pipetted onto a sample carrier (float
glass) using a micropipette and dried by slow evaporation.
The residues left on the glass substrate were then analy-
sed using the TXRF spectrometer. Measurements were
performed using a Cu target X-ray tube operated at
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40kV, 25 mA and each spectrum was measured for an
acquisition time of 1000 s. Figure 5 shows that the detec-
tion sensitivities are in the range 2—100 pg for elements
Cato U.

Grazing incidence X-ray fluorescence analysis

The angular dependence of TXRF, also known as GIXRF
analysis, was for the first time demonstrated by Becker e#
al'®. In the GIXRF method, an angle-dependent X-ray
fluorescence profile is recorded for a range of shallow
grazing incidence angles (for instance, 0° to 2° in steps of
0.005° or less). de Boer'! presented a detailed theoretical
treatment for the model calculation of GIXRF intensity
from a layered material. It has been demonstrated that by
changing the glancing incidence angle, the depth sensiti-
vity in layered materials can be enlarged into nanometer
region. We have employed our TXRF spectrometer for a
variety of GIXRF applications, including surface charac-
terization, thin film analysis and XSW measurements'* .
A computer program ‘CATGIXRF’ has been developed
for GIXRF characterization of layered materials'>. A few
examples of GIXRF applications undertaken using our
TXRF spectrometer are given here.
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Figure 4. X-ray fluorescence spectra recorded in two excitation geo-
metries (Mo X-ray tube, 35 kV, 10 mA, 50 s). a4, Non-TXRF mode: In-
cidence angle has been set above the critical angle. b, TXRF mode:
Incidence angle has been set below the critical angle.
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Nanoparticles characterization

The angle-dependent X-ray fluorescence intensity in the
TXRF region is capable of distinguishing various types of
contamination on a substrate surface'®'’. The contamina-
tions are broadly identified as bulk type, particulate type
and thin layer type. We have demonstrated that if an
impurity is present in the form of nanoparticles on top of
a Si substrate surface, it can be analysed by the TXRF
technique'®. It is possible to determine average vertical
height of the nanoparticles. One can also evaluate whether
the distribution of the nanoparticles on the substrate surface
exhibits monodispersion or form agglomerations. Figure
6 shows the recorded GIXRF profiles for different forms
of Fe particles on top of a Si substrate. In Figure 6 a, the
measured GIXRF profile for Fe droplet residue particles
is shown. Figure 6 b and ¢ shows the measured GIXRF pro-
files in the case of monodispersed nanoparticles and ag-
glomerated nanoparticles respectively, on a Si substrate.
The GIXRF measurements (Figure 6 b) gives the average
vertical heights of Fe nanoparticles as ~31 nm, which has
been confirmed independently using atomic force micro-
scopy and scanning electron microscopy (SEM) meas-
urements. The insets in Figure 6 show the SEM pictures
for the respective cases. From Figure 6 ¢, it can be seen
that the GIXRF profile changes remarkably as the agglo-
merations of nanoparticles takes place on the Si substrate
surface. In this condition one obtains the GIXRF profile
of Fe nanoparticles similar to Fe droplet residue particles.

Thin film characterization

One of the most common applications of the GIXRF is
the characterization of thin film structures. In Figure 7,
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Figure 5. Detection limits determined by TXRF technique applied to
residues of aqueous solutions at modest X-ray tube powers. Excitation
source: Cu X-ray tube, 30 kV, 40 mA. Analysis time: 1000 s. a—c show
the detection limits determined for K-series, L-series and M-series
fluorescence lines respectively.
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Figure 6. Recorded GIXRF profiles for different forms of Fe particu-
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we have measured the GIXRF profile for a 20 nm Fe thin
film. The computed GIXRF is also shown along with the
computed X-ray reflectivity profile. It can be seen that
the GIXRF and X-ray reflectivity profiles of a thin film
structure are complimentary to each other. The fluores-
cence intensity is minimum at places where reflectivity is
maximum and vice-versa. The Fe-K , fluorescence inten-
sity increases rapidly as the incidence angle becomes larger
than the critical angle of the thin film. For Fe, the critical
angle ¢, ~0.384° is at 8.05 keV X-ray energy. The oscil-
lations in the GIXRF profile appear due to interference of
the incoming and reflected beams. At higher incidence
angles the fluorescence intensity becomes nearly constant
as the reflected part of the primary beam decreases abruptly
and only incident X-ray beam excites the material. From
the best-fit GIXRF result we have obtained the thickness
of the Fe film to be ~19.5 £ 0.5 nm, which matches quite
well with the value determined using X-ray reflectivity
measurements.

