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Glancing-incidence x-ray fiuorescence of layered materials
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X-ray fluorescence spectroscopy normally probes the first few micrometers of a material, but under
conditions of glancing incidence the surface sensitivity is enlarged to the nanometer regime. In this pa-
per, a formalism is given for the calculation of x-ray Auorescence intensities that is also valid at glancing
incidence and includes absorption and enhancement effects. Calculations based on this theory for the
angular dependence of glancing-incidence x-ray Auorescence (GIXF) intensities compare well with ex-
perimental data. Standing waves in thin layers are shown to be a sensitive probe for elements at various
depths, an effect that can be exploited in GIXF for depth profiling in layered materials.

I. INTRODUCTION

If x rays impinge on a Aat material under a small glanc-
ing angle, a large variety of physical phenomena can
occur, such as total reAection, ' interference fringes from
a layer on a substrate, and Bragg diffraction from a
periodic multilayer. ' As the penetration depth of the x
rays changes from the micrometer to the nanometer re-
gion, if the critical angle for total reAection is passed, x-
ray measurements in the glancing-incidence region can
yield information about the upper layers of Rat speci-
mens. Techniques which make use of this effect are x-ray
reAectivity, ' glancing-incidence x-ray photoelectron
spectroscopy, glancing-incidence x-ray absorption spec-
troscopy, glancing-incidence x-ray diffraction (GIXD) or
scattering (GIXS), and glancing-incidence x-ray Iluores-
cence (GIXF), with which this paper deals. Since it is
often possible to combine two or more of these tech-
niques, the acronym GIXA (glancing-incidence x-ray
analysis) is proposed for this combination.

The first way in which GIXF was used was after it was
realized that if a small amount of material on top of a
flat substrate is analyzed at glancing incidence, back-
ground radiation due to substrate scattering is consider-
ably reduced. This is the basis of total-reAection x-ray
Auorescence (TXRF) as a method for chemical analysis of
small quantities' and of contamination on semiconduc-
tor wafers. "' Later, the angular dependence of GIXF
was used to obtain information on composition as a func-
tion of depth. ' ' This method has been used to investi-
gate impurity profiles in semiconductors, "' ' periodic
multilayers, and very thin"' ' and thicker layers on a
substrate, ' ' ' as well as adsorbed molecules. '

The aim of the present paper is twofold: to give a com-
plete theory for GIXF, in which gaps in previous formu-
lations are filled, and to show the potentialities of GIXF
for depth analysis of layered materials, especially using
interference fringes. Section II deals with the theory for
the calculation of GIXF intensities. The incident wave
field is described using macroscopic optical theory. '

Compared with previous formulations, ' ' ambiguities
are resolved, and for the first time absorption and Auores-

cence enhancement in the glancing-incidence regime are
treated. In principle, the theory is valid for soft x rays
too. The approximations which can be used for harder x
rays are discussed. In Sec. III the theory is applied to
calculate GIXF intensities of layered materials. It is
found that, using standing-wave conditions just above the
critical angle, a surprising sensitivity for elements in
different layers can be obtained. In Sec. IV a comparison
is made with experiments, and it is shown that in many
cases it is possible to determine depth distributions from
GIXF measurements. In Sec. V a final discussion of the
results is given, and the method is compared with other
techniques.

II. THEORY

A. ReAection and refraction

In order to calculate x-ray Iluorescence (XRF) intensi-
ties, the electromagnetic field everywhere in the material
has to be known. A plane electromagnetic wave in
medium j at position r can be written as E.
=Ejexp[i(tot —kj.r) j. The wave vector can be expressed
as kj =(2vrlA, )NJ, where 1, is the wavelength of the in-
coming radiation and N. =N'. —iN" is the complex Uec-

tor of refraction. Note that N' is perpendicular to the
planes of equal phase, whereas N" is perpendicular to the
planes of equal amplitude. Below, a third vector, that of
energy Aow, will be encountered.

From Maxwell's equations it can be shown that
N~ N~ =e, where ej =e' ie" is th—e complex dielectric
constant' of material j.

It is common to use a refractive index n = 1 —5.—i/3,
where both 5 and PJ are of the order of 10 . Assuming
that this expression is valid if N' and N" are parallel,
one obtains e.=n and thus, in good approximation,
e' =1—25. and e'"=2f3.1 J

Next, consider a multiple thin-film sample, such as in
Fig. 1. In layer j the vector of refraction is N . If "lay-
er" 0, the medium for the incident beam, is vacuum with
eo= 1 (or air, so= 1) and if all interfaces are parallel, one
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FIG. 1. Multilayer sample. Medium 0 is vacuum or air. The
y direction is perpendicular to the plane of drawing.

N', =
—,
' [e' —cos P+[(ej—cos g) +ej" ]' (2)

finds for all j, N „=cso.g, where i)'j is the angle of in-
cidence. Hence the z component of N (i.e., perpendicu-
lar to the interface) is

NJ, =(e —cos g)'i

That is,

S =exp[ —2(2mcr IA, ) N, N +i, ], (8)

whereas t has to be multiplied by exp[(2moj. li, ) (NJ—N, +i, ) /2].
In a second method, which is also valid for intermedi-

ate roughness, the rough transition layer between two
materials is approximated by a series of layers in which
the dielectric constant varies slowly.

Up to now, reOection and refraction at a single inter-
face were considered. In a multiple thin-film sample, the
electric fields throughout the material can be found either
from a matrix formalism' ' or, equivalently, from a re-
cursion relation. ' '

B. Energy How and absorption in a single layer

In this section energy flow through a single interface
will be considered; the case of a multilayer sample will be
treated in Sec. II C.

It is well known that the time-averaged energy Aux,
i.e., the energy Aowing through a unit surface area per
unit time, is given by the Poynting vector

N", =e"/(2NJ', ). ,

N'=(cos g+N' )'

The angle of QJ of N' with the interface is given by

tang. =N~', /NJ' =N~', Icos/ .

