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The applicability of grazing-angle total-electron-yield spectroscopy as a tool for probing the mi-
crostructures in layered synthetic materials is investigated. A model proposed for describing the
angular variation of grazing-incidence total electron yield (TEY) is shown to agree well with experi-
mental results. Both theoretical and experimental evidence indicates that the probing depth in this
angular TEY spectroscopy for layered structures is comparable with the characteristic x-ray at-
tenuation length and is not limited by the inelastic mean free path of secondary electrons that dom-
inate the TEY signal. This technique can therefore be used as a convenient tool for in-depth mi-

crostructural studies of various layered materials.

I. INTRODUCTION

Excitation of photoelectrons by x ray gives rise to the
creation of core holes which may decay either in radia-
tive or nonradiative transitions. Products of these pro-
cesses can be detected by means of x-ray fluorescence or
electron yield. The energy spectrum of the emitted elec-
trons usually consists of well-defined lines due to photo
electrons and Auger electrons on top of a background
due to secondary electrons. These low-energy secondary
electrons, resulting from inelastic collisions of initially ex-
cited photoelectrons and Auger electrons, give rise to a
major portion of the electron emission, and the sample
can be regarded as an effective electron multiplier. Moni-
toring the total electron yield (TEY), i.e, all electrons em-
itted from the sample, offers the simplest mode for detect-
ing the photoabsorption process. TEY measurements
have been employed in (surface) extended x-ray-
absorption fine-structure [(S)EXAFS] investigations for
the determination of the local order near the surface! 3
and in the bulk of solids.*”® They have also been carried
out to study x-ray standing waves, lattice distortions, and
other parameters in crystals.!°” !> Recently a consider-
able effort has been undertaken in order to construct a
quantitative model of x-ray-induced TEY from solids in
the context of EXAFS experiments.'*”'® The x-ray-
excited secondary electron emission from metals, semi-
conductors, and insulators was studied theoretically and
experimentally by Henke et al.!?° In this pioneering
work a model was developed which provided a satisfacto-
ry explanation of the experimental data.

In the present paper we discuss the applicability of
TEY method to the investigation of microstructures in
layered synthetic materials (LSM). We demonstrate that,
by monitoring the x-ray-induced TEY versus grazing-
incidence angle at a fixed incoming photon energy, one
can obtain information on the microstructures not only
in the near-surface region but also about the buried inter-
faces, inspite of a very short inelastic mean free path
(IMFP) of secondary electrons. This interesting result is
a consequence of the fact that electron emission from
stratified medium is determined by the radiant energy
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losses in the near-surface region, which is the primary
source of total electron yield, and this process is governed
by the electromagnetic field distribution in the entire
stratified medium. Even distant boundaries (interfaces),
as compared with secondary-electron IMFP, can strongly
influence the angular TEY profile.

In a previous publication’! radiant energy flow in a
finite multilayer system with rough interfaces was ana-
lyzed. The optical electromagnetic wave solution of the
Fresnel equation (OEMF) on each interface together with
a vector theory?? for specularly scattered radiation was
used. This model was then employed for the analysis of
experimental x-ray fluorescence yield data with satisfac-
tory agreement. We now apply this model to the prob-
lem of TEY from stratified media and demonstrate that
the TEY technique can be used for probing the micros-
tructures in layered synthetic materials. We would like
to note that detection of TEY is especially attractive in a
soft x-ray region or for low-Z materials in view of the ex-
tremely small fluorescence yield in these cases.?

II. TOTAL ELECTRON YIELD
FROM LSM WITH ROUGH INTERFACES

A. General description of the model

As we mentioned before, secondary electrons dominate
the x-ray-generated total electron yield and the contribu-
tion of primary electrons to this process can be neglected
in the first approximation.!*~2° For this reason, in the
due course of this paper, we shall focus our attention on
the problem of secondary-electron emission from
stratified media. In order to describe the x-ray-generated
secondary-electron emission from solids one has to con-
sider the following steps.

(1) Excitation of primary electrons.

(2) Creation of secondary electrons.

