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Spatial resolution in depth-controlled surface sensitive
X-ray techniques
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The spatial resolution along the surface normal and the toiul depth probed are two important parameters in
depth-controlled surface sensitive X-ray technique!) .'mploying grazing incidence geometry. The two parameters are
analyzed in terms of optical properties (refractive indices) of the media involved and parameters of the incident X-ray
beam: beam divergence. X-ray energy, and spectral bandwidth. We derive analytical expressions of the required beam
divergence and spectral bandwidth of ;he incident beam us a function of the two parameters. Sample calculations are made
for X-ray energies between I). 1 and tffl) keV and tor loliu Be. Cu and Au. representing material matrices consisting of low.
medium and high atomic number elements. A brief discussion on obtaining :he required beam divergence and spectral
bandwidth from present X-ray sources and optics is given.

1. Introduction

When X-rays are incident from an optically
diiute medium (e.g., air) onto an optically dense
medium (e.g.. condensed matter) at grazing
angle, the depth that the refracted X-ray beam
penetrates into the optically dense medium can
be as small as several tens of angstroms. The
shallow penetration depth combined with the
properties of X-ray interaction with matter, for
example, nonvacuum requirement and elemental
sensitivity, provide unique opportunities for
studying surfaces and interfaces. X-ray tech-
niques employing grazing incidence geometry
have been used in recent years in structural
studies of surfaces and interfaces [1-10]. and in
concentration profile measurement of elements
and molecules near a surface or interface [11-
13]. In these experiments, a colli mated X-ray
beam is incident from air onto a flat interface
with condensed matter at a small grazing angle
a. The depth probed near the interface by these
X-ray techniques is experimentally controlled
from tens to thousands of angstroms by selecting
the incidence angle and the energy of the inci-
dent X-rays. This capability was used recently in
obtaining the absolute amount of metal ion ad-

sorbed to a Langmuir monolayer [12], in depth
profiling of oxide thin films [5] and in studying
order-disorder phase transition in an epitaxially
grown Cu-Au film [9]. The spatial resolution
along the surface normal and the total depth
probed in such an experiment are determined by
the refractive indices of the two media and the
parameters of the incident X-ray beam (e.g..
X-ray energy, spectral bandwidth and beam di-
vergence). In this work we present a theoretical
study on the requirement of the incident X-ray
beam parameters in terms of the desired spatial
resolution and the total depth that is probed.
Results for three systems representing material
matrices consisting of low. medium and" high
atomic number elements are presented.

2. Intensity distribution of the refracted
X-ray beam

When a collimated X-ray beam is incident
from air or vacuum onto an interface with con-
densed matter at an angle a. the intensity of the
refracted X-ray beam at distance z from the
interlace hz. a) can be completely specified by
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the refracted X-ray intensity at the interface /((>.
a) and the e-fold penetration depth D(a).

Hz. a ) = /(0. a ) e - ; Dial
(1)

/(0. a) can be derived for small a from Fresnel
formulae [13]

1(0. a ) - (2)

where Re(P) and lm(P) are the real and imagi-
nary parts of P- (a1 -25 - i2/9)' :. and S and 0
are the real and imaginary parts of the refractive
index of the condensed matter n = 1 - 5 - i/3. S
and /3 are determined by the wavelength of the
incident X-rays A. the mean electron density pc .
and the linear extinction length D(90°) of the
medium [14]

and 0 = — (3)

where re = 2.S2 x 10~l?cm is the classical elec-
tron radius. In the X-ray spectral regime, the
refractive index of the condensed matter is less
than unity, which is the refractive index of a
vacuum. Vacuum is therefore optically denser
than condensed matter.

The intensity distribution of the refracted
beam is characterized by the penetration depth
D(a). as can be seen from eq. (1). D(a) is
defined as the distance from the interface at
which the refracted X-ray beam decays to l .e of
that at the interface. It can be derived in several
different ways [13. 15. 16]

1
=

(4a)

where k = 2TT A is the wave number, and oc =
V 25 the critical angle for total reflection.

Figure 1 shows the e-fold penetration depth as
a function of a calculated using eq. (4u) at S and
14 keV X-rays for beryllium, copper and gold,
representing material matrices consisting of low.
medium and hisih atomic number elements. The
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Fig. 1. X-ray penetration depth as a function of incidence
angle calculated at 8 and HkeV for beryllium, copper and
gold. Note that for each material matrix the change of
penetration depth is largest in the critical angle region for the
same amount of energy change or incidence angle change.

dependence of the penetration depth D(a) on a
for a given material at a fixed X-ray energy can
be divided into three regions: (i) A low angle
region (a < ac) in which the penetration depth
increases slowly with increasing a: the small
penetration depth in this region results from the
strong coupling of the incident X-ray wave and
that scattered elastically by the electrons in a
thin layer near the interface of about one e-fold
penetration length thick [15], a phenomenon
complementary to the optical total internal re-
flection; (ii) a high nngle region (a>ac) in
which the penetration depth increases linearly
with sin a. The finite penetration depth results
mainly from photoelectron absorption; (iii) a
critical angle region (a = ac) in which the pene-
tration depth increases quickly with o. In this
region the coupling between the scattered and
incident X-ray waves decreases gradually with
increasing a. while photoelectron absorption
gradually takes over in limiting the penetration
depth.

