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Total reflection X-ray fluorescence spectrometry (TXRF) uses an ingenious excitation technique for energy- 
dispersive X-ray spectral analysis. A minute amount of sample is placed on an optically flat carrier and irradiated 
at a grazing incidence (an angle of only a few minutes) so that the carrier totally reflects the primary beam. The 
method is particularly suitable for micro-, trace and surface layer analysis. Microanalysis can be performed 
because tl pg of a solid sample or t l 0  pl of a solution are required. Trace analyses are based on detection 
limits at the picogramme level and can be applied to aqueous solutions (1 pg ml-l), acids (10 pg ml-l), biological 
materials (10 ng ml-l) and ultra-pure metals (10 ng g-l) after matrix separation. A simple and reliable 
quantification can be carried out by the addition of an internal standard element. Surface and thin-film analyses 
are applied to semiconductor wafer materials. Contaminations at 1 x 1 0lo atoms cm-* can be detected and even 
nanometre thick layers can be investigated by non-destructive depth profiling. For this latter purpose, the angle 
of incidence is continuously varied in the range of total reflection and an angle-dependent intensity profile is 
recorded. 
Keywords: Total reflection X-ray fluorescence; energy-dispersive analysis; microanalysis; trace analysis; 
surface layer analysis 

Within the last three decades, X-ray fluorescence spectro- 
metry (XRF) has become a well-known method of instru- 
mental analysis. It plays an important role in the industrial 
production of materials, in prospecting mineral resources 
and, recently, in environmental control. The number of 
instruments in use are estimated to be about I5 000 world- 
wide. However, although the method might be extremely 
good, an important advance was made by an ingenious 
excitation technique using total reflection for XRF (TXRF). 
Yoneda and Horiuchi proposed the technique in 197 1 , I  and 
subsequently, Wobrauschek and Aiginger presented the first 
applications and described the physical  principle^.^" In 
1980, Schwenke and b o t h  developed a compact instru- 
ment of high stability, including an additional total- 
reflection filter.4-6 This instrument, Extra 11, is supplied by 
Rich. Seifert, Ahrensburg, Germany. Other instruments 
such as the XSA 8000 and TXRF 80 10, which are especially 
suited for wafer analysis, are commercially available from 
Atomica, Munich, Germany (a subsidiary of Perkin-Elmer). 
For about 3 years, the Trex 600 has been supplied by 
Technos, Osaka, Japan and the Model 3726 by Rigaku, 
Osaka, Japan. Workshops on TXRF took place in 1986, 
1988 and 1 990 and the papers presented have subsequently 
been A great variety of applications have 
already promoted the growing interest in TXRF and the 
considerable advantages of the technique will make it a 
well-established method of instrumental analysis in the 
near future. 

Principles 
Although TXRF is a variation of XRF and is based on the 
same characteristic principles it has one significant differ- 
ence. As is illustrated in Fig. 1, the primary beam strikes the 
sample not at an angle of about 40" but at only a few 
minutes. Coming from a line focus X-ray tube and shaped 
like a strip of paper with its long axis in the horizontal 
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Fig. 1 Simplified instrumental set-up for TXRF. The reflecting 
mirror can be a low-pass filter or Bragg monochromator. A limited 
amount and thickness of sample is placed on the carrier 

plane, it is at first directed at a totally-reflecting or a Bragg- 
reflecting mirror. After selective filtration or even mono- 
chromatization, it hits the sample carrier at a glancing angle 
of about 4 min. Owing to this grazing incidence, the beam is 
totally reflected at the carrier surface. The trace amount of 
sample, placed on the carrier, is passed through by the 
primary and by the totally-reflected beam and is excited to 
X-ray fluorescence. The emitted radiation is detected by a 
Si(Li) detector, mounted directly above the sample, and 
recorded as an energy-dispersive spectrum. 

A number of materials are suitable as sample carriers. In 
addition to polished quartz glass, germanium, glassy carbon 
or the low-cost plexiglass (Perspex) can be used. Of course, 
the carriers must be optically flat and extremely clean. 