(3) Migration of secondary electrons to the surface.
(4) Escape into vacuum.

This kind of approach to photoelectron emission from
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solids is known as the three-step model (i.e., creation,
diffusion, and escape of photoelectrons into vacuum).**
The basic idea of this concept is that the complex photo-
emission process can be decomposed into independent (in
the first approximation) steps.

B. Excitation of primary electrons

The first step can be realized only if the energy of the
incoming x-ray photons exceeds a characteristic excita-
tion threshold for a given core level. As a result, a single
hole and a single photoelectron are created. This hole
can be filled radiatively with the emission of a fluores-
cence photon, or nonradiatively via the Auger process. A
consequence of the fluorescence emission is that a single
hole is created in a higher shell. The Auger process gives
rise to the creation of two holes in higher orbitals. Self-
photoabsorption of some of the primary fluorescence
photons results in the creation of secondary core vacan-
cies. The secondary holes decay through either the radia-
tive or nonradiative channel, although the probability of
radiative recombination usually becomes smaller for
higher shells.”® Thus, any absorbed x-ray photon may
give rise to a number of photoelectrons and Auger elec-
trons.'® The radiant energy dissipation of incoming x-ray
radiation can be modeled by means of the above-
mentioned OEMF theory?! and is a function of the
grazing-incidence angle, energy of incoming x-ray pho-
tons, boundary conditions, and material constants of the
layered structure. The flux loss in the infinitesimal layer
with thickness dz, at depth z for the energy of incoming
radiation E can be described by the function L (E,0,z):

dF (E,,0,z)
dz ’
where 0 is the grazing angle of incidence and F(E,0,z)
is the radiant flux.?!
The density of photoelectron production, i.e., the num-
ber of primary photoelectrons of g type emitted into solid
angle dw, in the direction y, per unit time, from a small

volume dV, at the depth z is proportional to the radiant
energy lost in this volume, viz.,

d°N,
dtdVdo

L(Ey,0,2)=— (1)

=Foc,(2)da (Ey)/dw],L(E,6,2)
y

=P, (Eq,6,2) @

where F| is the incoming flux and ¢,(z) is the concentra-
tion of atoms which emit the g-type photoelectrons.
[do,(E,)/dw], is the differential partial photoionization
cross section which is a function of the initial electron
state g and exhibits strong anisotropy.2®

The density of primary Auger-electron creation due to
qrs-type Auger transitions at the depth z is

3
d’N,,

m L(E,6,z)

=Fyc,(z)[0,(Ey)/4m]a,,,

= 4,,(Ey,6,2) (3)

where a,,; is the probability of grs-type Auger process,*’
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o0,(Ey) is the angle-integrated partial photoionization
cross section since the angular distribution of Auger-
electron emission is isotropic.

C. Creation of secondary electrons

Let us consider now step (2), i.e., secondary-electron
generation. The excited primary electrons in solids are
scattered either elastically (via a screened Rutherford
cross section, with large scattering angles) or inelastically
(with small scattering angles).”’ " ?° Inelastic scattering
results from collisions with the conduction-, valence-, and
inner-atomic-shell electrons, bulk and surface or interfa-
cial plasmons, phonons, and other excitations. There are
many theoretical treatments of inelastic scattering of
electrons in solids. The Born-Bethe theory® or continu-
ous slowing-down approximation is based on the fact
that, in the majority of inelastic collisions, the energy is
dissipated in relatively small steps (of the order of a few
to tens of eV). However, larger energy losses due to
core-level excitations result in ‘“straggling” of the
penetration ranges and lead to some discrepancies with
experiment. This problem was treated by Sugiyama®'
who corrected the theory for inner-shell excitations. In
the statistical model, sometimes called the ‘“‘optical” ap-
proximation,?”32~3* the inelastic mean free path is calcu-
lated from the dielectric response function. A Monte
Carlo approach was also successfully applied to the direct
simulation of energy dissipation by the excited electrons
in solids.?” One can distinguish different classes of secon-
dary electrons excited by x-ray radiation'®? as follows.