Multilayer characterization

Barbee and Warburton'® have shown that XSW effects
can also occur in X-ray multilayer structures as in a perfect
crystal®. With strong Bragg reflection from a multilayer,
a XSW field with periodicity of a multilayer period (d =
A2sindy), is set up inside the multilayer structure. This
XSW field, produced by a multilayer structure, has long
been of interest for characterization of intermixing bet-
ween the layers®. In Figure 8, we have shown the GIXRF
measurement of a Ni/C periodic multilayer structure
[N=20, ' =047, d=7.0nm], wherein the normalized
Ni-K,, fluorescence intensity has been plotted along with
the reflectivity profile as a function of incidence angle. It
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Figure 8. Measured GIXRF profile for a Ni/C multilayer structure.
Scattered point and solid line show the experimental and fitted GIXRF
profiles respectively. The dotted line shows the calculated X-ray reflec-
tivity profile for the multilayer structure.
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can be seen from Figure 8 that in the vicinity of the first-
order Bragg peak, the Ni-K, fluorescence intensity is
modulated in a special way. This modulation in the
GIXRF profile arises due to the fact that the XSW anti-
nodes are in low-density layers (i.e. carbon layers) at the
low-angle side of the Bragg peak. As incidence angle
changes across the Bragg peak region, the antinodes of
the standing wave field move inward and finally coincide
with high-density layers (Ni layers) at the higher angle
side of the Bragg peak. If the interlayer mixing between
layers of a multilayer structure is present, the GIXRF pro-
file in the Bragg peak region changes remarkably. The
measured GIXRF profile of the Ni/C structure was found
to match closely with the calculated profile. The results
of XSW characterization of Ni/C multilayer structure
have been described elsewhere'”.

XREF activity on Indus-2 synchrotron radiation
source

Indus-2 is a 2.5 GeV, third-generation Indian synchrotron
source® which is being commissioned. As an extension
of our XRF activity, an X-ray fluorescence microprobe
beamline has been designed and is under construction on
the Indus-2 synchrotron source®. A schematic of the
beamline is given in Figure 9. The microprobe XRF
beamline will be installed on a bending magnet source
(Eait = 6.21 keV) and will work in the X-ray energy range
4-20 keV. In p-XRF mode, it would be possible to exam-
ine a specimen for spatial distribution of elements. It has
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been aimed to get an X-ray focal spot of size ~6 um (H) x
12 um (V) on the sample position. The expected X-ray
photon flux at the sample position in the microprobe
mode is ~10% photons/s. The maximum analysis area on a
specimen will vary from few tens of microns to 25 mm.
Apart from elemental mapping, the beamline will offer
other modes of XRF characterization, viz. TXRF analysis,
normal XRF analysis (in unfocused mode), and chemical
speciation or near-edge absorption spectroscopy.

Conclusion

We have described a simple TXRF spectrometer develo-
ped in-house and demonstrated its applications. Giving a
few examples, we have shown that the TXRF technique
with GIXRF and XSW modes of analysis, is a powerful
technique for analysing ultra-trace elements and thin-
layered materials. GIXRF can provide structural informa-
tion such as thickness, roughness and density variation.
for thin-film structures. The main attraction of GIXRF is
that it is an element-specific technique and is highly sen-
sitive to impurity atom positions coinciding with position
of maximum energy flow (i.e. XSW antinode), which can
be controlled by the incidence angle. The method is espe-
cially suitable for nondestructive evaluation of surfaces
and interfaces for elemental impurity distribution.
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