Total Reflection of X-rays 
When radiation travels from one medium to another with a 
smailer refractive index, the phenomenon of total reflection 
can occur. In particular, for X-rays, any medium has a 
smaller refractive index than air so that total reflection is 
generally possible although the glancing angles might be 
small. 
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Fig. 3 Intensity of A, background and B, spectral line depending 
on the angle of incidence (in minutes) at which the Mo Ka-beam is 
striking the sample 

Compton scattering of the primary beam at the carrier and 
:is proportional to 

I ,asin@x(l-R) ( 5 )  
.where R is the reflection factor. At larger angles, the 
background follows the well-known sin@ law, but at the 
critical angle, it is drastically reduced according to (1 - R ) .  

The sample on top of the carrier is excited to fluorescence 
by the incident beam and its reflected part. Consequently, 
the line intensity (IL) is determined by 

I ,=(  1 +R) ( 6 )  
and is nearly doubled beyond the critical angle. The 
detection power depending on the signal-to-noise (S/N) 
ratio could be improved by the factor I L / G ,  which is 
equivalent to an improvement of about three orders of 
magnitude. 
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Fig. 2 (a) Reflection factor and (b) penetration depth for Mo Ka 
X-rays and quartz glass, depending on the angle of incidence (in 
minutes). The critical angle of total reflection is &. 

For absorptive media the refractive index (n) is given by a 
complex quantity 

n= 1-6-ixP (1) 
where i is the square root of - 1. 

The real component 6, called decrement, is a measure of 
the dispersion and, for X-rays, is of the order of 1 x 
The imaginary component, 8, is a measure of the absorp- 
tion is even smaller for many media. Both quantities can be 
reduced to physical parameters: 

Experimental Requirements for TXRF 
In order to achieve the predicted improvement, some 
conditions have to be met. The primary beam has to be 
directed towards the carrier at the grazing incidence. Under 
the adjusted angle, @, (for example, 4 min), the Mo 
radiation is totally reflected in addition to the longer 
wavelength part of the Bremsstrahlung. However, the 
shorter wavelength part would not be totally reflected under 
this angle. It would penetrate into the carrier and cause a 
significant background. The undesired part of the primary 
spectrum is determined by combining eqns. (2) and (4): 

p = - x ( f ) x p  R 
4n 

(3) 

where NA indicates Avogadro's number, r,, the classical 
electron radius (2.8 18 x l 0-13 cm), Zi, the atomic number 
and A,, the relative atomic mass of the element fractions (2) 
of the reflector material and p is its density; Wp) is the mass 
absorption coefficient and A the wavelength of radiation. 
Total reflection of X-rays occurs for very small glancing 
angles. For transparent media, for which BlS-0, there is a 
very distinct limit, the so-called critical angle, @c. It can be 
calculated according to Snell's law 

@c= rn (4) 

For Kcr X-rays of Mo striking quartz glass, S= 1.5 x 1 0-6, 
p=4.6 x and &= 1.73 mrad or 5.9 min. 

Above all, total reflection is characterized by high 
reflectivity and consequently, low penetration depth. Both 
quantities can be calculated by formulae1° depending on the 
glancing angle, @. Fig. 2 illustrates the situation for Mo 
radiation reflected on quartz glass. The reflection factor 
sharply increases from less than 0.3 to about loo%, whereas 
the penetration depth sharply decreases from some micro- 
metres to 3.3 nm if @ becomes zero. 

For spectral anaIyses, total reflection of the primary beam 
results in a considerable reduction of the background 
intensity ( I B )  and a duplication of the line intensity (Fig. 3). 
The background is mainly caused by the Rayleigh and 

@O AG0.0177 x - G (7) 

or, respectively, 

VP E a 7 0  x - 
$0 

where @, is the adjusted angle (in min), p is the density of 
the carrier (in g ~ m - ~ ) ,  A is the wavelength (in nm) and E is 
the energy (in keV). If quartz glass is the carrier and @,=4 
min, X-rays with energies of greater than 27 keV are not 
subject to total reflection. 