(i) Direct secondaries created by fast primaries which,
at early stages of their transport through the solid, can
only interact weakly with conduction or valence electrons
and the energy transfer is very limited.

(i) Direct secondaries due to inelastic scattering of
slowed-down (below 100 eV) primaries.

(ii1) Indirect secondaries created in cascade process of
direct secondaries.

(iv) Indirect secondaries generated via plasmon decay.

Henke et al.'>? have defined the conversion efficiency
factor f(E,) describing the total number of secondary
electrons created per unit energy of the x-ray photons
with energy E,. They have shown that this factor only
depends weakly on the photon energy except for some
small discontinuities at x-ray-absorption edges. They
have also proved that the energy distribution of secon-
dary electrons does not depend on the primary-electron
energy or the incident photon energy. This means that
the direct and indirect processes of the secondaries pro-
duction have a similar energy dependence. Their results
have been confirmed recently by Matthew et al.*> who
observed a similar power-law form of the secondary-
electron-energy distribution.
Our model is based on the following assumptions.

(i) The number of the direct secondary electrons creat-
ed per unit distance along the path of the primary elec-
trons is proportional to the average energy loss divided
by the average energy of secondaries.
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(ii) The indirect secondary electrons are generated in
the vicinity (i.e., within the range comparable to their
IMFP) of the paths of the primaries and the density of
their generation is also proportional to the energy loss of
primaries along their trajectories divided by the average
energy of secondaries.

(iii) Due to the randomizing nature of their creation,
the secondaries have isotropic velocity distribution.

Historically the above description of the secondary-
electron generation, although without distinguishing be-
tween direct and indirect secondaries, was first intro-
duced by Bruining®® and Salow.’” Henke et al.,'>% fol-
lowing the calculation of Stoltz,3® have proven theoreti-
cally and experimentally that assumption (ii) holds in the
so-called isotropic approximation. Cargill et al.'”'® pro-
posed a model with a basic assumption that all secondary
electrons are homogeneously generated within the
penetration range of the primaries and the total number
of created secondaries is equal to the energy of primary
electrons divided by the average energy of secondaries.
In their model they did not distinguish between the direct
and indirect secondaries. Despite its simplicity, this
model describes reasonably well the observed edge jumps
versus overlayer thickness as measured by means of TEY
in the hard x-ray regime.

The contribution to the secondary-electron generation
at point r due to the creation of g-type photoelectrons at
the point r is given by

n,(r,19) =P, (E,0,1y)S,(r) /e, 4)

where S, (r) is the stopping power of the medium at point
r experienced by a g photoelectron along its trajectory,
P, (E,0,1,) is given by (2), and ¢ is the average energy of
the secondaries in the solid.

The contribution to the secondary-electron generation
at point r due to the creation of a grs-type Auger electron
at point 1 is

I,1))= E,0,10)S,(r) /e, (5)

nqu ( qu (

where 4, (E,0,r,) is given by (3).

D. Diffusion of secondary electrons

In the present proposed model the probability P (z) of
secondary electrons created at a depth z to reach just
below the surface is given by the exponential absorption
law!>20:3%40 with the appropriate attenuation length
equal to the IMFP for the secondaries with the average
energy €. We have

Ps(z)=%f0ﬂ/2 exp siny dy , (6)

z
I cos

€

where /. is the mean free path of the secondary electrons
with average energy € and y is the polar emission angle
measured from the direction normal to the interfaces.

E. Emission of secondary electrons into vacuum

In step (4) we consider the secondary electrons escape
into vacuum through the surface potential barrier. This

process is described by the threshold function T(E),
which is a smooth function of kinetic energy of the secon-
daries.!> 192940 The existence of the surface barrier re-
sults in drastic attenuation of the secondary-electron-
energy distribution at very low energies.