(3)

(4)

P.= —,'Re(E XH*. )=—,'Re(E*XH. ) .

For s polarization one finds

P= N',
2ZO

(9)

(10)

Furthermore, one can write NJ', =N~'. singj. =singj, since
N'= 1 (see Appendix A).

If there is no absorption ( e"=0), Snell's law
nocosg=n cosf is valid. Then total refiection will take
place if the angle of incidence is less than the critical an-
gle g, =arcsin(1 —e')'~ =(25 )'~ .

For s polarization (electric field parallel to the inter-
face), the complex coefficients of refiection r and of
transmission tj. , being the ratio of electric fields at the
j,j+ 1 interface, are given by Fresnel's formulas

rj =(NI, —NJ+, , ) l(N ,+N)+, , ), .

t~ =(2N~, )I(NJ, +NJ. +, , ) .

In Appendix B the case of p polarization (magnetic field
parallel to the interface) will be considered. In most
practical cases, both give the same answer.

For rough interfaces the above formulas are no longer
exact. Several methods are known to incorporate rough-
ness. In a well-known method, r is multiplied by a fac-
tor S~ (resembling a Debye-Wailer factor), which is a
function of the root-mean-square deviation o. of the in-
terface atoms from the perfectly smooth situation. How-
ever, such expressions are only valid for small roughness
(2mo J ~NJ., ~

IA, & 1). Otherwise, the phase relation be-
tween incident and reAected beams is lost and hardly any
specular reAection takes place. This is discussed further
in Sec. II C.

There exist several expressions for S, yielding identi-
cal results for g far above g, . An expression (derived us-
ing a vector model ), which gives good results (also for

g, ), is

where Zo =(po/eo)' is the impedance of vacuum.
Hence, for s polarization, P is parallel to N' and the an-
gle of energy Aow 0, i.e., the angle of P. with the inter-
face, is

For p polarization this is no longer true exactly, though it
is in good approximation (see Appendix B). The magni-
tude of P. is approximately P = ~E, ~

l(2Zo ) for both po-
larization directions (see Appendixes A and 8).

The position dependence of P. is found by substituting
the plane-wave expression in Eq. (10):

P.= exp
2Zo

4mN", z
(12)

2&E'J. z

Now the connection can be made with the linear absorp-
tion coefficient p i (the mass absorption coefficient times
the density). This is defined at perpendicular incidence
(/=90'), in which case the attenuation factor is given by
exp( —p)iz). So

2776j
A,N', (/=90 )

—1/2
27TE-

[~'+(e,' +—e" )' ]

where E' is the electric field at the top of layer j (i.e., at
z=0). Using Eq. (3), one finds

Z'~'N'
(13)
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From this one finds
1/2Pjx, Pgx

E' E.+J 2~ J )6 2 (14)

This formula, with the exponential decay described by
the absorption coefficient, has the expected form.
Note, however, that some approximations have been
made which are not valid in the soft x-ray regime (A, ~ 10
nm; see Appendix A).

This has also been investigated by Henke. He defines
an extinction coefficient ~:E'" /(2N— ') . and writes the at-
tenuation factor [in the text preceding his Eq. (33)] in
terms of the angle of energy Aow O. as

exp[ 4mlrjz/—(A, sin8J )]=exp[ 2~ej —z/(ANJ'sin8 )] .

However, from Eq. (13) above it can be seen that the
correct expression is exp [ —2~@ "z/(XN'sing )]. So, in
contrast to Henke's statement, the factor is the same for
s and p polarization. Fortunately, most of his considera-
tions remain valid. For hard x rays, ~ =PJ, and for soft
x rays, Henke makes a comparison between a. and P, ,
and also between the refraction angles O and the
reflectivities for the two polarizations (cf. Appendix B).
His conclusion is that for Al Ka (0.874 nm), the
differences are very small, but for Be Ka (11.38 nm), the
diC'erences can be rather large, as can be expected from
the considerations in Appendix A.

Next, the absorption of radiation in the material will
be considered. According to Poynting's theorem, the
amount of electromagnetic energy absorbed per unit time
within a volume bounded by a surface S can be described
by

W= —I JP, uds,

where ds is an area element of S and u is a unit vector
perpendicular to ds. From this, the amount of energy ab-
sorbed by a slice of material at depth z with infinitesimal
thickness dz and with top and bottom surface area both
equal to Si is found to be d A = [ P~, (z+dz )—.

+P/, (z ) ]Si, neglecting the four sides with height dz. Ex-
panding PJ, (z+dz ) up to first order in dz yields

aI,,dA= —Si dz .' a
(15)

So the amount of absorbed radiation is proportional to
—aP„/az.

From Eq. (12) [and (3)], one obtains, for s polarization,

aP,, ~E'~' 2~~

Bz 2Z0 A,
exp

4m.X",z
(16)

which is in good approximation equal to

Making the small 5 and small P approximation (Appen-
dix A), e'". =Apji/(2'). With N', =sing, Eq. (13) be-
comes

iE'i N'. p z
P.= exp

2ZO sing

+ah, Pna nI J
= C, J iwgexp —g . S,

hc "p,,, /p,
' '' „,sin d

aP,, p)~ z
X dz — exp

o Bz singd
(17)

where C, is the mass fraction of element a in layer j, p.
is the density of material j, ~,z is the photoelectric part of
the mass absorption coefficient for element a at wave-
length A, , J,& is the absorption jump factor at wavelength
A, for the creation of holes in the considered shell of ele-
ment a, w, is the fluorescence yield for the decay of holes
in the considered shell of a, g, is the relative emission
rate for the considered XRF line in preference to other
lines originating from the same hole in a, and p„,is the
linear absorption coefficient of the considered Auores-
cence radiation from element a in layer n. It is sup-
posed that the detection angle gd is far above the critical
angle for total reAection of the outgoing radiation. Note
that the attenuation of the incident radiation is already
incorporated in PJ, (see above). I, is the total emitted in-
tensity; dividing by 4m gives the emitted number of pho-
tons per unit time per unit solid angle. Equation (17) will
be worked out further below.