In order to avoid the background, which results from this 
considerable part of the Bremsstrahlung, a special cut-off 
filter is used. For this reason, an additional quartz reflec- 
tor11J2 is positioned in front of the quartz carrier (Fig. 1). It 
absorbs the high-energy radiation but totally reflects the Mo 
and low-energy radiation under the angle @,. The cut-off 
filter is best suited for efficient excitation. Another effec- 
tive filter is based on a Bragg monochr~mator~~ or on a 
synthetic multi-layer. The relevant glancing angles are more 
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Fig. 4 Dry residue of a 10 pl droplet of suspension on a carrier of 
quartz glass 

Fig. 6 Detection limits ( 3 0  values) of TXRF for the residues of 
aqueous solutions.'4 Different excitation modes were used: A and 
D, W tube (60 kV), Ni filter, cut-off 35 keV; B and E, Mo tube (60 
kV), Mo filter, cut-off 20 keV; and C and F, W tube (25 kV), Cu 
filter. A, B and C are determined by K-lines, and D, E and F by 
L-lines 

0 4 b 12 16 i0 
EnergylkeV 

Fig. 5 TXRF spectrum of a silicon disc loaded with a multi- 
element standard. A droplet of 20 pl with a concentration of 15 
pg I - '  for each element was pipetted onto the disc and dried 

convenient and the main spectral line of the X-ray tube can 
be selected on  its own. 

A further condition is related to the sample, which has to 
be deposited on the carrier so that total reflection can occur 
without any or with only a little disruption. As a first 
example, a droplet of a solution or suspension can be 
pipetted onto the carrier and dried by evaporation. In order 
to avoid bleeding of the droplet, the carrier can be covered 
by a hydrophobic film prior to use, for example, one 
consisting of a silicone compound. The granular residue of 
such a droplet is shown in Fig. 4. Secondly, a few grains of 
pulverized material can be used, and thirdly, thin sections 
of biological materials are also possible. At any rate, the 
sample must be thin and rough so that it does not take part 
in the process of total reflection, Furthermore, the sample 
has to be restricted to the field of vision of the detector, 
which is generally a circle of 6-8 mm in diameter. 

Analytical Features 
A multi-element TXRF spectrum displaying the number of 
accumulated counts versus the energy of X-ray photons is 
shown in Fig. 5. The Si peak originates from the quartz glass 
carrier but can be avoided if either glassy carbon or Perspex 
is used. The Ar peak is a result of air in the gap between the 
carrier and the detector and can be suppressed by flooding 
the space with nitrogen. The Mo peaks above 16 keV 
originate from the Mo anode of the X-ray tube, but the 
region below these peaks, which are unavoidable, shows the 
very low spectral background that is an important charac- 
teristic of TXRF. 

The cleaned carrier was loaded with 20 pl of an aqueous 
standard solution. The spectrum shows the K peaks of 13 
elements resulting from only 300 pg of these elements. The 
multi-element spectrum illustrates the simultaneous deter- 
mination of the elements and also the high but different 
sensitivities. 

Detection Limits 
The improved S/N ratio leads to correspondingly low 
detection limitsi4 as presented in Fig. 6, which shows a clear 
relationship to the atomic number of the respective analyte. 
The values were measured with the residues of aqueous 
standard solutions using a counting time of 1000 s. The 
actual elapsed time was about 1200 s or 20 min owing to a 
dead-time correction. The Si(Li) detector that was used had 
an effective area of 80 mm2 and a spectral resolution of 150 
eV (full width at half maximum; FWHM) for the Mn Ka- 
line. 

Three excitation modes, easily achievable using the twin 
source of the Seifert Extra I1 instrument equipped with both 
a W and a Mo tube, were used. (i) A W tube was combined 
with a cut-off filter, set at 35 keV, to excite the heavy 
elements by the continuous spectrum. The interfering W L- 
lines were suppressed by an additional Ni filter. (ii) A Mo 
tube was used with a cut-off filter, set at 20 keV, for 
excitation of the medium elements by the Mo K-lines. In 
both (i) and (ii), the X-ray tubes were operated at 60 kV and 
30 mA. (iii) The Ni filter in (i) was replaced by a Cu filter 
and the operating voltage was reduced to 25 kV to excite the 
light elements by the W L-lines more efficiently. 

