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X-ray tbffraction from Si/Ge layers: Diffuse scattering in the region of total external reflection
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In this paper it is shown that diffuse-scattering experiments within the region of total external
reAection can be explained quantitatively using the distorted-wave Born approximation for layer sys-
tems. Three Si/Ge samples with different degrees of complexity were investigated. The simultaneous
analysis of the specular rejected intensity and the diffuse scattering leads to one consistent set of inter-
face and layer parameters, which is able to fit both the shapes and the locations of all dynamic peaks in
the off-specular scans and the characteristics of the rejected intensity. Therefore the distorted-wave
Born approximation seems to give a correct and complete description of the diffuse scattering in the re-
gion of total external reflection.

I. INTRODUCTION

For small incident angles, x-ray diffraction becomes
surface sensitive and an optical treatment is possible (for
a review see, e.g. , Ref. l). The real part of the refractive
index is slightly smaller than one which leads to the
phenomenon of total external reAection. In this region
the penetration depth of the incoming waves is rather
small and the scattered intensities contain mainly infor-
mation about the structures in the near surface region.
Whereas x-ray reAectivity has become a common tool for
investigating density profiles of thin films and multilayers
in a nondestructive manner, many works now concen-
trate on the quantitative analysis of the diffusely scattered
intensity. In contrast to the specularly rejected x-ray
beam, which contains information averaged over the il-
luminated area of the sample, the nonspecularly diffuse
intensity is sensitive to the lateral structure of rough in-
terfaces, in particular to the respective height-height
correlation functions.

Theoretically the specularly as well as the diffusely
scattered intensity can be calculated within the first-order
Born approximation (kinematic theory). This approach
can explain several experiments quantitatively for in-
cidence angles that are large compared to the critical an-

gle. ' For small incidence angles, in the. region of the
critical angle multiple-scattering effects cannot be
neglected and the simple Born approximation breaks
down.

Sinha et al. ' have calculated the diffuse scattering
cross section within the so-called distorted-wave Born ap-
proximation' (DWBA) for a single surface that is valid
for small incidence angles. Later this result was
confirmed by Pynn. ' De Boer' ' has shown that an in-
clusion of second-order effects into the theory avoids the
principal problem of the DWBA, namely, the conserava-
tion of the total scattered intensity. ' Recently Holy
et al. ' have worked out the DWBA for layer systems
including the effect of vertical correlations between the
interfaces. Such correlations are of decisive importance
for many systems because in most thin-film preparation
techniques [e.g. , sputtering, evaporation, and molecular-

beam epitaxy (MBE)] an imperfection of one layer is
transferred to the layers above. ' '

Whereas the scattering theory has been worked out in
great detail within the past few years (see also Refs.
24—26), only a few papers with experimental tests of the
dynamic calculations have been published up to now.
Holy and Baumbach have applied their theory to mea-
surements on an A1As/GaAs multilayer consisting of 20
periods and achieved agreement: Yoneda peaks' ' at
the positions of the critical angles, Bragg-like peaks
caused by the one-dimensional periodicity perpendicular
to the surface, and resonantly diffuse scattering peaks due
to correlations of the interfaces were well explained by
fits. But the shape of these peaks cannot be reproduced
by the theory. Therefore the question arises whether
these discrepancies are caused by the DWBA itself,
which means that the theory is incomplete, or whether
these discrepancies have other sources, e.g. , the complex-
ity of the samples.

In this paper we show diffuse scattering experiments
from three simple systems with increasing complexity: (i)
one layer of Ge, (ii) a two-layer system Si/Ge, and (iii) a
three-layer system Ge/Si/Ge. All layers were evaporated
on Si substrates. The experiments were compared with
calculations using the theory of Holy and Baumbach.

The present paper is structured as follows. After the
Introduction, the scattering theory (DWBA for correlat-
ed layer systems) is briefly presented. Then a description
of the samples, the experimental setup, and the scattering
geometry follows. After that the special data analysis
procedure, the measurements, and the fit results are
shown. Conclusions and an outlook finish this paper.

