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Abstract

The problem of quantitative determination of the
surface microrelief from an X-ray fluorescent signal is
investigated in this paper. Theintegro-differential equation,
which connects the relief of the surface with the registered
signd, isobtained. Theinverse problem (the reconstruction
of the surface form by using the X-ray fluorescent signal) is
solved. The results of the relief reconstruction for both the
puresignal and for thesignal withthennoiseare obtained. The
introduced concept of spatial resolution alows one to
conceiveof aminimal size of theregion, wherethemethod is
sengitiveto therelief changesin nanometer scale. Itisshown
that if the angle, at which the detector is positioned tends to
0°, direct measurements of the derivative of the function
describing the relief become possible.

The method proposed does not require standard
samples and belongs to the nondestructive control method.
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Introduction

X-ray fluorescent scanning microscopy [2] based on
employing focused X-ray beams is a comparatively new
direction in microdiagnogtics. Its appearance is due to the
cregtion of powerful radiation sourcesof nanometer scale, on
one hand, and successful development of methods for
fabrication X-ray optic elements, ontheother hand[3, 8]. The
range of diagnostic problems solved by X-ray fluorescent
scanning microscopy expands constantly, owing to a
continuous perfection of equipment and development of
mathematical models and techniques for signal processing
which alowscovering awider rangeof objectsand fit different
configurations of microscopes (the reciprocal location of the
source, object and detector, in particular). For example, amodel
of fluorescent signa formation from aplanar layered specimen
has been developed [1]. The scanning procedure can be
realized either by moving asample (astage) [5] or the beam
[6]. X-ray microprobeswith asubmicron beam diameter have
been used to obtain high spatial resol ution mapsof theelement
composition [3, 8]. Progressin the creation of X-ray optics
elementsresultsinthesize of thefocal spotinthemicronand
submicron (upto55nm([4]) [3, 5, 8] range. Inthemicronand
submicron range, where the beam spot becomes comparable
or lessthan the fundamental absorption lengths, the presence
of asurfacerelief influencesthe X -ray fluorescent signd like
the presence of the balk non-homogeneity does. Therefore,
one of the classica microscopy problemsis the observation
and quantitative description (at the microlevel) of the surface
of an object under investigation. Optical, electron and ion
microscopes are employed to solve this problem. However,
none of the existing techniques gives a comprehensive
solution. Therefore, a search for new approaches to this
problem seemsurgent.

The problem of quantitative determination of the
surface micro-relief from an X-ray fluorescent signa is
investigated in this work. A mathematical model (signal
equation) is developed and the direct problem (the signa
simulation from the known signal) and inverse problem (the
reconstruction of the surface form) are solved.
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Figure 1. Thescheme of the fluorescent signal.

Signal Equation

Figures1and 2 demonstratethe scheme of fluorescent
signa formation in an X-ray microscope. The reciprocal
locationsof thesource (1), investigated object (2), and detector
(3) areshownintheFigure1l. TheX ray absorptionregionis
much smaller than the distance from the source to the object
and from the object to the detector. Therefore, wecan assume
that theangleof thedirection“object-source” withthedirection
“object-detector” a is equa for al points of the absorption
region. Because the signd is formed in one plane, a three-
dimensional (3D)-problem is reduced to a two-dimensional
(2D)-problem (Fig. 1). We may introduce the Cartesian
coordinate system for the plane 123, so that the direction of
QY axis coincide with the direction 21. The origin of the
coordinates is of no significance. Let f(x) be the function
describing the surfacerelief intheplane 123. Inwhat follows,
we will assume that f(x) is differentiable and satisfies the
condition:

sup(f'(x)) < ctgat @
(this condition ensures that the registered part of fluorescent
radiationintersectsthe object surfaceonly once). Let x denote
the coordinate of the initial ray intersection with the surface
(Fig. 2). Themagnitudeof thefluorescent radiation generated
on the intercept (y+dy,y) is proportiona to the absorbed X-
ray radiation

vexp(-v(f(x;) - ))dy

wheren,istheyield of thefluorescenceand vistheattenuation
coefficient of theinitial X-ray radiation for an object material.
Here, we consider the part of fluorescent radiation

@
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Figure2. Theplan of thesignal.

generated on the intercept (y+dy,y) which falls onto the
detector and consequently, contributesto the signal (because
the generated radiation is isotropic, the magnitude of the
produced part is proportional to the quantity in relation (2)
above).