These three excitation modes were used to detect the total 
range of elements with atomic numbers above 1 1  (Na). The 
elements are detectable down to the low picogramme level, 
either by their K- or L-lines. Consequently, the nanogram 
per gram level is reached if 100 pg of an organic matrix are 
applied, and even the nanogram per litre region if 100 p1 of 
a high-purity water or acid are used. Elements lighter than 
Na can be detected if diamond-like carbon windows, only 
0.4 pm thick, are used for the detector, or even windowless 
detectors and vacuum chambers.t5J6. 

Quantification 
Besides detection power, a further advantage of T X R F  is 
the simple and reliable quantification. Samples, deposited 
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Fig. 7 Relative sensitivity of elements, depending on their atomic 
numbers, for excitation with a W tube (broken lines)17 and a Mo 
tube (solid lines).'* The upper abscissa displays the energy of the 
respective K- or L-lines 

as thin specimens, do not show any matrix effects so 
calibration can be based on straight lines, which are 
independent of the matrix. The slope or sensitivity is solely 
dependent on the respective element. 

For this reason, quantification can be carried out by 
simply adding some of the standard element to the sample, 
which previously did not contain any of this particular 
element. Henceforth, it serves as an internal standard. The 
unknown concentration of any other element can be 
calculated by the simple equation: 

(9) 

where c indicates the concentration, N the net intensity and 
S the relative sensitivity of either the analyte, x, or of the 
internal standard, i. Only a single internal standard element 
is needed even for multi-element analyses over a dynamic 
range of more than three orders of magnitude. This 
standard element can even be added after the sample has 
been placed on the carrier. 

The sensitivity values, S, have to be carefully determined, 
which, in general, is only done after the installation and the 
repair or modification of an instrument. If similar instru- 
ments are used, the values can even be transferred. Fig. 7 
shows the relative sensitivities measured at the K- and L- 
lines of the different analytes after excitation with a W or a 
Mo tube.17J8. 

The Mo curves were actually calculated using only three 
fundamental parameters: l8  

sirwxFx(;) 

where w is the fluorescence yield, r is the jump ratio at the 
absorption edge and @/p) is the mass absorption coefficient, 
which causes the edge structure of the curves. 

Quantification using an internal standard can only be 
applied to residues or thin specimens if troublesome matrix 
effects do not arise. For this purpose, a critical thickness of 
4 pm, 50 nm and 2 nm has to be observed if organic tissues, 
mineral powders and metallic abrasions, respectively, are 
investigated.18 

Applications 
The particular advantages of high sensitivity, low detection 
limits and multi-element determination have made TXRF 
highly applicable for micro-, trace and surface layer 

0 4 8 12 16 20 
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Fig. 8 TXRF spectra of: (a)  a crumb of poly(viny1 chloride); and 
(h) an isolated flake. It becomes clear that the pigment additives 
'TiO, and FeO are responsible for the flakes, but not the chalk filler 
or the lead stabilizer 
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Fig. 9 TXRF spectrum of an ancient golden ring abraded on 
quartz glass as on a touchstone 

analysis. Some examples of these three types of analyses 
serve to illustrate the capabilities of the method. 

Microanalysis 
As a method for use in ultra-micro-analysis, TXRF needs 
only microlitres of solution or suspension or only micro- 
grams of solid or powdered sample. Consequently, all of the 
techniques and tools for the preparation of minute samples 
can be used. (i) Single grains, fibres or flakes can be isolated 
by using a needle or a scalpel and placed on a carrier. If 
required, a microscope can also be used. The spectra of 
different particles can be compared, like fingerprints, and 
key elements identified. An example of trouble shooting is 
demonstrated in Fig. 8. (ii) Small parts of tissue can be 
dissected and digested with nitric acid. The solutions can be 
spiked with an internal standard and analysed. In this way, 
in vitro studies were carried out to investigate the bone 
formation of incubated peri0~tea.l~ The uptake of Ca and P 
was quantitatively determined by TXRF, and furthermore, 
the amount of hydroxyapatite as the major component of 
bone was discovered. (iii) The abrasion of metals and alloys 
is a well-known sampling technique in archaeological 
measurements and can successfully be applied for TXRF.*O 
Fig. 9 shows the spectrum of an ancient golden ring that was 
rubbed on a hard quartz-glass carrier in a single short 
stroke. Less than 1 pg of the precious specimen was rubbed 
off, but the major and minor constituents, such as Au, Cu, 
Ni and Zn, could be detected. By normalizing to 100°/o, the 
major constituents could even be determined quantitatively 
according to 