F. Total-electron-yield intensity

In the framework of our model the total electron yield
[denoted by ipgy(6)] from a layered structure mainly
consists of secondary electrons generated by primary
photoelectrons and Auger electrons, denoted by 7,(6) and
ios(0), respectively,

itey(0)=3 {iq(9)+2iqm(6)] : (7)
q r,s

where the summation is over all accessible states grs. The
first component may be written as

CTe)f fP

where the double integral is evaluated over the stratified
medium down to a depth comparable with the x-ray at-
tenuation length and C is a constant. The second com-

ponent is
e f J P

qrs (6)=
III. PREDICTIONS OF THE MODEL

(r,ry)d’rd’ry , (8)

Mgy (T, ro)d’rd’r . 9)

Quantitative estimation of the energy dissipation by
the primary electrons in solids is hindered at low energies
(below 200 eV) due to the lack of a reliable theory (see
discussion by Tung et al.’? and Penn*). For this reason
we decided to use the Born-Bethe slowing-down approxi-
mation in a form proposed by Sugiyama®' for its simplici-
ty. This treatment includes inner-shell and plasmon
corrections and offers a simple phenomenological
description. In this approach two parameters are intro-
duced: the effective mean excitation energy J*(E) and
the effective number of electrons per scattering atoms

*(E). Both parameters are a function of the energy of
the slowing-down electron. A plasmon loss correction is
taken into account in the form proposed by Quinn.*! Un-
fortunately, at low primary energies one expects some
discrepancies of this theory with experiment. However,
we do believe that this fact does not change the con-
clusions significantly. This is supported by our model
studies of the influence of the shape of the primary-
electron-energy-loss function on TEY and no substantial
changes in the predicted TEY angular profile were found.
In Sec. IV it is discussed that various TEY models show
little dependence on the shape of the primary-electron-
energy-loss function.

Due to the existence of an axial symmetry in the lay-
ered structure, the energy losses are a function of the po-
lar angle (with reference to the axis of symmetry). We il-
lustrate this by example of a (Pt/C)X30/C superlattice
which consists of 30 double layers of C and Pt with 14.4-
and 17.3-A thickness, respectively, on a carbon substrate.
The stopping power calculated for the direction parallel
to the boundaries (in the Pt layer) of the stratified medi-
um is shown in Fig. 1 for a number of different initial en-
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FIG. 1. Stopping power S(r) in a [Pt(17.3 A)/C(14.4

A)]X 30/C superlattice (30 double layers of C and Pt with 14.4-
and 18-A thickness, respectively, on a carbon substrate) vs re-
duced distance from the point of emission for primary electron
in the direction parallel to the boundaries. Point of emission is
assumed to be in a Pt layer. r,, denotes the penetration range
for electrons with a given initial energy.

ergies of the primary electrons. As we see, the higher is
the initial energy the more energy is dissipated farther
from the origin. The primary electron with 0.25-keV ini-
tial energy loses a majority of its energy within a distance
smaller than half of its penetration range while an elec-
tron with 5-keV initial energy does it in the distance
larger than 75% of its range. This is also true for other
directions, as illustrated in Fig. 2, for the direction nor-
mal to the interfaces of the LSM. Another striking
feature predicted by the Born-Bethe theory is the jumps
of the stopping power at the boundaries. Before we dis-
cuss the density of secondary-electron production distri-
bution in the LSM, given by (4), let us consider the
creation of secondaries via the excitation of photoelec-
trons. Due to the strong angular anisotropy of the photo-
electron emission?® mentioned above, one can expect a
characteristic distribution pattern which lacks spherical
symmetry as shown in Fig. 3 which exhibits “islands” of
high-density secondary-electron production. The results
of application of (4) to the (Pt/C)X30/C superlattice are
shown in Fig. 4. The presence of the LSM boundaries re-
sults in jumps and discontinuities of the isodensity con-
tours as compared with bulk Pt. The “island” of the
maximum density of secondary-electron production are,
in this case, topologically limited by the layer size.

The production of the secondaries due to dissipation of
energy by the primary Auger electrons is expected to be
spherically symmetric in a homogeneous medium as
shown in Fig. 5 for bulk Pt, calculated by using (5). This
symmetry is not observed in the superlattice. As expect-
ed, the presence of the boundaries imposes discontinuities
in the isodensity contours, illustrated in Fig. 6 for the
(Pt/C) X 30/C superlattice.