The surface area Si is the irradiated detected sample
area. In general, it will be equal to the detected area Sd
(which varies as sing& with the angle of detection), pro-
vided that Sd is wholly irradiated. If, however, the irra-
diated sample area is so small that it is the limiting fac-
tor, Si varies with the angle of incidence as 1/sing. In
practice, this will often be avoided in the glancing-
incidence region. Note that in both cases it is supposed
that the sample is large enough. If the sample size is the
limiting factor, S& is equal to the sample surface area.

—M'j, /Bz =((EJ') /2ZO)[pj&exp( —p &z/sin@ )] .

For p polarization this equation also applies in good ap-
proximation (Appendix B).

The results derived here di6'er from those given by
Lefevere and Montel. They suggest in their Sec.
4.7 that d 2 is proportional to exp[ 4v—rN~", /
(&sin8J)]dz/sin8~. . The sin8~ in the exponent seems to
be a simple mistake. The second sinO can be justified,
because it cancels with the sinO dependence of the Aux

density on the surface area S, .
Up to now, the e8'ect of possible rejected radiation

from the bottom interface of layer j has not been taken
into account. This will be done in Sec. II C.

The number of absorbed photons per unit time is ob-
tained from Eq. (15) by dividing by the incident photon
energy hc /1, , where h is Planck's constant and c is the ve-
locity of light in vacuum. Now the primary XRF intensi-
ty I, , i.e., the number of photons emitted per unit time
by atoms of a particular element a in layer j, is obtained
from the number of absorbed photons by integration over
the layer thickness d multiplied by several factors: the
fraction of absorbed radiation which is used for photoion-
ization of the considered shell of atom a, the probability
of emission of the considered radiation, and the absorp-
tion factors for the outgoing radiation. Hence
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C. Energy Bow and absorption in multiple thin films

With the knowledge from the previous sections, it is
possible to calculate the total-energy Aow and absorption
within each layer of a multiple thin-film sample.

For s polarization the electric field is in the y direction.
The total field at a point of r in layer j is the sum of a
transmitted contribution E~ and a reflected contribution

.r-
J

E =E'-+E' (18)

Finally, it can be remarked that the above theory also
applies for glancing-incidence photoelectron spectrosco-
py, as performed by Henke. Then, in Eq. (17), the fac-
tors m, g, are not present, whereas for p„„etc.one has to
substitute the linear electron attenuation coefficient (i.e.,
reciprocal mean free path) of the considered photoelec-
trons in layer n.

1 4m
Ni', NJ'", '

IEJ'I exp
Bz 2Z0 A,

4m%~",z

The last term is due to interference between incoming
and rejected radiation. Note, furthermore, that now the
angle of energy Aow, ej, depends on z. It is given by
tan8. =P, /P

Up to now, this treatment is equivalent to that given by
Krol, Sher, and Kao. ' They give examples of calcula-
tions of P and 0 and of Quorescence yields. The present
formalism, however, is more general, and absorption and
fluorescence enhancement can be incorporated in a rela-
tively easy way.

According to Eqs. (15) and (17), the amount of ab-
sorbed radiation and the XRF intensity are proportional
to BP,—/Bz. From Eq. (23) one finds

where

E =E exp —i X,z exp i cot — X x. 2' ~ 27T

2&E =E'exp i X,z exp i mt — X' x

(19)

(20)

+ IEJI exp

+ E t 4EP'e

+C.C.

4m%~",z

4miPf ',z

(24)
and E'- and E"- are the transmitted and reflected fields at
the top of layer j. '

Using Maxwell's equation VXE, = —poBHJ/Bt (where
p, o is the vacuum permeability), one finds from Eqs.
(18)—(20), for the components of the magnetic field H in
layer j,

De6ning

(25)

HJ. =0, (21)
2&E~

3~2=
~PJx

IErl2
(26)

HJ, = (Ei+E")N„.= 1

0

So the components of the Poynting vector are

P = E*H, +c.c.= —
I

i+Etl cosg,
1 1

0

P =0, (22)

2 " 2E'*E'.

~c,~

b i=4mX", /A, ,

b,2= -b, i

b 3= 4niNJ. ', /A, ,—

(28)

(30)

P-, = ——E*H„+c.c.
4 Eq. (24) can be written as

(E i+E ")*(Ei E t )N , +c.c. ,. — .
ZQ

where c.c. denotes the complex conjugate of the preced-
ing. Using Eqs. (19) and (20), Eq. (22) becomes

Bz
(31)

IEol'
p, ~Re g A, exp( b, z)—

0 ' m=1

—N,', I E,"I'exp

4m.&",z

4'",z

+X", iE'*E"exp
4m.iA ',z

+C.C.

P, = 'N', IE'I exp
1

0

(23)

In the expressions for A, using Eq. (14), one can put

2mE~" /(Ap &)=[@i+Ap i/(16~ ) j' =1 .

For P polarization, similar expressions are found (Ap-
pendix B), and for both polarization directions,—BPJ, /Bz =pi&IEJ +Ejtl /(2ZO). The XRF intensity
now can be found from Eq. (17):
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' PnadnI, =IOC,jpjr, lJ,l w, g, S,exp
, sin

' PnadnI,j=IOC, p r, l J,&w, g, S&exp
, singd

r

3 dJ PjaXRe. g A dz exp — bj +
0 Sill

3

XRe g A.
l —exp[ (b—j +pj, /singd )d. ]

b +pj, lsingd

(32)

where Io= Eo~ kl(2Zohc) is the number of incident
photons per unit surface area per unit time. Integration
yields

(where only the m =3 term is complex).
For very thin layers (i.e., all exponents containing d

small), this equation can be written

27TE~ ' Pnadn
C,jp.r,&J,w, g, S,exp —g .

"' " ~E'+E "~2d

Then the intensity is proportional to C, pjdj i.e., the
amount of element a in layer j.

The results for p polarization are given in Appendix B.
Except for soft x rays, the results are the same for both
polarization directions and the above equations for s po-
larization can be used.