(1 1) 
W S X  
CN,/s,  

cx= - 
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Fig. 10 TXRF spectrum of a droplet of rain water. Gallium was 
added for internal standardization at 25 ng ml-l. All of the 
concentration values are given at the ng ml-l level 

The accuracy was estimated by the relative standard 
deviation to be between 3 and 15°/o.20 

In practice, all rare objects can be analysed in this way, 
such as precious metals, valuable compounds and speci- 
mens available only in limited amounts, which is frequently 
the case in biology, medicine and criminology. A further 
category includes inaccessible and irregularly shaped ob- 
jects which can be abraded on a quartz-glass carrier for 
subsequent analysis by TXRF. 

Trace Analysis 
Total reflection X-ray fluorescence spectrometry is ideally 
suited for ultra-trace analyses, especially of waters or 
aqueous solutions.21 For direct analysis, a few millilitres of 
the solution are doped with a few microlitres of a standard 
solution containing a single element (,ug ml-l) to serve as an 
internal standard. Aliquots of 10-50 pl of this solution are 
deposited on carriers using a microlitre pipette and allowed 
to dry by means of either a vacuum pump or infrared light. 
A typical spectrum of rain water spiked with Ga for 
quantification is shown in Fig. 10. The spectrum shows 
the K- and L-lines of 14 elements over the range 3-1400 
ng ml-' 

High-purity acids, such as nitric acid, and organic 
solvents can be analysed directly, i.e., with no or only little 
preparation, such as drying. The accuracy of the method 
can be demonstrated by quantitative analysis of a multi- 
element standard solution added to nitric acid (with a 
concentration of 40%). Table 1 shows the results for eight 
elements determined using Ni as the internal standard 
(n=5). The mean values deviate only a little from the 
adjusted level of 1 pg ml-l and the average relative standard 
deviation is about 3%. 

Solid samples are generally analysed after an open-vessel 
or a pressure digestion. However, finely powdered material 
can be prepared as a suspension, which is pipetted onto the 
carriers and analysed directly. Another method of preparing 
solids is the well-known technique of freeze-cutting,22 which 

Table 1 Analysis of a multi-element standard, dissolved in 
concentrated nitric acid (40%). Nickel was used as the internal 
standard with a concentration of 2 pg ml-l 

Concentration/ Mean value RSD 
Element pg ml-I (n= 5) (Yo) ' 

V 
Cr 
Mn 
Fe 
c u  
Zn 
Ga 
Se 

1.07 
0.95 
1.05 
0.95 
0.95 
1 .oo 
0.98 
1.01 

4.4 
3.7 
3.3 
2.5 
2.3 
4.2 
2.8 
1.9 

Mean 1 0.997 3.3 
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Fig. 11 
goldsmith; and (b) a foundry worker 

Spectra of lung tissue showing dust contamination of (a) a 

is especially suited to biotic samples, solids and fluids. 
Small pieces of sample are cut by a freezing-microtome and 
sections of less than 10 pm thickness and 8 mm diameter 
are placed on carriers for analysis. These sections shrink to 
the required thickness of about 4 pm by drying. Quantifica- 
tion is performed by simply adding an internal standard 
prior to analysis and measuring the dry mass after analysis. 

As an example, Fig. 1 1 shows the spectra of pieces of lung 
tissue taken from a goldsmith and a foundry worker. The 
bold peaks indicate the distinct presence of Au and Se in the 
first, and of Ti, Cr, Mn, Fe and Ni in the second case. The 
deposition at a level of about 100 pg g-' proves the 
inhalation of dust particles according to the occupation of 
different people. As only a few milligrams are needed for 
sectioning, the method actually presents a micro- and trace 
analysis method that can be applied to a wide assortment of 
biological materials. 

