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SUMMARY 

We report on results obtained from experiments using specially prepared carbon substrates and 
treatment of the data by means of recently introduced theory.' Medium 2 grids with known 
parameters have been coated on top of pyrolytic carbon substrates to achieve well defined absorption 
geometries. The various copper grids exhibit satisfactory performance in terms of mechanical 
stability, homogeneity and uniformity of the coating. A detailed study of the measurement results 
shows that there is a more rapid increase of the associated C-Ka countrate from the coated samples 
compared to the pure elements and is attributed to the contribution of secondary enhancement effects, 
including those resulting from photoelectrons generated after the primary ionization. 

A variety of multilayer analyzers has also been evaluated during these experiments. Only a certain 
combination of multilayer component materials have been found to be appropriate for use as 
dispersing elements due to the reflectivity and spatial resolution requirements of our long wavelength 
spectrometer. Another experimental factor is the low intensity of available tube photons which is due 
to the selection of the target material and absorption effects in the target as well as the tube window. 

INTRODUCTION 

Quantitative analyses of samples containing low Z elements such as carbon and boron based on X- 
ray fluorescence analysis (XRFA) require modifications of the standard fundamental parameter 
model2. One possible source of inaccuracy and in turn, a fundamental parameter disadvantage when 



compared to empirical and semiempirical coefficient methods3 in the low energy region, is the 
existence of secondary and higher order enhancement effects as they have considerable influence on 
the quantification procedures which relate measured and properly processed countrates to 
concentrations of elements of interest in the specimen. 

However, the implementation of secondary enhancement effects and in particular effects due to 
photoelectrons are not available in commercially available software packages. Therefore, we have 
undertaken a series of experiments intended to determine the magnitude of such effects in both pure 
element and compound specimens containing low atomic number materials. 

THEORETICAL APPROACH 

Based on the work of Shiraiwa and FUjino4 the number of observed fluorescence photons originating 
from a certain transition in an element of interest within a specimen can be described as the sum of 
counts from primary and secondary excitation 

where i denotes the analyte line emitted by the element of interest. The quantities ni,pim and niw , 
respectively, can be expressed as a function of the element's fundamental parameters and the 
excitation integral with 

and 

The constant in equations 2 and 3 includes the geometrical factors, Q denotes the solid 
angle covered by the detection system, K is the detector efficiency, w the fluorescent yield, S 
the absorption edge jump, p the transition probability for the line of interest, c the weight 
fraction of the element of interest, z is the mass-photoabsorption coefficient, p the total 
mass-absorption coefficient, I(h).dh the number of source photons per an2 per second at the 
specimen surface, and and v2 are the angles of the incident and fluorescence photons, 
respectively; i as an index relates a parameter to the emission process and properties of 
primary fluorescence radiation, and, accordingly, j to secondary fluorescence radiation. 

Equations 2 and 3 ordinarily apply for elements with absorption edge energies in the range above 
approximately 800 eV to 1 keV and if, in addition, homogeneous and bulk specimens (no thin films) 
with flat surfaces are assumed which means that the spatial dimensions are large compared to the 



information depth (i. e., depth from which 99 96 of the associated pure element countrate can still be 
detected). 

Unfortunately, a number of problems arises in the long wavelength region (certainly above - 44 A) 
which are mainly due to the physical properties of the ultralight elements. First and foremost, low 2 
elements have very low and inaccurate and often poorly known fluorescent yields in the range of 10-3 
whereas for comparison the K-shell fluorescent yields for heavy elements are close to unity. - 
Secondly, as the excitation integrals in equations 2 and 3 show (consider terms of the form 
~(h).I(h).&), the intensity of the relevant carbon K a  fluorescence radiation in the current 
experiments is governed by the product of the excitation spectrum (primary tube spectrum) and the 
absorption coefficient for carbon. In order to obtain high fluorescence intensities both factors ~ ( h )  
and I(h) must have sufficiently large values for an extended range on the wavelength scale. Published 
tube spectra5, however, do not show any reasonable intensities from about 5 A up to the carbon 
absorption edge at 43.8 A. Consequently, only a comparatively small number of carbon fluorescence 
photons is created by absorption of high energy tube photons. The rather large difference in energy 
between the tube photon and the absorption edge energy .of carbon is then transferred to the 
photelectron generated after the primary ionization event and ejected from the (K-) shell thereafter. 
This effect is likely to give rise to additional excitation of carbon K a  photons within the sample and 
can quantitatively be taken into account in the standard fundamental parameter model by means of 
the following equations: 

and 

-.. 