A simple case of a stratified medium is represented by a
heterostructure. For this reason we will first consider the
prediction of the present model as applied to x-ray-
generated secondary electron emission from a thin (as
compared with the x-ray attenuation length) overlayer on
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a substrate. As an example, we will consider the
GaAs/AlAs heterostructure. In order to calculate the
TEY current from this system [Eq. (7)] one has to evalu-
ate the average energy of the secondary electrons and the
corresponding attenuation length. The average kinetic
energy of the emitted secondaries excited by x-ray pho-
tons with energies in the range 0.1-10 keV is of the order
of 2 eV.!%2° The average secondary-electron energy in-
side the solid can be estimated based on the assumed exci-
tation function’®*? and the work function. As a result,
one obtains a value between 5 and 10 eV for most solids.
Using published data’>3*#~% for the IMFP of low-
energy electrons in solids, one can estimate the corre-
sponding attenuation length of the “average” secondaries
as being in the range 20-60 A. One can now calculate
the TEY current components from (8) and (9). The re-
sults of the calculation for a GaAs/AlAs heterostructure
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FIG. 2. Stopping power S(r) in a [Pt(17.3 A)/c(14.4
A)]x30/C superlattice vs reduced distance from the point of
emission of primary electron in the direction perpendicular to
the boundaries. Point of emission is assumed to be in a Pt layer.
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FIG. 3. Plots of isodensity of the secondary-electron produc-
tion contours in a bulk solid platinum due to photleectrons ex-
cited at the origin with energy E,=0.93 keV. The incidence
angle is selected at 7 /4 rad and the radiation is polarized in the
plane perpendicular to the plane of incidence (TE case). The or-
dinate axis is parallel to the surface.

with different overlayer thickness are shown in Fig. 7. A
very significant feature of these TEY angular profiles is
the presence of well-defined interference oscillations at
grazing-incidence angles higher than the critical-
incidence angle. This interference pattern stems from the
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FIG. 4. Plots of isodensity of the secondary-electron produc-
tion contours in a [Pt(17.3 A)/C(14.4 A)]XI‘,O/C superlattice
due to photoelectrons excited at the origin (in the middle of a Pt
layer) with energy E, =0.93 keV. The incidence angle is select-
ed at 0.087 rad and the radiation is polarized in the plane per-
pendicular to the plane of incidence (TE case). The ordinate
axis is paralle] to the interfaces.
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FIG. 5. Plots of isodensity of the secondary-electron produc-
tion contours in a bulk solid platinum due to Auger electrons
excited at the origin with energy E,,,=0.93 keV. The ordinate
axis is parallel to the surface.

existence of the buried interface. The period and the am-
plitude of oscillations is inversely proportional to the
overlayer thickness. In Fig. 8 the influence of roughness
on the TEY angular profile is shown. Our TEY model
predicts that the oscillation amplitude is an inverse func-
tion of the interfacial roughness. The surface roughness
strongly influences the evanescence region of the TEY
profiles, and increases and broadens the TEY curve
around the critical angle.
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FIG. 6. Plot of isodensity of the secondary-electron produc-
tion contours in a [Pt(17.3 A)/C(14.4 A)]X30/C superlattice
due to Auger electrons excited at the origin (in the middle of a
Pt layer) with energy E,;=0.93 keV. The ordinate axis is
parallel to the interfaces.
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FIG. 7. Influence of the overlayer thickness on TEY from a
GaAs/AlAs heterostructure. The energy of the x ray is 600 eV.
D is the overlayer thickness. The surface and interface are as-
sumed to be ideal smooth planes.

In Fig. 9 an angular TEY profile is shown, calculated
for the (PT/C)X 30/C superlattice at the energy of an x
ray equal to 930 eV. For comparison, the total radiant
energy dissipated in all carbon and platinum layers versus
incidence angle is also shown [Figs. 9(a) and 9(c), respec-
tively]. Because, in this case, the majority of all primary

TEY (arb. units)

0.0

0.57

TEY (arb. units)

/50

FIG. 8. Influence of surface and interfacial roughness on
TEY from a GaAs/AlAs heterostructure with a 250-A over-
layer thickness. The energy of the x ray is 600 eV. S is a rough-
ness parameter, representing the rms deviation from an ideal
smooth plane interface.