For a large number of samples, special pre-treatment is 
needed and even a separation of the matrix might be 
recommended if still lower detection limits need to be 
achieved. For ultra-pure fluids, and also rain-water, the 
freeze-drying technique can be applied, using a sample size 
of 50 ml. For sea-water, the high portion of salt has to be 
chemically separated, such as by a reversed-phase tech- 
nique. For river water, the organic matrix has to be digested 
prior to analysis. Mineral oils must be substantially diluted 
with an organic solvent such as tetrahydrofuran. Samples 
with an organic matrix are preferably ashed prior to 
analysis. 

Table 2 shows the different techniques of sample prep- 
aration that are commonly available to analytical 
chemists. The types of samples analysed after the appropri- 
ate preparation steps and the detection limits determined 
for some elements are also l i ~ t e d . ~ ~ - ~ ~  The micro- or even 
nanogram per litre level can be reached for many samples. 

Surface and Surface Layer Analysis 
Of course, TXRF is not only suitable for sample material 
intentionally deposited on optically flat carriers, it can also 
be used for the determination of contaminant elements on 
the surfaces of solids, provided these surfaces are optically 
flat, for example, wafers in the semiconductor i n d u ~ t r y . ~ ~ ? ~ ~  
The detection limits for the coverage are about 1 x 1Olo  

atoms cm-2, which corresponds to 10 ppm of a monolayer. 
Furthermore, TXRF is not only suitable for residua or 

contaminants, which do not reflect the primary beam, but 
can also be applied for impurities within or beyond a 
flat surface and for real thin films or layers, which are 
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Table 2 Detection limits for TXRF analysis of naturally existing samples after appropriate preparation or prec~ncentration~*-~~ 

Preparation 
Suspension 

Freeze-cutting 
Solution 

Open digestion 

Pressure digestion 

Drying 

Freeze-drying 

Ashing 

Chemical matrix separation 

Type of sample 
Aerosols, dust, ash, suspended matter, sediment 
Powdered biomaterial 
Tissue, foodstuff, biomaterial 
Mineral oil 
Air dust 
River-water 
Suspended matter 
Fine roots, hair 
Blood, serum 
Ash, mud, soil 
Dust on filter 
Sediment, minerals 
Mussel, fish 
Sediment, mud 
Hay (powder) 
Rain- and river-water 
High-purity acids 
Drinking-, rain-water 
High-purity water 
Digested fine roots 
Aerosols on filter 
Blood serum 
Rain-, sea-water 
Digested river-water 
Digested blood 
Digested aluminium 
Digested iron 
Digested Si and Si02 
Sulfuric acid 

Detection limit 
10-100 pg g-' 
1-10 pg g-1 
0.5-5 pg g-' 
1-15 pg ml-I 

1-3 ng ml-' 
3-25 lug g-' 
1-10 pg g-1 

20-80 ng ml-1 
5-200 pg g-' 

0.2-6 ng cm-2 
15-300 pg g-' 
0.1-1 pg g-1 

1-7 pg g-' 
0.2-2 pg g-' 

0.1-3 pg g-' 

0.1-3 ng ml-I 
5-50 pg ml-' 

20- 100 pg ml-1 
-1 pg ml-' 
0.1-1 pg g-1 

0.6-20 ng cm-2 
40-220 ng ml-1 

3-20 pg ml-1 
50-500 pg ml-* 
2-30 ng ml-I 
5-20 ng g-1 

30-140 ng g-l 
10-200 ng g-' 
1-200 ng ml-1 

Reference 
20,21 

20 
22 
23 
24 
25 
25 

26, 27 
28 
29 
30 
25 
25 
31 
26 

26, 32 
33,34 
25, 32 

27 
26 
30 
35 

25, 31, 32, 36 
25 

28, 35 
37 
38 
39 
39 

I t  
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Fig. 12 Angle-dependent intensity profiles of different thin films 
applied to a silicon wafer.49 (a) Br residue; (b) 1 nm Co film; (c) 30 
nm Co film; and (4 100 nm Co film. (Glancing angle given in 
minutes) 

are themselves totally ref le~t ing.~*-~~ For a detailed investi- 
gation, however, angle-dependent intensity profiles have to 
be recorded. The glancing angle has to be varied between 
3 and 50 min with a resolution of about 0.1 min. Instru- 
ments with the required characteristics are commercially 
available. 