(4) 

where 

(54 
1 1 1 

Equation 6 describes the excitation of (characteristic) x-rays by electrons and has basically been 
derived by Green and Cosslett6. Therein &-,& is the number of produced x-ray photons, N 
Avogardos' number, A the atomic weight, o the fluorescent yield, p the density, and Q the ionization 
cross-section for the observed shell. The electron has an initial energy E, which it looses along its 
path s (among other possibilities of interaction) by ionizing atoms in the shell of interest, as long as 
its energy exceeds their K-absorption edge energy denoted as &. The backscattering factor, R, is 
assumed to be 1, as the photoelectrons are generated already within the specimen. However, a certain 
loss of photoelectrons has to be expected in case of highly absorbing materials where photoelectrons 
are generated within the top surface layer. If appropriate expressions for the associated ionization 
cross-section Q and the stopping power relation W d p s  are utilized the quantification of the 
secondary enhancement effect due to photoelectrons can conveniently be summarized by the factor 
M(h*) given in equation 5a. Because of the inherently multiplicative nature of the effect the term 
M(h*) enters in the numerator in the excitation integral of equation 4 which now gives the number of 
observed fluorescence photons excited by primary (tube) photons as well as photoelectrons. Various 



cross-sections and stopping power relations have been examined in terms of their applicability and 
the results are published elsewhere7. 

Shellionized 

C-Ka by 
Excitationof 

Other possibilities of unusual secondary excitation effects include Auger electrons as well as L alpha 
photons after K-shell ionization. Along with each primary K-shell ionization in a heavy matrix 
element (and K-photon emission with probability WK) a cascade of further transitions is initiated with 
a high probability for an L2 or L3-shell vacancy. Each K-photon is therefore followed by an L-photon 
with account to a proper R, which is much smaller than a. If the L-line energy, however, lies in the 
vicinity of a light element's K-absorption edge energy, secondary enhancement will be noticable. 
These contributions are (note that the factors q.pj aqd (Sj - l)/Sj have to be split up and that the 
mass-photoabsorption coefficient t changes accordingly): 

Cu-K Cu-L Cu-K Cu-K Cu-K Cu-L Cu-K C-K 

K a  L a  L a  ph.e. Augere. ph.e. ph.e. ph.e. 
Cu- Cu- Cu- Cu-K Cu- Cu-L Cu-L C-K 

(7) 

In summary, equation 7 takes into account the secondary excitation o f 3  fluorescence 
radiation by jL fluorescence radiation following the initial Ka emission. We assume that a l l  
the above mentioned effects are particularly important in case of analyses of light elements 
in heavy matrices since there is a large number of characteristic lines contributing to 
secondary enhancement. Consequently, any possible subshell effects have to be treated 
separately. Enhancement effects that actually take place in the specimens selected for the current 
experiments (and described in greater detail in the next paragraph) are compiled in table I. 

Table I: Enhancement effects in a Cu-C system. himary ionization is caused by tube photons. 
Compton scattering has been investigated' and is negligible for low photon energies. 

Finally frequent line overlaps, even in the first order (and depending on the design of the 
spectrometer), of lines of heavier matrix elements have to be considered. The average peak width in 
the long wavelength region is several degrees which requires the examination of relatively wide 
windowsg. Furthermore, there are very different information depths due to different absorption 
properties of the sample itself. 



SAMPLE DESIGN, MANUFACTURING PROCESS AND METROLOGY 

(4 (b) 
5 pm wide Cu lines. 

pyrolytic C substrate 

Figure 1: (a) Cross-section of the specimen. (b) Plane view of the specimen. The medium Z lines occupy a 
central area, 33.0 mm in diameter. 

In order to obtain a welldefined absorption geometry with accurately known active volumes for 
secondary excitation caused by photoelectrons and still maintain a capability of detecting a 
statistically sufficient number of soft X-rays, we envisioned a specimen design as shown in figure 1. 
The target consists of an ap-ay of lines of a medium 2 element, anywhere from 0.5 p to 5 pm 
wide and 5 pm thick, with a period of 10 p. This array is on top of a pyrolytic carbon 
substrate, which is 1.4 mm thick, with a diameter of 38.1 mm. When in the sample holder, 
only the central area with a diameter of 33.0 mm is exposed so the medium 2 array is 
confined to this smaller area as shown. 

a. Evaporate 100 A Cr and 2000 A Cu 
for a seed layer. 

b. Define a photoresist pattern for use 
as a plating mold. 

c. Electroplate Cu. 

d. Dissolve photoresist, etch away the 
seed layer. 