Let x denote the coordinate of the intersection point
of afluorescent ray with the surface. Then, the distance, the
fluorescent ray passesin the sample materid, isequal to

(f(X) - y)/cosa (€)
where x satisfies the equation
X-%,= (f(X) - y)tga @

Thus, the contribution of fluorescent radiation generated on
theintercept (y+dy,y) to the signd isequal to

ne vexp(-v(f (%)-Y)) exp(-ﬂ%j ¥ O

where U is the attenuation coefficient of the fluorescent
radiation. Integrating with respect toy from infinity to f(x),
weobtain

f(X)
S)=nev [ ep(v(f(x)-y))
o ©)

xexp[-ium-y)j dy
cosa
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Figure 3. The smooth surface with the single step.

where S(x ) is the signal magnitude. Changing the termsin
€g. (6) according to

y= 9 -{(x-xy)/(tga)} @

we obtain the following equation for the signa at normal
incidence of the X-ray beam (thesurfaceisset perpendicularly
to the beam)

S(xo)=nyv [ (ctga - £'(x)
Xo

®
><GXID[-V(f(Xo)- f(x))-

(x- XO)J dx

(vcosa+ p)
sna

For the case of oblique incidence of the beam, the
value of the signal can be calculated by the formula

S(xo)= ( J exXp(A(B(X- %) - C(F () - T (x0))))

Xo )
X (dex) ngv
tga + 198

where

1 B_v

_ . H
tga+tgB’

" cosa cosf’
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c=Vga g5
cosf cosa

and [ is the angle of the direction “source-object” with the
normal. Since the derivation of eq. (9) is similar to the
derivation of eqg. (8), eq. (9) iswritten without derivation.

Equation (8) solves a direct problem, and gives the
vaue of asignd as the function of the surface relief (f(x),
geometry (the angle a), and material constants (absorption
lengthsur* and v1). It can beused for thesignal simulationin
diagnosis.

ThelnverseProblem

Another problem of diagnosisisreconstruction, using
the measured signal. The problem is known as an inverse
problem. From our point of view, the most interesting aim of
theinverse problemisthereconstruction of the surfacerelief.
This can be done only numerically, but in our case, the
reconstruction problem can be solved analytically.

To solve the inverse problem, we differentiate signal

€g. (8) with respect tox,.

S(Xo)

veosa + ,u)
' (10

S (%)= [vf’ (%) +
-ngv(ctga - T'(%y))

Modulation techniquesallow oneto measurethesignal

derivative by, for example, oscillating asample along the X-

axis, so the direct solution of the reconstruction problem can

be given in terms of the measured functions (signal and its
derivative)

S (o)~ (oo H)S(xg) + ny vetga
v(n; ~S0x)

(%) =

(10a)

After the integration of eg. (10), we obtain another

presentation of the inverse problem solution, eg. (11), which

can be used if the signal derivative is not available. This

expression alows one to reconstruct the value of the profile
function in each scan point, using the measured signal S

£(x) :%((vcozw;y)x

¢ Ny pt S(x) —n;
-[= +In )
sna(S(t)—n;) S(0) —n;

1D

0
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Figure4. Signal diagramsat the various values of the angle
(5°,10°, 30°) for the profilewith thesingle step.