From Eq. (32) the XRF intensity can be found, if E'
and E'- are calculated according to the method outlined
above. A similar procedure has been suggested by Brunel
and Gilles, ' who, however, simply state that the absorp-
tion is proportional to ~E l+E t ~, which is only approxi-
mately true for p polarization.

Interface roughness can be accounted for by the
methods described in Sec. IIA. For very rough inter-
faces, however, as, for instance, a granular residue on a
Hat substrate, there is a large spread in incident angles.
In that case, if the high roughness concerns the j—1,j in-
terface, one can put r 1 0 tj 1 1 Nj Nj 1 and

a, =expI —[2vri singj &/k+pjl/(2singj l)]dj] .

Moreover, for a granular residue in general, large thick-
ness variations ( ~ A, /[2lr singj,] ) are present. Then

there is no fixed phase relation between incoming and
reflected beam, implying that the last (interference) term
in the above equations vanishes and intensities have to be
summed instead of fields.

D. Fluorescence enhancement

Up to now, only primary Auorescence, directly caused
by the incident beam, was considered. it is well
known in XRF that enhancement of the Auores-
cence emitted by atoms a is possible because of excitation
by fluorescence radiation (with energy above the involved
absorption edge of a) emitted by other atoms b in the
sample. In most cases it is sufficient to take into account
secondary fluorescence and to neglect higher-order pro-
cesses.

In a multilayer both intra- and interlayer enhancement
have to be considered. For instance, the interlayer secon-
dary fluorescence caused by (a particular line ofl element
b in layer k, contributing to the considered fiuorescence
of element a in layer j below k, can be written as (cf.
Refs. 37 and 38)

I(bk) +bi, ' Pnadn
~j ~ Cbk Jbt.wbgb Caj rab Jgb wagg exp —g . S,

Pkzl Pk , singd

vr/2
X —,

' J tanadaj dz, f dzb
0 0 0 BZb

P

jazzy

exp
Slngd

j—1

xexp — pkb(dI, zb)+ g p bd„+pjbz
n =k+1

cosa (k (j), (33)
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where ~,b is the photoelectric part of the mass absorption
coeScient for element a at the wavelength of the con-
sidered Auorescence radiation emitted by b, and J,b is the
absorption jump factor at that wavelength for the
creation of holes in the considered shell of element a.
Similar expressions can be written down for k )j and for
k=j.

In these expressions the integration over all angles a at
which the radiation can be emitted from an atom b is
rather nasty. In the literature three methods are known
to perform it. Mantler uses numerical integration.
This method, however, leads to unacceptably long corn-
putation times for a multilayer with several tens of layers.
Rossiger replaces the integration by a summation over
three carefully selected angles. It is found that his
method fails in the case of the very thin layers encoun-
tered here, which can be understood because his selection
criterion does not involve such small distances. The
present author evaluated the integrals analytically, lead-
ing to expressions in terms of the exponential-integral
function. These can be evaluated fast numerically. The
complete expressions are given in Appendix C.

In the approach mentioned, no reAection and refrac-
tion of the fluorescence radiation were taken into ac-
count. One can question this approximation: For the
very thin layers encountered here, the contribution to Eq.
(33) from radiation emitted at small angles will be appre-
ciable, whereas one can expect that in reality radiation
emitted at a) m/2 —i', will hardly contribute to inter-
layer secondary fluorescence, because it is totally
reAected. To obtain a feeling for this effect, for some of
the cases discussed below the integration over n was per-
formed numerically with an upper limit of m/2 —g, . It
was found that in all cases the relative error in the secon-
dary contribution is never much more than 10%, in a to-
tal contribution of less than 10%. Thus the approxima-
tion made by neglecting this effect is considered reason-
able.

E. Summary of computational method

[Eq. (6) times Debye-Wailer factor SJ, Eq. (8)], and
transmission coefticient t; next all E'- and E' are calculat-
ed; ' then the primary intensity can be calculated from
Eq. (32) and the secondary contribution from Appendix
C, which has to be summed over all layers k and all
fluorescence lines of elements b with energy above the in-
volved absorption edge of a. In most cases it is possible
to take together the enhancement due to all lines origi-
nating from the same shell.

Finally, in order to compare with experiment, the
intensity-versus-g curves can be convoluted by a diver-
gent incident beam profile.

III. EXAMPLES OF CALCULATIONS

To illustrate the potentialities of glancing-incidence x-
ray Auorescence, in this section some interesting theoreti-
cal examples will be given, whereas in the next section a
comparison with experiments will be made. In all exam-
ples, Mo Ka (A, =0.0711 nm) is used for the incident radi-
ation. Furthermore, it is supposed that the surface area
from which XRF is detected is smaller than the irradiat-
ed area.

Figures 2 and 3 deal with a 70-nm-thick silicon layer
on a gold substrate and Figs. 4 and 5 with a 1 nm Co/10
nm Au double layer on a silicon substrate. In the last ex-
ample, the rejecting properties of the gold layer are
hardly affected by the cobalt surface layer, which, howev-
er, can serve as a surface probe. In Figs. 2 and 4, both
the retlectivity and XRF intensity (normalized at the
value at high angles) are shown as a function of the glanc-
ing angle of incidence. In Figs. 3 and 5 the normalized
incident intensity ~E~ +E/ ~ /~Eo~ is drawn as a func-
tion of depth in the sample. Note that the negative depth
values at the left correspond to the vacuum (or air) above
the surface, whereas the right part corresponds to the
first few nanometers of the substrate.