Figure 2: Fabrication steps for the copper array on pyrolytic carbon substrate. 



Figure 3: (a) Mushroom effect: electroplated thickness is greater than resist thickness. Resulting space 
between lines is less than their width. 100 8, Cr adhesion layer is present. (b) SEM image at 20kV and 
magnification indicated. 

As a number of difficulties was experienced with materials like nickel, iron and chromium during the 
manufacturing process we decided on a binary system of copper and carbon. Also, since a greater 
variety of line widths and duty cycles (other than 5 pn width and 5 pm gap) was produced with 
copper and carbon, it was a more desirable test specimen. 

Usually, pyrolytic carbon has a polished and almost glassy surface finish which was not the case 
with the current samples as they exhibited rough and porous spots. Several polishing procedures 
yielded a surface which did not have optical quality but instead had a number of defects which 
appeared to be pits. The required thickness for the gridlines was too large to be chemically etched 
and therefore, an electroplating approach was used as illustrated in figure 2. 

Figure 4: (a) Cu absorbs C-Ka almost entirely beyond 0.17 pm in x-direction. y2 is the takeoff angle. 
(b) Experimental arrangement. y1= 63", ~2 = 45", 20  = 43.8"@ d = 60 A. T ... end-window X-ray tube, 
S ... sample position, C ... secondary collimator, A ... multilayer analyzer, D ... flow-counter. 



The initial deposition of 100 8, chromium in step (a) acts as an adhesive substrate for subsequent 
layers. Ideally, the copper in step (c) is electroplated up to a thickness equal to the photoresist 
thickness. Problems that could possibly be experienced during the manufacturing process include 
printing of the photoresist pattern having large line width and height. Overplating causes a mushroom 
effect which eventually results in reduced space between the individual copper lines. Finally, 
dissolving or etching the 100 8, chromium layer will be difficult if a passivating oxide layer is 
formed. Figure 3 depicts the cross-section of a problematic sample (a), and (b) a SEM image of a 
specimen that could be used in the experiments. 

As illustrated in figure 4a, there is almost no semi-shading effect observed using the above described 
sample geometry. Published absorption data for carbon" indicate that no transmission of C-Ka 
fluorescence photons can be detected beyond approximately 0.17 pn in the xdrection which 
corresponds to 0.25 p in the horizontal dimension. 

EXPERIMENTAL SETUP AND ANALYmR CHARACTERIZATION 

For the actual measurements a specially equipped Siemens sequential X-Ray spectrometer 
SRS 303 AS was used. Therein the specimens are irradiated by an end-window X-ray tube with a 
rhodium target which is separated from the spectrometer chamber by a thin beryllium window with a 
thickness of 76 micrometers. The selection of the target material provided the continuous 
Bremsstrahlungsspectrum as well as the characteristic Rh lines and in particular at the low energy 
side of the spectrum the Llines at 2.69 keV. The geometrical arrangement is depicted in figure 4b. 
No primary beam filter was used and the secondary collimator ensured a beam divergence of 3" . As 
a detection system we employed a gas filled (10 % Argon, 90 % Methane) proportional counter with 
a 1 pm polypropylene foil as an entrance window. -_ 

Figure 5 shows measurement results for two significant samples of characterized analyzer crystals 
which exhibit distinctly different p@ormance in this long wavelength =&on. The specimens were cut 
from the center of a coated 4 inch silicon wafer (cut - 2" off e1 1 1>) with a thickness of 500 pm and 
have lateral dimensions of 2.75 inches in length by 1 in width. They were fixed to a Si02 glass 
substrate which in turn was mounted onto a support frame. The compact assembly was then inserted 
into the analyzer position in the spectrometer (A in figure 4b) with a pure element carbon sample 
(graphite) in place at S. The spectra were recorded at tube parameters of 30 kV and 80 mA (total 
power of 2.4 kw) with 0.05" per step on the goniometer and a counting time of 1 second per step. 

50000 -- 
40000 ; 

0 

n 

E 

y30000 . 
0 

L 5 20000 
0 
0 

4 FW€M-j3.4* 

1 . 1  . .. 

35 37 39 41 43 45 47 49 51 53 55 . 
2 Theta ["I 

so00 

4000 - 
n 

E 

2,3000 
8 - - 
f 2000 
0 
0 

I000 

0 
35 37 39 41 43 45 47 49 51 53 55 

2 Theta I"] 

Figure 5: left: Graphite with various analyzers and coarse collimator (divergence - 3.0"). Dashed line: WUC, 
solid line: V/C. right: Graphite with various analyzers and fine collimator (divergence - 0.7"). 