Spatial Resolution

The signal equation alows the investigation of the
image properties obtained in the microscope such asvisibility
(contrast) and resolution, depending on the conditions of the
experiment. The most important of these properties is the
value of the angle. Suppose that we record a signal from a
smooth surfacewiththesinglestep (Fig. 3). For theinlet point
X, positioned far from the step, the equation of the signal can
berewrittento give

e Vv cosa +
S(%p)=n¢V I EXD('T/I(X

- xo)j ctgadx
%o

(2

The same expression is vaid when x, is on the right
formthe step. Equation (12) impliesthat signal S"“feels’ the
step when the distance between x, and the step is of the order
of magnitude of the exponent parameter

sna

= emt 1 13
veosa + u

Therefore, r isthe natural characteristic of the spatial
resolution. The spatial resolution is influenced by: (1) the
angle between the normal direction and the detector; (20 the
attenuation coefficient of incident X-ray radiation; and (3) the
absorption coefficient of thefluorescent quanta. Wecan obtain
the spatial resolution by decreasing the angle between the
normal direction (Fig. 4) and the detector.
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A Limiting Case
Consider the case where the angle between the
direction of the incident beam and the direction towards the

detector tendsto 0°. Then, x tends to x, and the following
expression holds

f(x) - f(®) = (x) () 14

Factoring

S(X)=n¢v (ctga - ' (X))

¢ veosa+ U 13
xjexp(-vf’(xow—gna (xo-x)jdx
X0

with respect to sina and retaining the first order, we obtain

nev(l-sinaf(x,))

v+ u-vsinaf (xg)

S(xg)= (16)

These expressionsshow that if a =0°, thefluorescent
signd is non-informative (does not dependent on f(x)), and,
the reconstruction of relief isimpossible.

However, direct measurements of f'(x) become
possible at small (although differing from 0) values of the
angle.

A Special M ethod of M easur ement
Differentiating eg. (16) with respect tosina, weaobtain

dS(xg) _ npvH(xp)

: : (17
dsina v+ n)

atsmdl a.

From this expression, the derivative f’(x) is found
directly. The differentiation with respect to sina can be
implemented asthe oscill ation of the detector inthe horizontal
direction. Equation (17) can be considered as one more
representation of theinverse problem solution for thelimiting
case of asmall anglewith the differencethat for eg. (10), the
derivativein eg. (10) is aderivative on the beam position x,
(and the sample should oscillate to measure the derivative)
wherethe detector should bemoved to measurethe derivative

foreg. (17).
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Estimation of the Sensitivity
We express the estimate of the intensity of the X ray
fluorescent radiation hitting the detector as

78 (19
v+ dr

[=Pnf

where P isthe flux of theradiation incident onthe sample, Q
isthe solid angle magnitude determined by the input window
size of the detector and its position. The formula proposed
implies that the attenuation of the intensity due to the
absorptioninthesampleisof the order of unity. Thisvalueis
negligiblein comparison with the main reduction 3-4 orders,
whichresultsfrom asmall value of solid angle Q. Therefore,
for the measurement error to be of the order of 3 percent, not
less than 10° photons should be detected; this gives 10°-107
as the total number of photons in the beam per pixel. High
intensity synchrotron radiationisnow availablewith aflux of
108-10° photong/sin the spot [ 7] and thismakesit possibleto
realizethedescribed anadysis, promisinglow noiselevel inthe
range0.1%.

Simulation of the Signal and
Reconstruction of the Relief

Theresultsof X-ray fluorescent signal simulation and
the results of surface relief reconstruction are presented in
Figures3to 12. Wewill concentrate on Figure 5 becausethe
results illustrated in the Figures 3 and 4 were discussed
previously. Three signals, obtained at three values of the
anglea (5°,15°, 30°, respectively), areshownin Figure5. It
can bereadily seen that the spatial resolutionincreaseswith a
decrease of the angle a, the diffusion of individual elements
disappears, whereasthevisibility (theinhomogeneity-induced
signd change) decreases.