FIG. 9. (a) The total radiant energy dissipated in all carbon
layers vs grazing angle of incidence in a [Pt(17.3 A)/C14.4
A)]X.’;O/C superlattice for 5-keV energy of incoming photons,
(b) TEY from this superlattice, (c) the total radiant energy dissi-
pated in all platinum layers vs grazing angle of incidence in this
superlattice. The corresponding x-ray reflectivity is shown by
the dashed line. The energy of the x ray is 930 eV. The surface
and all interfaces are assumed to be ideal smooth planes.

electrons are created in Pt layers, the TEY curve [Fig.
9(b)] resembles the radiant energy-loss curve integrated
over all Pt layers. Another important feature is the pres-
ence of the first Bragg reflection peak at 0.222 rad. As we
see, the TEY curve exhibits a characteristic minimum at
this angle due to the presence of nodal planes of the
Poynting vector in the Pt layers. At slightly higher an-
gles the antinodal planes are in the Pt layers and one ex-
pects a maximum in the radiant energy dissipated in
these strata ergo maxima in the TEY.

The influence of roughness on the TEY angular profile
for a superlattice is shown in Fig. 10. As expected, the
surface roughness influences mainly the evanescent re-
gion of the curve, in the form of broadening and increas-
ing the TEY maximum. Increasing the interfacial rough-
ness results in blurring the Bragg-related TEY maximum
of the multilayer (around 222 mrad) which vanishes when

1.0

Y (orb. units)

’Oo
20
8¢ 0

Mrag ) 300

FIG. 10. Influence of surface and interfacial roughness on
TEY from a [Pt(17.3 A)/C(14.4 A)]X30/C superlattice. The
energy of the x ray is 930 eV. S is a roughness parameter,
representing the rms deviation from an ideal smooth plane in-
terface.
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the rms roughness parameter becomes comparable to the
layer thickness.

IV. COMPARISON WITH OTHER MODELS

In Fig. 11 predictions based on different models of
TEY are shown. Calculations were performed for bulk
Pt for energy of incoming photons equal to 5 keV. The
solid line represents the results obtained in the frame-
work of the TEY model proposed by Cargill et al.'"!®
Their model assumes that the secondary electrons are
created uniformly within spheres with radii equal to the
penetration ranges of primary electrons and anisotropy of
the emission of primaries is neglected. The next lower
curve was obtained by assuming that the secondary elec-
trons are created with intensity proportional to the stop-
ping power of the solid but the angular distribution of the
primary-electron emission is isotropic. We would like to
note that even though the high-energy primaries deposit
a majority of energy in the last quarter of their traversed
paths (see Fig. 1) and the distribution of the secondary
sources is drastically different from that in the homogene-
ous model by Cargill et al.,'”!® the general shape of the
TEY angular profile does not change and the TEY
current is merely lowered by a few percent. This is due
to the fact that the IMFP of the secondaries is much
smaller than the x-ray attenuation length.

The third curve from the top was obtained assuming
proper angular distribution of the emitted primary photo-
electrons and homogeneous creation of secondary elec-
trons within the penetration ranges of primaries. This as-

TEY

50 100 150
6 (mrad)

FIG. 11. Predictions of TEY based on different models. Cal-
culations were performed for bulk Pt for the energy of incoming
photons equal to 5 keV. The solid lines represents the results
obtained in the framework of the TEY model proposed by Car-
gill et al. (Refs. 17 and 18). The dot-dashed curve was obtained
by assuming that the secondary electrons are created with an in-
tensity proportional to the stopping power of the solid, but the
angular distribution of the primary-electron emission is isotro-
pic. The long-dashed line was obtained assuming proper angu-
lar emission of the primary photoelectrons and homogeneous
creation of secondary electrons within the penetration ranges of
primaries. The short-dashed line was obtained in the frame-
work of the model proposed here.
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sumption results in a broadening of the TEY curve and
further reduction of the TEY intensity (by 18% in the
maximum) as compared to the uniform emission model.
The lowest TEY angular profile was obtained in the
framework of the model proposed here. The TEY curve
has the same shape as in the previously discussed model
but the intensity is further reduced (by 23% at the max-
imum).