II. THEORY

A. Specular re8ectivity

Due to the fact that the calculation of the specularly
rejected x-ray intensity is well known for layer systems,
only a brief description follows. We assume a sample
consisting of N layers j =1, . . . , N. The refractive index

nj of layer j is nI= l —5.+ipse with the dispersion 5J and
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the absorption Pj. The Fresnel-reflection and -transrnis-
sion coefficients for each (smooth) interface are
r +i=(k, . —k, +i)/(k, +k, +i) and t +i=2k, /
( k, j +k, j+, ), respectively. Here k, j is the z com-
ponent (throughout this paper the z axis is directed per-
pendicular to the surface) of the wave vector in medium

j, which is determined by the law of refraction:
k, j =k;(nj c—os a; )' . The glancing angle of incidence
is a; and k, =kf =2m. /A, =k, denotes the modulus of the
incoming wave vector (A, is the x-ray wavelength).

The ratio XJ of the amplitudes RJ and TJ of the outgo-
ing to the incoming electromagnetic waves in layer j,
which lies between the positions z +i and z (layer thick-
ness dj =z +,—zj ), can be calculated with the recurrence
relation '

R.X= J=e
J

J

2ik . + )z.
27k .z. ~j J+1+XJ+1e

2ik . + )z.
1 +Pj j+ 1Xj+ 1'e

If a semi-infinite substrate is assumed, RN+1=0 follows
and the reflected intensity I can be obtained with Eq. (1)
via I = ~R, ~

. The amplitude of the incoming x-ray wave
was set to T, = 1.

Small roughnesses (cr & 25 A) of layers can be included
into the description if the Fresnel reflectivities r +1 for
smooth interfaces are replaced in Eq. (1) by the
coefficients F +1 for rough interfaces. An analytical
solution for the tanh refractive index profile between lay-
er j and j+1

71j +71j+1
n (z)=

z z 2n —n+,
tanh

2 2 0'j

can be found and leads to the expression '

sinh[(m. /2)'5o. (k, —k, +, )]
sinh[(ir/2)"o j(k, j+k, j+, )]

XG(cr, k, j,k, +, ) .

(2)

The factor G(o, k, , k, +, ) can be set to one in the case
of hard x rays and roughnesses up to 0 j 100 A The
tanh profile [Eq. (2)] is very similar to an error-function
profile with a Gaussian probability density and root-
mean-square (rms) roughness o j.

B. DifFuse scattering

An analysis of reflectivity data yields the layer
thicknesses d and the rms roughnesses o. of the system,
i.e., averaged information in the direction perpendicular
to the surface (but see also the paper of de Boer' ). La-

I

terai information can only be obtained by an analysis of
the diffusely (nonspecularly) scattered intensity, which is
caused by lateral inhomogeneities and contains detailed
information about the morphology of the interfaces of a
layer system.

Whereas in principle the calculation of the reflected in-
tensity is exact [solution of the Helmholz equation with
the Parrat formalism, Eq. (1)], the diffusely scattered in-
tensity can only be calculated using various kinds of ap-
proximations. In the case of hard x rays and glancing an-
gles of incidence and exit a; and af, respectively, the for-
mulation of the DWBA was first applied to the calcula-
tion of the diffuse scattering cross section by Sinha
et al. ' and recently extended by Holy et al. ' to layer
systems. Within this first-order perturbation theory in-
dependent eigenstates for the incoming ~%'; ) and for the
outgoing waves ~qjf ) of a system with flat interfaces are
assumed. These eigenstates can easily be calculated for a
layer system using Eq. (1) and the additional recurrences
for j= 1 (vacuum) to j=N+ 1 (bulk):

1
[T,r, +, ,eR +1=

tJ+i,j
—i(k . +)+k . )z.

1
Tj+1

tj+1,J

z j+1 zj
J )

z& j+1 Z, J Ji(k . —k . )z.

J

zj+1 zj j]i(k . +k . )z.

j j+1,j
Then the eigenstates are

I

~%, (r) ) = T;(z)e ' +R;(z)e
tg

~ tf (r) ) = Tf (z}e +Rf (z)e

introducing a "time-reversed" state ~4f(r) ) and the
wave vectors k;(z), k';(z) and kf(z), kf(z) of the incident
and scattered waves, respectively. The asterisk denotes a
complex conjugate quantity.