Therefore, adecrease in the angle is efficient when a
detector with alow noise level isused. The signal contrast
increaseswith anincrease of theangle a (Fig. 5), and at small
values of the angle, the curve of the signal tends to the
derivativeof thefunction describing thesurfacerelief. Tending
the signal contrast to zero at small angles and tending the
signal shapetotheprofilederivativeisinaccordancewiththe
predictions of the model for the limiting case of small angles
{eg. (16)} wherean dternating part of thesignal isproportional
to

ne #sin af'(xg) (19)

Anexampleof profilereconstructionisshownin Figure
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Figure5. Signa diagramsat variousva ues of theangle (5°,
15°, 30°).
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Figures10(at left), 11 (center) and 12 (at right). Signalsat a =5° (Fig. 10), 10° (Fig. 11) and 30° (Fig. 12).

7. The X-ray fluorescent signal was calculated by eq. (8) for
thetest profile(Fig. 7, curve 1). Gaussian noisewasadded to
thevalueof thesignal obtained (Fig. 6). Inorder to reconstruct
the surface profile (Fig. 7, curve 2), eq. (11) wasused. Itis
easily seen that the solution of the inverse problem is stable
with respect to the noise.

Three-dimensional-images of the surface relief, the
reconstructed profileand thenoise signalsfor different angles
are presented in Figures 8 to 12. The fundamental constants
(absorptionlengths Lt and v*) have been calculated for silicon
and the wavelength of the incident X ray beam corresponds
to CuK_, radiation (1.54 A). The obtained 3D-images
correspond tothescanintwo directions (along X and Z axes).
For each point on the Z axis, the 2D-problems (direct and
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inverse) have been solved. The signal has been calculated at
threevaluesof theangle a: 5° (Fig. 10), 10° (Fig. 11), and 30°
(Fig. 12). Although the absorption lengths are about 10 um,
the profile features 0.1-1 mk high can be reconstructed
successfully. Thus, the fluorescent signal can be used for a
quantitativerelief characterization inthe nanometer scale.

Summarizing, theresultsof thesmulation alow one
to evaluate the value of a signal and to choose an optimal
position for the detector, depending on the relief magnitude
and samplematerial.
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Discussion with Reviewers

M.L. Rivers: A maor wesknessisthelack of discussion of
the effect of finite angular acceptance of areal detector. The
authorsclaim{just after eg. (18)} that thefractional acceptance
isabout 3° to 5° in each direction. Many of their smulations
areat detector anglesof 5°. However, they assumed EXACTLY
5°, whereasin the real caseit will be 5° plus or minus 2-3°.
Wheat is the effect of thisfinite solid angle on the resolution
function for determining the surfacerelief?

Authors: Werestricted the consideration by asymptotic case
of infinitely small detector to concentrate on physics and
derivation of the signa equation. The signa equation for
finiteangular acceptance can be easily obtained fromthebasic
formulae by integration over a solid angle of the detector.
Particularly, itisseenthat in thefirst approximation, thefinite
acceptance Aa will contribute a linear term [Aa /a. Asto
smulation at 5°, thequantitative conclusion (patial resolution
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increases with a decrease of the angle a, whereas the signal
contrast increases with an increase of ) arrived at with this
simulationisvalid for the detector of finitesize.

M.L.Rivers. Thereisno discussion of theassumption behind
the proposed technique. One obvious unstated assumption
isthat thereisauniform concentration of the element whose
fluorescence is being measured. If that concentration is
heterogeneous, thenit will appear asafa setopography signal.
R. Gauvin: Read materialsarenon-homogeneous. So, what do
you propose to do with your method when C(x) = f(X,y,2)?

Authors: Of course, there are specimens containing both
spatial inhomogeneities and surface relief. One of the main
motivations of the paper is to estimate a contribution of the
relief in the fluorescent signal with hope to find ways to
eliminate or minimizethe contribution. Thefirst step onthis
way is deriving the signa eguation for spatialy uniform
specimenwith surfacerelief. Ontheother hand, theformation
of the signal from uniform specimen with the relief is a
significant scientific problem by itsdlf, solution of which could
be a theoretical base for diagnostic and metrological
applications of the focused X-ray beams. Signal equations
for different situationswith spatia non-homogeneities(eg., a
thinfilm of variablethicknesson asubstrate, or planar impurity
distribution covered by afilm) will be published el sewhere.