In the reAectivity, a region with nearly total reAection
is seen for g(g, (=1.8 mrad for Si and 4.6 mrad for

With the formalism mentioned, the angular depen-
dence of GIXF intensities from multilayer samples can be
calculated. As input, one uses the wavelength A. and for
each layer j the following: thickness dz, interface rough-
ness o . ; density p. ; mean atomic number (or scattering
factor) ZJ; mean atomic mass MJ; mass fraction C,J of
detected element a; mass absorption coefficients for in-
cident and detected radiation, pj's lp~ and p., /pj; and for
enhancement due to element b, mass absorption
coefficients pjb /pj and factors rb&J&iw&gbr, b J,I, /
(r,&J,i). Furthermore, for rough interfaces one can
choose from three possibilities: use of the "Debye-Wailer
factor" (as described in Sec. II A), varying dielectric con-
stant, e.g. , approximated by a variation in a few layers, or
very rough interface without interference (see Sec. II C).

In general, the incident x rays will be hard enough to
make the approximation that s and p polarizations give
the same answer. Then it is possible to calculate for each
layer e [Eq. (14) and Ref. 27]; then, as a function of the
angle of incidence f, N , [Eq. (1)], reflection c. oefficient r

D
~ C)

CO

(D

c o

I
I

I \ q r %
I

I
I I i I % /I

) I
i

C)
D

0.0 1.0 2.0 3.0

g (mrad)
4.0 5.0

FIG. 2. (Normalized) intensity vs angle of incidence for 70
nm Si on Au: ( 10X ) reflectivity (dashed line), Au La (inter-

rupted line), total Si Ka (solid line), and (300X ) contribution to
Si Ka due to secondary fluorescence from Au L and M lines

(dotted line).
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C)
C)—
CO

C)0—

Ch

(D

D

C)
O

-20.0 0.0
t

20.0 40.0
depth (nm)

60.0
I

80.0

C)
O

-10.0 -5.0 0.0 5.0 10.0
depth (nm)

I

15.0
I

20.0

FIG. 3. (Normalized) intensity of incident x rays vs depth at
/=1. 70 (solid line), 1.85 (dotted line), 1.92 (dashed line), and

2.30 mrad (dot-dashed line) for vacuum/70 nm Si/Au. Inter-
faces are indicated by vertical lines.

FIG. 5. (Normalized) intensity of incident x rays vs depth at
/=1. 5 (solid line), 4.5 (dotted line), 5.8 (dashed line) and 6.7
mrad (dot-dashed line) for vacuum/1 nm Co /10 nm Au/Si. In-
terfaces are indicated by vertical lines.

D~ CV

+
V)

Q)

~
C: ~

0.0
l

2.0 4.0 6.0
71/ (mrad}

I

8.0
I

10.0

FIG. 4. (Normalized) intensity vs angle of incidence for 1 nm

Co on 10 nm Au on Si: (3X ) reAectivity (dot-dashed line), Au
La (dotted line), total Co Ku (solid line) and (100X ) contribu-
tion of Co Ka due to secondary fluorescence from Au L line

(dashed line).

Au), whereas for itj) g, fringes are present as a result of
interference between the transmitted and rejected radia-
tion in the layer on the substrate. ' The position
of the interference minima is given by n X=2''.

2
jz

[ =2d sing(1 —5 /sin 1(j) if 1(|))1(, ]. Above the surface a
standing wave is present as a result of interference of in-
cident and rellecting radiation, with a periodicity A, /2g
and a maximal amplitude of 4 times the incident intensi-
ty. In the material there is an evanescent wave for
f(g„which can only excite a small XRF signal. ' For
lt =1(, the intensity at the surface is 4, and so the max-
imum XRF intensity due to a thin surface layer is 4 times
the value at high angle.

For a thicker layer, however, much higher intensity

values can be reached. As far as is known, this effect has
not been reported before. At angles corresponding with
reAectivity minima, a standing wave is formed which ex-
actly fits between the two interfaces and the layer acts as
a waveguide in which the radiation is pushed back and
forth. In Fig. 3 the first and third resonance are shown
for 70 nm silicon on gold. The first resonance takes place
at /=1. 85 mrad, just above g„with a maximum ampli-
tude, halfway into the layer, of 27. Integrated over the
whole layer, this yields an XRF intensity of 14 (Fig. 2).
In this case the effect is large because the reAectivity just
above g, is high at both interfaces, whereas the absorp-
tion is small in the light material silicon. These two con-
ditions are not met for Au I.a in the gold-on-silicon case
(Figs. 4 and 5): The absorption is rather high, and more-
over, the first maximum occurs well above 1(„where the
reAectivity is much smaller. For silicon on gold, the
higher-order resonances are smaller too, because the
rellectivity is smaller at higher 1t. In Fig. 2 the Au La in-
tensity is also shown. It exhibits small oscillations, be-
cause a small amount of the radiation from the silicon
layer "leaks" into the substrate.

In Fig. 4 the XRF intensity is shown of both the cobalt
surface layer and the thicker gold layer. It is clear that
the two give a completely different angular behavior: in
the reAectivity minima, the intensity at the surface is
minimal, as is the surface-layer XRF, whereas the inten-

sity in the gold layer and XRF signal from it is close to
maximal. Note that the cobalt can be considered as a
surface layer because its thickness is small, compared to
both the evanescent-wave penetration and standing-wave
period.

In Figs. 2 and 4 also the enhancement due to secondary
Iluorescence excited by Au L and M lines is shown (on an
enlarged scale), a contribution which does not exceed a
few percent. It has approximately the same behavior as
the Au I.a fluorescence. There are small differences, be-
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cause the upper part of the gold layer contributes rela-
tively more to secondary Iluorescence (mainly emission at
small angles) than to primary fluorescence (measured at
high emission angle).

Next, the influence of interface roughness will be dis-
cussed. Figure 6 deals with the same situation as Fig. 5,
but with a surface roughness o. =1.5 nm at the gold-
silicon interface. Because of the smaller reflectivity at
this interface, the interference in the gold layer has di-
minished. In the model used, the reflectivity at each in-
terface has been multiplied by a factor which changes the
amplitude. This results in a discontinuity which, of
course, does not occur in reality. A more realistic model
is that of a transition layer with a varying dielectric con-
stant, which, however, leads to more time-consuming cal-
culations. It was found that a transition-layer thickness
of about 3o. gives results which agree well with the other
model. In Fig. 6 the case of /=5. 8 mrad has been calcu-
lated by both methods. Indeed, a good agreement is
found outside the transition layer. In Fig. 8 the XRF in-
tensity calculated by both methods will be compared.