Table II gives the summarized coating variables for the layered structures. They both have the same 
number of layer pairs but different layer thicknesses and r-values and different 20 peak positions 
at given carbon K a  wavelength". The FWHM values of the peaks vary between 3.4" with the 
coarse collimator and 3.2" with the fine collimator for the V/C sample, and between 3.2" with the 
coarse collimator and 2.8" with the fine collimator for the WC/C sample (not shown in figure 5). 
Moreover, there is a remarkable difference in peak reflectivity, which amounts to a factor of 6.64 
with coarse collimation and a factor of 6.54 with fine collimation. 

2d[AI 2 0 r ]  N r 
WCIC 118.5 44.3 60 0.25 
VIC 120 43.8 60 0.45 

Table II: Coating parameters for multilayercomponent materials as stated. N ... number of layer pairs. 
r ... ratio of high density layer thickness and multilayer period (d spacing). 

MEASUREMENT RESULTS AND DISCUSSION 

Countrates from various copper grids on top of pyrolytic carbon substrates as well as from the pure 
elements carbon and copper have been measured. The orientation of the gridlines was chosen 
parallel to the primary beam in order to achieve maximum C-Ka countrate. Appropriate 
background subtraction was applied and the results for a 6 pm linewidth grid with reference to the 
pure element countrate are shown in figure 6a. The top two curves represent the measured and 
fitted data for carbon Ka, the center curves represent measured and fitted Cu-Ka data, and the 
bottom curves relate to trend and measured values for Cu-b. The absolute increase in countrate 
ratio with increasing energy (acceleration voltage) by considering statistical variation is on the 
order of 4.7 % which cannot be explained by contributions from conventional secondary excitation 
effects taken into account in the standard Ep model. The copper countrate ratios, however, decrease 
with increasing acceleration voltages which can be attributed to significantly higher self absorption 
in the sample as the primary radiation is penetrating much further at higher energies. 
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Figure 6: (a) Relative counts from 6 pm Cu grid. Top: C-Ka measured and fit. Center: Cu-Ka measured and 
fit. Bottom: 0.1-La measured and fit. (b) C-Ka counts from various grids. 
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Figure 7: (a) Experiment vs. theory: normalized countrates for C (measured: squares, calculated: dashed- 
dotted line), Cu-Ka (measured: circles, calculated: dashed line) and Cu-Lo! (measured: triangles, calculated: 
solid line). (b) Correction factor obtained from Cu-Ka and Cu-La, respectively, is applied. 
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Figure 6b exhibits the raw data for various grids with linewidths of 3.5 pm and 6 p as well as two 
different graphite specimens. The countrate reference was chosen at a tube voltage of 20 kV. 
Thinner grid linewidths give higher normalized countrates. 

A comparison between theoretically obtained results which include photoelectron contribution to 
secondary exciation of C-Ka fluorescenck radiation and experimental data is presented in figure 7. 
Data is normalized to 1 at 30 kV tube voltage. 

CONCLUSIONS AND F'UTURE WORK 

Binary systems consisting of carbon and copper with very well known absorption geometries have 
been carefully prepared and measured by means of XRFA. Measurement results show that the C- 
K a  countrates emitted from Cu grids increase more rapidly with increasing energy than the C pure 
element countrate does. A similar effect can be obtained from calculations described in equations 1 
through 7 which include secondary excitation effects due to photoelectrons. However, a 
discrepancy on the order of at least 30 % between theory and experiment was found if the influence 
of photoelectrons is not properly taken into account. Predictions based on the standard Fp model 
reveal that conventional secondary excitation due to Cu-Ka and Cu-La fluorescence radiation is 
negligible. Therefore, we propose that the (energy dependent) photoelectron contribution to 
secondary excitation of C-Ka is responsible for the observed increase in C-Ka countrate compared 
to the pure element. Also, the computed photoelectron contribution for the presented specimens 
amounts to a total of about 30% but the change with energy is rather small. 

As additional experiments in that series we plan to manufacture and study grids with appropriate 
geometries employing different materials such as iron, nickel and chromium. Experiments with 
grids exhibiting the reversed structure (C arrays on top of medium Z substrates) should provide 
comprehensive information on penetration and interaction of photoelectrons in the low 2 material 
on top of the substrate. Work has already been done to apply the modified mathematical model to 

. 



multiple thin film layer analysis with results being published elsewhereI2. Monte Carlo calculations 
to examine photoelectron behaviour in interface layers containing ultralight elements are currently 
under way. 
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