To find a solution for the Helmholtz equation
(5+k; }~qj)= V(r)~qj), with V(r)=k; [1—n (r)], the
potential V(r) is split into a part Vo(z) describing the sys-
tem with smooth layers and a small perturbation 5V(r)
(i.e., ~q, o

~
&&1) due to the rough interfaces. The rough-

ness is now leading to a nonzero probability for a transi-
tion from state ~qj;) to ~qjf ) with k;Akf, which means
that the (interface) roughness causes all nonspecular
scattering contributions.

A calculation of the transition matrix elements within
the DWBA (Ref. 31) finally leads to the following expres-
sion for the cross section of the diffuse scattering:

Qk' 3

(nj nj +i )(nk nk+i ) ~jk(q } g G G k exp[ ,'[(qz jo,—)'—+(qzkok )']]
z

Qk
~n n +, ~

C—j(q„.)~(G +G )exp[ ,'(o jq, j) ]+(—G —j+Gj)exp[ —
—,'(ojq,'j) ]~

16m

N 3

+ g (n,' n,'+i )(nk nk+i )'—C, (q„k)
—g G, G k exp[ —

—,'[(q„o,)'+(q,"kok)']]
j,k=1 m, n =0
jAk

(3)
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TABLE I. Two possible analytic continuations of the fields and their respective momentum transfers
[see Eq. (3)]. Case I was chosen in the papers of Holy et al. (Refs. 22 and 23) and leads to the result of
Sinha et al. (Ref. 16) for a single interface.

0 f j+1
1Gj Tj ~ j+ 1Rf ~ j+ 1
2=Gj Rj ~ j+1Tf~ j+13=Gj Rl ~ j+1Rf~ j+ 1

0
qj =k;;j+1+kf; '+1

1
qJ =~,.-j+1 kf

q3 qO

GJ = T;.J. Tfj
GJ T, .JRfj
G, =R;.jTf. .

GJ R ~ /Rf. /.

q,. =k;.j+kf.j
1qJ=k J

—kf J

q3 qO

Note that a Gaussian probability density of all roughness
distributions was assumed to obtain this result. The il-
luminated area of the sample is denoted by
q =(q„,q, ) is the momentum transfer within each lay-
er (see Table I), and C~(q„) and C k(q„) are the Fourier
transforms of the autocorrelation and cross-correlation
functions of the interfaces (see Sec. IIC). Furthermore,
the factors G are defined by G~ =G~ exp( iq, j—zj)
with the respective expressions for G. given in Table I.
Due to different analytic continuations of the wave func-
tions at the interfaces, four different expressions for G.
are possible. But only the two in Table I fulfill the condi-
tion that the formula for the differential cross section
[Eq. (3)] has to be invariant against an exchange of the
position of the x-ray source and the detector, i.e., an ex-
change of k; and kf.

The correlation functions contain the information
about the morphology of the surface. To analyze x-ray
diffraction data particular correlation functions for the
interfaces and correlations between different layers have
to be assumed.

produce extremely jagged surfaces, while values close to
one lead to interfaces with smooth hills and valleys. For
clarity, Fig. 1 shows possible real structures that are cal-
culated assuming the correlation function given by Eq. (4)
with different g and hj. values, respectively. ' The
correlation function defined by Eq. (4) is assumed for all
interfaces in the present work. A detailed discussion of
other correlation functions is given by Palasantzas.

An x-ray scattering experiment does not yield C~(R)
directly, but the respective Fourier transform [see Eq. (3)]

R (()
I I I

I
I 1 l

I
I 1 I

)=1000 A

10

C. Correlation functions

The shape of the interface j at the position
z~(R)=zj. +PJ(R) can be statistically described via the
so-called height-height correlation function C~(R), which
is defined by

—5
0

s I s s s I ~
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.iiJa, j))
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j

'+ "Il(IIIIII]l II&- JI. h'a&Iqgl&( II" ")
I ~ I 'ril &

I

'
'I) qjrqqIIj4=0.2

C, (R)=(y, (.)y, (.+R) &, .

Here R=(x,y) and r are vectors within the surface and
( &, means the average over the (x,y) plane. The
(single-valued) function P.(R) is the height fluctuation of
the interface z. at a lateral position R with roughness
cr =QC (0) and vanishing mean value ( PJ(r) &,.