The following example concerns a periodic multilayer.
If one period consists of two layers 1 and 2 with
thicknesses d, and d2, in the reflectivity curve diffraction
peaks occur at a position given by Bragg's law (including
refraction and absorption): nA, =2(d, N'„+d2Nz, ). As
is well known from dynamical diffraction theory, ' during
diffraction, a standing wave is set up in the material. The
antinode position of this wave changes over one unit-cell
distance in passing the diffraction peak. This fact is used
in x-ray standing wave XRF (Refs. 41 and 42) to deter-
mine atomic positions in a unit cell. The phenomenon
has also been reported for multilayers. In Fig. 7 this is
demonstrated for a multilayer consisting of 20 periods of
1.5 nm Co+2 nm Au on silicon. In the upgoing flank of
the diffraction peak, the antinode of the standing wave is
in the cobalt layers, giving a maximum in Co Ka and a
minimum in Au La, whereas in the downgoing flank the
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FIG. 7. (Normalized) intensity vs angle of incidence for 20
periods of 1.5 nm Co+2 nm Au on Si: ReAectivity (dot-dashed
line), Au Lu (dotted line), total Co Ea (solid line), and (20X )

contribution to Co Ea due to secondary Auorescence from Au
L lines (dashed line).

IV. COMPARISON WITH EXPERIMENT

In this section a comparison is made with illustrative
experimental data obtained with an instrument which
is, in principle, a standard diffractrometer equipped with
an energy-dispersive system for XRF detection. '

In Fig. 8 the measured Co Ka and Au La intensities
are shown for a sample consisting of 1 nm cobalt on 10

situation is reversed. Furthermore, the enhancement of
Co Ka due to secondary fluorescence by Au L lines is
shown. As before, the effect approximately follows Au
La and does not exceed a few percent.

0
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FIG. 6. Idem as Fig. 5, but with o.=1.5 nm at the Au/Si in-
terface. Interrupted line: /=5. 8 mrad, using transition-layer
model (4.5 nm thick).

FIG. 8. (Normalized) intensity vs angle of incidence for 1 nm
Co / 10 nrn Au with 1% Co / Si: Measured Co Ea (circles) and
Au La (squares) compared with calculations using o.A„&s;= 1.8
nm: Au La {interrupted line), total Co Ea (solid line), and Co
Ea from cobalt layer (dotted line) and from gold layer (dashed
line). Dot-dashed line: Co Ee calculated with transition-layer
model (5 nm thick).
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FIG. 9. (Normalized) Ni Ka intensity vs angle of incidence
for multilayer consisting of 50 periods of 1.6 nm Ni + 4.6 nm C
on Si. Measured points (circles) compared with calculations us-

ing o.=0.3 nm at all interfaces; no Ni in C (dotted line), total
intensity (solid line), and contribution from carbon layers
(dashed line) for 10% Ni in the carbon layers. Dot-dashed line
(0.5 X ) reAectivity.

nm gold evaporated on a silicon substrate. Comparison
with Fig. 4 shows that the maxima are less pronounced
than in the calculation where perfectly smooth interfaces
were assumed. It was found that with a gold-silicon inter-
face roughness o. =1.8 nm the measured oscillations are
reproduced. (As discussed above, a transition layer with
thickness 5 nm gives approximately the same results. )

However, the measured Co Ka intensity above the gold
critical angle is about 10% higher than that calculated
(dotted line). Above, it was shown that secondary
fluorescence caused by Au L lines is too small to explain
this. However, a good fit is obtained by assuming that in
the gold layer —1 mass % cobalt is present, implying that
more than 15% of the cobalt layer has dissolved into the
gold layer. Indeed, Auger depth profiling after removal
of the cobalt layer by chemical etching showed that the
gold layer contains an appreciable amount of cobalt.

Another example is shown in Fig. 9, which deals with a
periodic multilayer consisting of 50 periods of 1.6 nm
nickel and 4.6 nm carbon on silicon. From reflectivity
measurements it was found that all interfaces have a
roughness o.=0.3 nm. In the measured Ni Kn intensity,
clearly the expected x-ray standing-wave behavior is seen
at the first and second Bragg peak. With the above
values, rather good agreement with experiment is found
(dotted line). However, there is some discrepancy, espe-
cially in the extrema. Probably a small amount of nickel
has dissolved into the carbon layers, for which the ex-
pected XRF (dashed line) has a maximum, where nickel
has a minimum and vice versa. Indeed, a better fit was
found (solid line) with the assumption that the carbon
layer contains 10 mass% nickel; i.e., -7% of the nickel
has dissolved into the carbon layer.

From these examples it is seen that GIXF can be a use-
ful tool for the investigation of the composition of layered
materials.

V. DISCUSSION AND CONCLUSION

From the work done up to now, it is clear that a wealth
of possibilities exists for GIXF.

For 1( (g, the penetration depth of the incident radia-
tion is small. The resulting small background makes it
possible in conventional total-refiection XRF (Ref. 10) to
analyze very small quantities of material on top of flat
substrates. The achieved detection limits are below 1 pg
or 10' atoms cm for the first-row transition metals.

The standing wave above the surface has been used as a
yardstick for distances in molecules adsorbed at the sur-
face, both in the case of g(f, (Ref. 22) and at Bragg
reflection from a multilayer. ' Up to now, no use has
been made of the standing waves above the surface of a
single layer on a substrate for g) g„which are both am-
plitude and frequency modulated (cf. Figs. 3 and 5).

Inside the material there is an evanescent wave with a
highly angularly dependent penetration depth. This fact
can be used to obtain information on depth distributions,
e.g. , of impurities in semiconductors. ' ' However, since
the change in penetration depth takes place in a very nar-
row angular range, in practice the applicability of this
effect for depth profiling is limited.