Figure 2 shows the calculated normalized X-
ray intensity I{;. a)'I,, as a function of a for
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Fig. 2. Normalized X-ray intensity of the refracted beam as a
function of incidence angle calculated tor Cu and 8keV
X-rays at various distance A from the interface: h = 0 ( ).
A * 0(0) ( ). 2O(0) (----) , 40(0) ( ). 8OI0)
( ). where O(0) = 17.58 A is the penetration depth at
zero incidence angle.

8 keV X-rays at the interface z = 0 and various
depth from the interface. The calculation is per-
formed for solid Cu of a mass density 8.92 g/cm3.

3. Requirement of incident X-ray beam
parameters

The spatial resolution along the surface nor-
mal and the total depth probed are two im-
portant parameters in a depth-controlled surface
sensitive X-ray experiment. These two parame-
ters are dependent on the optical property of the
material under study and the incident beam pa-
rameters, for example, X-ray energy, beam di-
vergence, and spectral bandwidth. This depen-
dence is investigated here by analyzing the pene-
tration depth as a function of X-ray energy and
angle of incidence.

The dependence of the penetration depth on
the X-ray energy and the angle of incidence are
distinctly different in the three angular regions.
In the low angle region (a; - a" > 2/3), the ex-
pression of the penetration depth becomes

The penetration depth in this angular region is
virtually independent of o for small a and in-
creases only slightly as a approaches oc. The
critical angle ac = V2S is proportional to the
wavelength A (see eq. (3)). Thus the penetration
depth at a = 0 (D(a - 0) = 1 !2kae * l /2*V2l)
is virtually independent of the wavelength of the
incident X-rays but dependent on the mean elec-
tron density' of the sample pt. The value of
D{a = 0) ranges from about 10 A for materials
containing mainly heavy elements (e.g..
platinum) to about 100 A for those containing
mainly low atomic number elements [13]. Figure
3 shows the e-fold penetration depth calculated
for Cu as a function of incident X-ray energy for
several incidence angles smaller than ac. Note
from fig. 3 that (1) the penetration depths for the
incidence angles calculated are essentially in-
dependent of the X-ray energy, except at the
absorption edges and for X-ray energies less than
1 keV. The increase of the penetration depth in
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Fig. 3. e-fold penetration depth D[a) calculated for Cu at
incidence angle a * 0 ( ). 0.5a,. ( — ) . O.Su. ( ).
The dotted line corresponding to 01*)) calculated assuming
that "he effective scattering electron per Cu atom is the same
as its atomic number (Z * 29). Note thut this approximation
is fairly good for X-ray energies greater than t keV. The
peaks in these curves result from (he decrease of effective
mean electron density p, at absorption edges of Cu.
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the low energy reaion (<1 keV) and at absorp-
tion edges results from the decrease, of effective
mean electron density p t : (2) the penetration
depth at a - O.Sa. increases by only 50°£ of that
at a = 0. Therefore in the low angle region and
in the X-ray energy range calculated (0.1-
100 keV). the penetration depth is essentially-
constant and thus large beam divergence and
spectral bandwidth can be used without degrad-
ing the spatial resolution.

In the high angle region a' - a\>2$. the
expression for D(a) becomes

D(a) = \ 'o :-o;D(90°)

£>(90°)a . (4c)

The penetration depth D(a) in the high angle
region increases linearly with a for a much larger
than ae. The linearity between D(a) and a in the
high angle region originates with the geometrical
projection of the X-ray linear absorption length
D(90°) along the sample surface normal. The
increment in penetration depth due to a beam
divergence Aa in the incident beam is given by
D{a)-la. The dependence of penetration depth
on X-ray energy for a given material can be
estimated using an empirical expression of
£>(90c) when the contribution to the attenuation
of the extinction length is neglected [17j

r.4A'Zm. (5)

where / may van between 2.5 and 3.0. m = 4. A
is constant between absorption edges for a given
element. The increment in penetration depth
due to finite spectral bandwidth AA can be esti-
mated using eq. (5)

AD(a)=-jD(a)AA/A.

From fig. 1 it is clear that the X-ray energy of
the incident beam determines the depth that can
be probed. The change in penetration depth due
to divergence and spectral bandwidth of the
incident beam is generally much smaller than
that in the critical angle region, when the slope
dD{a) 6a is substantially larger than chat in

both the low and high angle regions (see fig. 1).
The change in penetration depth due to a finite
spectral bandwidth is also largest in the critical
angle region.