The different capabilities of angle-dependent TXRF are 
illustrated in Fig. 1Z.49 A residue of Br (a) shows the 
doubled line intensity below the critical angle. According to 
eqn. (4), the critical angle for Mo Ka-radiation striking a 
silicon substrate, amounts to about 6 min. This behaviour is 

already known from Fig. 3. A completely different profile is 
recorded for a reflecting Co film of 1 nm thickness [Fig. 12 
(b)].  A maximum is formed that results from the standing 
wave generated by the interference of the incident and the 
reflected beam. The corresponding peak, with more than 
doubled intensity, appears at the critical angle of silicon, 
which is still decisive. 

If the thickness of the Co film is increased to 30 nm [Fig. 
12 (c)], the peak maximum is reduced and its position is 
shifted to 12 min. This angle corresponds to the critical 
angle of Co and is determined by the changed density 
@=8.92 g cm-3 instead of 2.33 g ~ m - ~ ) .  

The last curve [Fig. 12 (d)] represents a Co layer of 100 
iim thickness. The intensity profile now approximates the 
profile of the bulk material. A similar but shifted profile can 
be recorded from Co impurities within an Si layer. 

Generally, important information can be received from 
the recorded profiles. The components of a thin film or layer 
can be determined in addition to the thickness of the layer. 
Furthermore, the location of impurities can be found. 
Impurities in a residue can be distinguished from those in a 
reflecting film or a substrate, and finally the density (p) of a 
surface layer can be determined. These studies can even be 
expanded from single to multiple t h i n - f i l m ~ . ~ ~ ~ ~ ~  However, 
up until now rectangular profiles have to be assumed for 
this type of non-destructive depth profiling. Currently, 
applications are aimed at characterizing the cleaning and 
deposition procedures, such as metallization, coating and 
implantation of wafers, provided that they are optically flat 
and still unstructured. 

Conclusion 
Owing to a number of considerable benefits, the novel 
method of TXRF has achieved a remarkable strength. 
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One particular advantage of the method is the possibility 
of analysing various types of sample although only speci- 
mens of limited mass and thickness have to be prepared. 
Above all, TXRF is suitable for ultra-microanalysis requir- 
ing only a minute amount of sample, < 10 pl for liquids and 
< 1 pg for solids. A consumption-free operation enables the 
same sample to be analysed repeatedly. The multi-element 
capability includes about 80 elements, excluding the light- 
est elements. The simultaneous determination of up to 20 
elements in practice is just as remarkable as the time-saving 
operat ion. 

The high detection power for heavier elements is the 
most outstanding feature, making the method suitable for 
ultra-trace analysis. In this respect, TXRF can compete 
very well with established methods such as atomic absorp- 
tion spectrometry, neutron activation analysis or induc- 
tively coupled plasma optical emission spectrometry, which 
has been proven by round-robin tests performed by the 
International Atomic Energy Agency.s1 Unfortunately, the 
light elements with atomic numbers of < 1 1 (Na) are either 
undetectable or have high detection limits. A simple and 
reliable quantification by the addition of a single internal 
standard can be recommended. The high precision and 
accuracy satisfy the most stringent analytical requirements, 
although sampling errors can arise in a combined trace- and 
microanalysis, which, in general, are unavoidable. Obvi- 
ously, TXRF requires a dust-free operation on a ‘clean- 
bench’. 

A new field of applications has been opened for surface 
and surface layer analysis by non-destructive depth profil- 
ing in the region of up to 100 nm. No vacuum is needed, no 
charging problems arise and the samples remain undam- 
aged. In relation to conventional spectrometers, the instru- 
mentation is simple and inexpensive. However, only opti- 
cally flat samples such as wafers can be investigated. The 
composition, thickness, position and even the density of the 
thin films or layers can be determined. The detection power 
for contamination equals the capability of secondary ion 
mass spectrometry. The lateral resolution is limited, but a 
focus of some micrometres is reached if a synchrotron is 
used for e ~ c i t a t i o n . ~ ~ * ~ ’  

Generally, the advantages make TXRF suitable for a 
great number of analytical problems. At the moment, 
TXRF is employed at only about 40 locations world-wide, 
but an analytical breakthrough is expected to evolve in the 
near future. 
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