The situation is far more promising for layered materi-
als, in which clear differences in dielectric constant are
present. From the examples discussed in this paper, it
can be concluded that GIXF is an interesting technique
to obtain information on the depth distribution of ele-
ments in such materials: For periodic multilayers the
shape of the GIXF intensity near a Bragg peak is rather
sensitive to a change in composition, whereas for materi-
als consisting of only a few layers the shape of the GIXF
interference fringes can be used. It is striking that in the
latter case the intensity of the incident x rays in a layer
can be several tens of times higher than outside the ma-
terial. This implies that GIXF is very sensitive to impur-
ities at positions coinciding with standing-wave an-
tinodes.

So the prospects for depth profiling of layered materi-
als with GIXF are very good. One has to be aware, how-
ever, that the interpretation of the measurements depends
for a great deal on modeling. The certainty of the inter-
pretation can be increased if several GIXA measurements
are combined. In the examples of Sec. IV, this was done
in the first example by using both Co Ka and Au La, and
in the second example by using both reflectivity and Ni
Ko.'.

In Table I, GIXF is compared to other techniques.
Other GIXA techniques are not included, because they
have worse detection limits (although for specific prob-
lems they may be preferable). GIXF is the only nondes-
tructive technique which is able to give information with
such a good depth resolution and such good detection
limits. As in GIXF measurements have to be done aboveg„the detection limits are worse than those mentioned
above for TXRF. The analyzed surface area is rather
large, which, depending on the problem, might be either
an advantage or a disadvantage. The typical depth reso-
lution in GIXF of 1 nm is valid for a material consisting
of distinct layers with a thickness of some nanometers.
In other cases other techniques may be more suitable.
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TABLE I. Comparison of different techniques for analysis of layered materials: depth resolution,
analyzed surface area, lower limit of detection (LLD) (for first-row transition metals in silicon), and des-
tructiveness of glancing-incidence x-ray fluorescence, conventional x-ray fluorescence, electron-probe
microanaiysis (EPMA), Rutherford backscattering spectrometry {RBS),transmission electron micros-
copy combined with energy-dispersive x-ray analysis (TEM/EDX), scanning Auger electron spectros-
copy (AES), secondary-ion-mass spectroscopy (SIMS), and (provided that specific etchants are avail-
able) chemical etching combined with furnace atomic absorption spectroscopy.

Technique

GIXF
XRF
EPMA
RBS
TEM/ED X
AES
SIMS
chem. etch

Depth resolution (cm)

10
1O-'
1O-'
10-'
10
1O-'
1O-'
10

Area (cm )

1O'
1O'
1O-'
10
10

—12

1O-'
10
1O'

LLD (atoms cm )

10
1O"
1014
1013
1015

12

1O'
1011

Destructive?

no
no
no
no
yes
yes
yes
yes

However, for molecular-beam epitaxially and chemical
vapor deposition grown materials, metallization and
dielectric layers in integrated-circuit technology, magnet-
ic multilayers, soft-x-ray monochromators, and many
other layered materials, G-IXF can yield chemical and
structural information which is not easily obtained by
other methods.
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very soft x rays. For A, =10 nm, 5 =0(0.01),
PJ =0(10 pj&/pz ) & 0(0.01). So, in general, for A, ) 10
nm the exact formulas have to be used.

APPENDIX B: p POLARIZATION
AND OTHER POLARIZATION STATES

In Sec. II the theory was given for s polarization. Here
the formulas for p polarization will be presented.

Fresnel's Eq. (6) becomes

XJ, /eq —XJ+),/e. +)
NJ. /ej +N/+ i /e~ + i

for the reAection coefficient in terms of magnetic fields,
and t =1+r .

In the small 5J, pj approximation, the formulas are the
same for both polarizations: N, /e. =Nj.„because

Re(N, /e )=N'.,(1+25 +2PJ/N~', )=N~',

APPENDIX A: APPROXIMATIONS

Here the approximations which are valid for small 6&

and small P are discussed. One can consider four cases,
depending on the magnitude of e' —cos~P=sin g —25 .
From Eqs. (2) and (4) one finds the following:

for e'. —cos i' ))25. ,

N', =sin g —25 +0(P. ), NJ'=1 —5~+0(P~)=1;
for ~e'. —cos /~ =0(5 ),

N', =0(5 ), N'=1+0(5 )=1;
for

~

e' —cos P~
& 0(P, ),

Ni', =0 (pj. ), Nj' = 1+0 (p. ) = 1;
for e' —cos P«25. ,

N,', =pj l25, N,
' = 1+0 (p~ /5i ) = 1 .

The errors in the approximations are large only for

—Im(N, /e )=N", (1 2+5 2N&', )=Nz", . —

Strictly speaking, the last
~e' —cos g «1, but if this
N, =X~+&, and thus r =0.
complicated for soft x rays
denser than layer j.

The Poynting vector [Eq.
(10),

equation is only valid if
does not hold, in general,
The situation may be more
and if layer j+1 is much

(9)j becomes, instead of Eq.

= tang) i+-
2@'X,

P = ,'ZO~H
~

Re(N /e;—) .

The angle of energy Sow, 9J, is given by tan8 =P, /P
So, for p polarization, instead of Eq. (11),

e'N'. , +e"iV",
tanO =

e,'cosg
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where in the last step Eq. (5) has been used. Hence, ap-
proximately,

tan8. =tang (1+2P /N', )=tangj .

The magnitude of P is

a, = 1ZOIH, I'Re

For p polarization Eqs. (18)—(20) are replaced by

H =H~+H~
J J J

HJ =HJexp —i X,z exp i cot — &,
' x. 2w 2&

=—Z, IH I' '@ Re
2 cost9J

Furthermore, one can write ~E~ ~
=Zo H~~~, using Ap-

pendix A. With cos8 =cosf and Re(1/e ) =1, one finds

The position dependence of P. is given by the same ex-
ponential factor as in Eq. (12). So

I'J.,=
—,'ZO~HJ'~ R e{N~ /e )exp.( 4vrN—",z/A. ),

and instead of Eq. (16) one obtains

2KH =H'exp i X.,z exp i cot —- Q'. x

where HJ' and HJ" are calculated from Ho(=EOIZO) in
the same way ' as E'. and E" from Eo. From Maxwell's
equation VXH =roe BE /Bt, .one finds, for the com-
ponents of the electric field,

E.„=ZO{H.~ H t)—.