In the critical angle region \a2 - a]\ < 2j3. the
penetration depth changes rapidly with X-ray
energy and incidence angle. By expanding the
expression of D{a) (eq. (4a)) in power of
(a'-a') (2/J) and taking only the first order
term we obtain

where

(6)

(7)

is the e-fold penetration depth at the critical
angle ac. The angle am at which the slope
dD(a)/da obtains maximum value is found by
setting the second order derivative of D(a).
expressed in eq. (4a), equal to zero,

am = ac for jS =0 . which can be seen from eq.
(4a). The slope dD(a)/'da_at ac is very close to
that at crm for small 0. '\ 28. which is true for
most materials in the X-ray regime (0.1-
100 keV). Thus it is generally adequate to use the
slope dD(a).'da at ac to evaluate the increment
in the penetration depth due to finite beam
divergence and spectral bandwidth of the inci-
dent beam.

The change in penetration depth dD(ac) re-
sulting from finite divergence of la and finite
monochromaticity AA/A of the incident beam
may be expressed as

where AD(ac)
A and AD(Sc)

a represents the con-
tributions from finite Aa and AA.A. respectively.

From eq. (6) we obtain

V25
2/3

D(ac)Aa (R)
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and

(9)

lD(ae) is. in fact, a measure of the spatial
resolution obtainable in a depth-controlled ex-
periment. Setting ADfaJ* = lD{ac)

a = AZ>(a.).
and introducing a parameter.

eqs. (S) and (9) can be written as

28
la-7) -

and

A A = e _
A *

(10)

(11)

respectively. The value of ij is the ratio of the
spatial resolution to be obtained in an experi-
ment AD to the penetration depth at the critical
angle D{a.). Expression of eqs. (10) and (11) is
valid for 17*0.5 which is set by the validity
condition of the expansion \a2 - a\\ < 2)3.

Equations (10) and (11) are expressions of the
required divergence and the spectral bandwidth,
of the incident beam to obtain the spatial resolu:

tion of AD(a). which is measured by TJ in units
of D(ac). The required angular divergence and
spectral bandwidth of the incident beam are
linearly proportional to the spatial resolution AZ>
sought in an experiment. In figs. 4-6 the angular
divergence and spectral bandwidth required to
obtain 77 = 0.5 are shown as a function of X-ray
energy for Be. Cu and Au. respectively.

4. Discussion

The requirements of the incident X-ray beam
in a depth-controlled surface sensitive experi-
ment are determined by the spatial resolution
along the surface normal and the depth that is
probed. In a typical experiment, the depth de-

Energy [keV]

Fig. 4. X-ray penetration depth D{a) calculated for Be (part
A) at o-0( ). a*a.( ) and ZM90)sina£ ( -—) .
which gives an approximate upper limit of depth that can be
probed near critical angle. Pan B shows the beam divergence
( ) and the spectral bandwidth ( ) required to obtain
0.5D(a:) penetration depth control (spatial resolution) along
the surface normal when the incidence angle a * scanned
acros- at. The spatial resolution will improve linearly when
both the beam divergence and the spectral bandwidth of the
incident beam decreases.

pendent information is probed by scanning the
incidence angle a across the critical angle a..
The total depth probed increases with increasing
X-ray energy of the incident beam, as can be
seen from eqs. (4c) and (5). The spatial resolu-
tion, however, decreases with increasing X-ray
energy (see eqs. (7) and (5)). Therefore, there is
a trade-off between spatial resolution and total
depth probed. In experiments where fluores-
cence signal is recorded, such as in the near total
external fluorescence technique [12]. the energy
of the incident X-ray photons has to be large
enough to excite the elements of which the
fluorescence signal is to be detected. Proper
selection of the X-ray energy of the incident
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Fig. 5. Same as for fig. 4 but calculated for copper.

beam is therefore important in a depth con-
trolled experiment. The divergence and spectral
bandwidth are then determined by the spatial
resolution sought in the experiment.

The spectral bandwidth shown in figs. 4-6 can
be obtained using various monochromators avail-
able today. The divergence required, however, is
relatively stringent. Small beam divergence can
be obtained by either using an X-ray source with
small emission angle, such as a synchrotron X-
ray source, or using collimation optics for
sources with large divergence angle, such as
conventional X-ray tube sources. The divergence
of an X-ray beam from a synchrotron X-ray
source is adequate for most applications except
when (1) the X-ray energy is large, and (2) the
material matrix consists of mainly low atomic
number elements. The divergence of an X-ray
beam generated from a bending magnet or wig-
gler X-ray source is roughly equal to l/1957£"r,
where Et is the electron energy in the storage
ring in units of GeV. For E, = 1 GeV. the beam
divergence is about 0.5 mrad. Note that the
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Fig. 6. Same as tor fig. 4 but calculated for gold.

beam divergence decreases with £ r . The beam
divergence of the incident beam can be reduced
to the rocking width of the monochromator by
properly arranging monochromator crystals. The
beam diveraence of the principle harmonic of
undulator radiation is a fraction of the diver-
gence of bending magnet or wiggler radiation.
Thus undulator radiation from a high energy
storage ring is generally more suited for depth-
controlied surface sensitive X-ray techniques.
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