M.L. Rivers: There is no discussion of the potential
advantages, if any, of this technique (which requires a
synchrotron source, sophisticated microfocusing optics, and
dow mechanica scanning) over theexisting techniques(such
as, secondary e ectronimaging) for determining surfacerelief.
Authors: A synchrotron source, sophisticated micro-focusing
optics and slow scanning are obvious draw-backs of the
techniques in application to relief investigation which could
be improved or overcame in the future. But, there is an
unbesatable advantage. Physics of the signal formation is
uniquely simple and transparent asit is based on exponential
attenuation along straight trajectories. The advantage
becomes obvious after a comparison of derivation and
investigation of the signal equation for specimen with relief
that we have devel oped for scanning el ectron microscopy [9].
Here, the basic physical phenomenon is a random walk (of
electron) with elastic scattering depending on currently
decreasing electron energy. So, investigators need to use
either phenomenol ogical model for generation zone or Monte-
Carlo simulation with well known inherent drawbacks of the
both approaches.

R. Gauvin: Since you need a synchrotron radiation to get a
photon flux greater than 10° photons/second, | think that few
peoplewill be ableto useyour method. Canyou comment on
this?

Authors: Itisdifficult to comment on how many peoplewill
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use the approach to investigate surface profile by itself but
we hope that solutions of direct and inverse problems
presented in the paper will be useful at least to estimate an
influence of the surface relief and roughness on fluorescent
signa inX-ray micro-analysis. Consideration of suchidedlized
situation is necessary to analyze more complicated cases as
thefilmonthe substrate or planar impurity distribution covered
by thefilm (asmentioned abovein answer to second comment
of Dr. Rivers).

R. Gauvin: Redl surfacesgenerally have df (x)/dx = infinity,
and this condition is not allowed in your method. What can
you do to improve that in order to study fracture surfaces of
technological materias for example? Have you considered
the use of the concepts of fractal geometry in this context?
Also, will youimproveyour model to consider the casewhen
a photon crosses the surfaces severd times (very irregular
surfaces)?

Authors. We considered animportant class of surfaceswith
one intersection only as the first step, we plan to develop a
signal equation for surfaces with more intersections (this
includesthe case df (x)/dx = infinity). Astofractal geometry
and characterization of roughness by fractal dimension, we
used such a concept while investigating backscattered
electron signals[9] and we will use these ideas of statistical
approach in fluorescent X-ray microscopy aswell.

R. Gauvin: What isthetime needed to get an analysis?
Authors: Weestimate thetime per pixel as0.1-1.0 secondsat
flux 108 photons/second in beam and at Statistical scattering
inthe signa about 1%.

R. Gauvin: Itisnot surprising that your model worksbecause
you deconvoluted a simulated spectrum which is computed
with the sametheory asyour inversereconstruction technique.
You should validate your method with experimental spectrum
of known shapeto proveit in the correct way.

Authors. Really, we applied reconstruction procedure to
signals generated according to the signal model devel oped.
By this, we did not validate model of signal formation (of
coursg, it should be compared with experimental data), but, by
this, we check stability of reconstruction method to small noise
inthesignal. Animportant feature was illustrated (and this
was really surprising): the problem of surface restoration
considered in the paper is stable to experimenta noise, and
thus, it essentially differs from inverse problems arising, for
example, in absorption X-ray tomography.

Anestimate can be deduced from theformulafor spatial
resolution { eg. (13)}, it can be read as following to resolve
profile details with length | one needs angular precision Aa
about

Aa =I(cosa + )2/ (v + cosa) (20)
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The estimate is a good qualitative supplement to the answer
tothefirst comment of Dr. Riversabove.
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