For many isotropic solid surfaces C (R) can be
represented by the correlation function of a self-alone
fractal surface'
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—(R /gC~(R)=o Je (4)

with the cutoff (correlation) length gj and the Hurst pa-
rameter hj of the respective interface. The quantity

j~ describes the lateral length scale on which the inter-
face begins to look rough: For R &g the surface is self-
affine rough, whereas for R )g the surface looks
smooth. The Hurst parameter h is restricted to the re-
gion 0&hj & 1 (Ref. 36) and defines the fractal box di-
mension D.=3—h. of the interface. Small values of hj

I i & s i I i & i i I—5
0 500 1000 1500

I I

2000

FIG. 1. Calculations of possible one-dimensional surface
structures using the correlation function given by Eq.(4) for
various values of the parameters g' and h. A rms roughness of

a
cr = 1 A was always assumed.
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e,.(q„)= ' f f+ C(R)e " dR, IV. EXPERIMENTAL SETUP
AND SCA'I IERING GEOMETRY

called power spectral density (PSD). For the correla-
tions between diferent layers j and k, which are impor-
tant for MBE-grown samples ' and evaporated films as
well, a correlation function

Ci, (R)=(P (r)gl, (r+R)),

has to be assumed too. ' In this work the following
particular form for the correlations of the roughnesses
between the interfaces at the positions z and zk is
chosen:

C (R)=— C (R)+ C„(R) ejk 2 j k
J k

(5)

with the correlation functions C (R) defined by Eq. (4).
The length gj i, is the vertical distance over which the
correlations between layers j and k are damped by a fac-
tor of 1/e. No correlations are present in the case
gJ J'Q 0 and nearly perfect correlation means that gi J'z is
much larger than the layer thicknesses. In this work, for
all vertical correlation lengths gi Ji, the same value g'i was
assumed.

In Eq. (3), 8 &(q„) denotes the Fourier transform of the
correlation function C.i, (R). The first sum in Eq. (3) is
responsible for the diffuse scattering contributions of the
single rough interfaces [ o- C J(q„)] and the source of the
second sum over j and k with jWk are the correlations of
these roughnesses [ ~ C"~l, (q, ) ].

III. SAMPLES

A. Setup

The x-ray experiments were performed using a 12-k%'
rotating anode generator (Rigaku Ru 200) with a copper
target and a three-crystal diffractometer (TCD). The x
rays from the copper target were collimated by a 6rst slit.
Then a Ge(111)monochromator selects the characteristic
Cu ECa lines from the spectrum. A second slit picks out
only the Cu Eu I line with a wavelength of A, = 1.540 56
0

A, which impinges onto the sample. The sample is
mounted on a two-circle goniometer. The accuracy of
the step motors, which control the incidence angle a,. and
the scattering angle @=a,.+af, is 0.001'. The detector
unit contains a Ge(111) analyzer and a third slit in front
of a NaI(T1) (Canberra) scintillation counter. Vacuum
tubes as well as lead shields around the system were in-
stalled to increase intensity and to reduce background ra-
diation (for details see Ref. 45). The resolution in the re-
gion of the critical angle within the scattering plane of
the given TCD is 5 =5X10 A and 5 =7X10
0
A ' parallel and perpendicular to the surface, respective-
ly. The detector is wide open in the out-of-plane direc-
tion, which means that the resolution 5» in this direction

is rather coarse [integration over q„ in Eq. (3); see also
Refs. 16 and 27].

B. Scattering geometry

Figure 2 shows the paths of the various scans in re-
ciprocal space. The momentum transfer q =kf —k,-

= (q„,O, q, ) is given by q„=k, (cosa& —cosa, )

=k;/2(a; —af )4& and q, =k;(sinaf +sina; ) =k;N (see
Fig. 3). Therefore a refiectivity (a; =af ) corresponds to

Three samples with increasing degree of complexity
were investigated. In all cases Ge or Si layers were eva-
porated on Si(100) substrates (provided by Wacker-
Chemitronic Burghausen, Germany) using a commercial
setup (Balzers BAK 550). Due to the preparation tem-
peratures, amorphous layers are expected. It turns out
that these layers typically have densities of about
90—95% compared to that of bulk single crystals. The
61m thicknesses of the evaporated layers were controlled
by the frequency shift of a quartz thickness monitor.
This method is rather inaccurate and allows only coarse
estimates. The analysis of the x-ray data, on the other
hand, yields very accurate numbers (see Sec. VB). Be-
cause the measurements did not take place under vacuum
conditions, thin oxide layers between the substrate and
the evaporated layers and on top of the samples cannot
be avoided.