E =0,

BP,
az 2

or, approximately,

4m'",
exp

E'J.

4alV'.,'z F,=Zo( H,i H—")—
J

So the components of the Poynting vector are [instead of
Eqs. (22) and (23)]

p. = —'E,H.*+c.c. = —,'ZO~Hi+Ht~ cosfRe(1/eJ ),
P =0,
P, = ' E.„H.' +c.c. = ,' Zo(H i H t—)(H~ —+H t )'(N, /e~ ) +cc.

Z IR (N., / . }~HJ'~' p( 4N,", /k) —R{N,,/, )I—H,"I' p(4 N,". /~)
—lm(N. , /e . )[iH'*H "exp(4niNJ', z /A, ) +c.c. ] I .

ln the calculation of BI', /Bz, one —obtains, instead of Eqs. (25)—(27),

N,,

4 &, 2H' H".

and Eqs. (28)—(32) remain valid.
Above it was shown that in good approximation Re(N., /&. )=N.„wh«eas &m(Nj, /ef )=N/ p ov'ded

~p'. —cos~g~ && 1. ln general, if the last inequality is not true, HJ" will be small, because r~. is small (see abo ve), and ~,z
and g can be neglected. Furthermore, from the discussion above it follows that the ratio of the magnetic fields for
polarization is approximately the same as the ratio of electric fields for s polarization. So, in the small 5~, 13J. appro»-
mation the results for both polarization directions are identical. If this does not apply, the exact equations given here
can be used.

For other polarization directions, P- no longer vanishes, and as was pointed out by Lefevere and Montel, the ener-
gy Aow is no longer in the plane of incidence. However, because N y 0 Pj can be found from they components of the
electric field (E i and E t

) and magnetic field (H iand H t
) in a simple . way, by adding the expressions given for s and p

polarization:
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P , =. (E)+Ej )*(Et E—t)N. , + Z—o(H t H—t )(H.t+H t)* . +c.c. ,

where the y components of the fields can be found by the method outlined in Sec. II and above, if Eo is substituted by
Eocosg and Ho by E osi n7)/Z 0, where i) is the angle between the incident electric field Eo and the y axis. In the same
way, —BP, /Bz and I, . are obtained by adding the expressions given for s and p polarization. For unpolarized radia-
tion, the intensities are simply given by one-half the sum of the intensities for s and p polarization.

APPENDIX C: EXPRESSIONS FOR SECONDARY FLUORESCENCE

The interlayer secondary fiuorescence caused by (a particular line oI) element b in layer k contributing to the con-
sidered fiuorescence of element a in layer j is found by substitution in Eq. (24) in equations such as Eq. (33) and integra-
tion:

J
I,'j"'= ,'IoCbk—pk Jbkwbgb&bk&abCaj JabLUag, Siexp —g P„,d„/sini)'jd

n=1

3

X Re g Ak X(bk, P&, /singd ) (for k )j),
j—1

I~~j. = IOCbkpk Jbk—uibgb7 bk1 b C
&
J b LU g, S,exp —g P„,d„/singd

n=1

3

X Re g Akm exp( bkm dk )X—( bk, ——Pja /sin@d ) (for k &j),
J 1

J.'jj'=,'~OCb, p, JbkUjbgbrbkrab Caj Jab

ungag

Si exp —g P..d. /»nod
n=1

3

X Re g A,. [Q(bj,PJ, /singd )+Q(Pja /singd, bj~ ) j (for k=j),

where

X(p, q ) = V(d, dk ) —V(d, O) —V(O, dk )+ V(0,0),
with

V dj'dk xp q p, b dj p +—pkb dk Xpbd'
r

Pkb
D 1 + P

P(PPjb+'qPkb ) Pkb
Pjbdj+ g Pnbdn+Pkbdk

n

PJb

q(pp, b+qp. b)
1—g

PJb
Pj b dj + g P'nb dn +Pkbdk

1
P,bd&+ QPnbdn+Pkbdk

pq

where the summation over n is from n =j+1 to k —1 for k )j and from n =k+ 1 to j—1 for k (j. If Q„P„bd„=O,

V(0, 0)=— 1

PPJb +~Pub

Furthermore

P p P q

Pkb q PJs

Q(p, q)=exp[ —p+p, bd, ] — D(p,,d )+ D((p, b q)d )+ —D((p+p, , )d )
1 1

pq ' ' qp+q ' ' pp+q

+ — ln 1+ +1 p 1
exp[ —(p+q )d, ]in 1— g

p(p+q) p b q(p+q) p,b.
In the above equations, D (x ) is defined as

D(x ) =exp(x )E, (x ),
where E, (x ) is the exponential-integral function
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E, (x ) =I dy exp( —y ) /y .
X

For real arguments this function can be evaluated rapidly using standard algorithms. However, because bk3 is
imaginary, in the interference terms the arguments are complex. If interference is appreciable, the imaginary part (of
the order bk3dI, ) will be a few times rr, whereas the real part (of the order pkbdk ) is small. In that case, D(x+iy) can be
developed in a Taylor series around the imaginary part, yielding, up to third order,

D(x+iy)=exp(x+iy)Et(iy)+ +—x ——
2

+—x ——
2

—
3 (if x &O. ly),ix 1 2 i 1 1 3 & 1 2i

With

E, (iy )= = —Ci~y ~+i Si~y ~

——

The cosine integral Ci(y) and sine integral Si(y) (Ref. 46) can be evaluated by fast standard routines.
On the other hand, if the above approximation is not valid, Ak3 will be so small that the complex term need not be

calculated.
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