In summary, the shape of the TEY angular profile is
influenced by the angular distribution of the primary-
electron emission but practically not by the density of the
emission-source distribution. In many practical cases,
especially for energies just above the absorption edges
where a majority of secondaries is created by Auger elec-
trons, all the models give virtually identical results and
the model of Cargill et al.'”'® with analytical formulas
can be used to avoid tedious numerical integrations.
However, far away from the absorption edges, the
discrepancy between models becomes more apparent and
our model offers a better description of some experimen-
tal results (see discussion in the next section).

V. COMPARISON WITH EXPERIMENT

Our model calculation is compared with TEY data ob-
tained in the Brookhaven National Laboratory National
Synchrotron Light Source and experiment performed at
U1S beamline at (NSLS). The TEY angular profile was
obtained by measuring the neutralizing current in a
GaAs/AlAs heterostructure versus the grazing angle of
incident x rays. The experimental setup has been de-
scribed elsewhere.*’

Before we proceed to the discussion of experiment, we
would like to consider a radiant energy dissipation pat-
tern in the heterostructure investigated. In Fig. 12 the
calculated radiant energy loss is plotted against the in-
cidence angle at different depths in a GaAs overlayer of a
GaAs/AlAs heterostructure. One can see that the exper-
imentally measured TEY angular profile, represented by
a dashed line, resembles very well the calculated radiant
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FIG. 12. The calculated normalized radiant energy loss vs in-
cidence angle at different depths in the GaAs overlayer of a
GaAs/Alas heterostructure with a 250-A overlayer thickness.
(a) at depth 248 A, (b) at depth 125 A, (c) at depth at 25 A, (d)
TEY obtained from experiment.
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FIG. 13. Comparison of experimental normalized TEY with
calculations based on the model proposed in this paper for a
GaAs(250 A)/AlAs heterostructure at 600, 700, and 800 eV of
incident photon energy. Solid line, experiment; dashed line, cal-
culations with surface and interface rms roughness equal to 11
and 15 A, respectively.

losses at the depth of 25 A. It can be explained by the
fact that the IMFP of the average secondary electrons is
of the order of tens of A. This result can be used for an
estimation of the attenuation length of the secondaries.

In Fig. 13 the experimental TEY curves are shown
with theoretical fits obtained in the framework of the
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present model for three different x-ray energies. One can
observe characteristic interference oscillations at higher
angles due to the presence of the interface, as predicted
by the proposed model of TEY. The estimated rms
roughness parameters are consistent with those obtained
from the total external reflectivity measurements per-
formed on the same heterostructure. The uniform model
leads to underestimated values of roughness.’® This
justifies the advantage of our model in this case (i.e., for
x-ray energy far away from the absorption edges).

This experiment and previously published results
obtained for different LSM’s demonstrate the usefulness
of the TEY method for probing the microstructure of the
deep (as compared with secondary-electron IMFP) buried
interfaces. One can expect that this method can also be
applied for the study of other microstructural parame-
ters, e.g., the concentration of selected atomic species,
bulk inhomogeneities, and substrate figure error.

49,51

VI. CONCLUSIONS

In the present paper we discussed the applicability
of grazing-incidence total-electron-yield spectroscopy
(GATEYS) as a tool for probing the microstructure of
layered synthetic materials. We propose a model for
describing GATEYS and show that this model agrees
well with experiment. We also have demonstrated that
the existing model of the uniform TEY production, pro-
posed by Cargill er al.,'”'® is the special case of the
present model. We have shown both theoretically and
experimentally that the probing depth of GATEYS in
LSM is comparable to the characteristic x-ray penetra-
tion depth and is not limited by the secondary-electron
IMFP. We conclude that that GATEYS offers a new
tool for microstructure investigations in layered struc-
tures.
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