The nominal parameters of the three samples are as
follows. Sample S1 consists of one Cze layer of 350 A
thickness evaporated on top of the Si substrate. Sample
S2 is a two-layer system with 350-A Ge and 250-A Si on
top of bulk silicon. Finally, sample S3 is the three-layer
system Cxe/Si/Cxe on top of Si with the layer thicknesses
of 350, 250, and 150 A, respectively.
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FIG. 2. Scans in reciprocal space (q„,q, ). The region be1ow
the solid line is not accessible with the setup of this work. The
dashed line is a rocking scan with a scattering angle
@=a;+af=1'. The dash-dotted line represents a reflectivity
(a;=af, q„=0) and the inclined dash-double-dotted line is a
longitudinal difFuse scan with an ofFset 5a; =0.03'. The path of
a detector scan with incidence angle a;=0.5' is given by the
dotted line.
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FIG. 3. Scattering geometry. The wave vectors of the in-
cident and scattered x rays are k; and k~, with the incidence
and exit angles a; and a&, respectively, and the scattering angle
N. The momentum transfer is defined by q =kI —k; =(q„,q, ) .

a q, scan with q =0. A rocking scan is performed by ro-
tating the sample at a fixed detector position. Thus the
incidence angle a; varies and the scattering angle
@=a;+a& is constant. Rocking scans are nearly q
scans at a fixed q, position. By performing a detector
scan, which means a scan with a fixed angle of incidence
a; and a varying scattering angle N, the q„and the q,
component of the scattering vector are changed simul-
taneously. The path of this scan in reciprocal space is a
parabola (see Fig. 3). A longitudinal diffuse scan is a
nearly specular scan. The incidence angle a; is slightly
out of the specular condition, i.e., a, —28a, =a&. In re-
ciprocal space this scan lies on a straight line that is in-
clined at an angle 5a; against the q, direction. All four
different scan modes were performed during the measure-
ments of the samples S1—S3. Due to geometric restric-
tions the marked area in Fig. 2 is not accessible with the
experimental setup given in Sec. IV A.

V. MEASUREMENTS, RESULTS, AND DISCUSSION

A. Data analysis

A procedure that is widely used to fit x-ray
reflectivities is the application of the model presented in
Sec. IIA after subtracting an off-specular longitudinal
diffuse scan from the measurement to obtain the true
specular data. ' The resultant reflectivity is taken to
yield the average density profile of the sample (layer
thicknesses and rms roughnesses). But this method fails
if the diffuse scattering peaks sharply at the specular con-
dition. Therefore, the data presented in this paper
were not analyzed in this way: We measure a reflectivity,
i.e., the whole intensity for a;=a&, and the diffuse
scattering by performing several rocking curves, detector,
and longitudinal diffuse scans. Afterward all data sets,
the reflectivity and the off-specular scans, are fitted simul-
taneously. The amount of diffuse intensity in the specu-
lar direction is automatically calculated with the same
parameters that are used for fitting the off-specular scans.
In particular, the calculated reflectivity now is obtained
by adding up the fitted diffuse intensity for q =0, calcu-
lated with Eq. (3), and the true specular intensity calcu-
lated with the model of Sec. II A. There are two major
advantages of this method. First it is able to deal with
diffuse scattering which contains a sharp peak at the

B. Measurements and fit results

Figures 4—6 show the measurements (open symbols)
and the fits (solid lines) for sample Sl. The data set con-
sists of a reflectivity and a longitudinal diffuse scan with
5a;=0.10' (Fig. 4), two detector scans with a;=0.20'
and 0.40', respectively (Fig. 5), and nine rocking curves in
the region 0.057&q, ~0.126 A ' (Fig. 6). The simultane-
ous fit of the data yields the parameters given in the first
column of Table II. It turns out that an inclusion of ox-
ide layers improves the quality of the fits significantly.
Therefore a three-layer model SiO2/Ge/Ge02 was as-
sumed.

The oscillations due to the thickness of the Ge layer
(do, =402 A) in the refiectivity and the longitudinal
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I l l
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I I I I
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I I I I
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0.0

itf. ™
ha, =0.10'

!
0.2 0.4

I j I
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FIG. 4. Reflectivity and a longitudinal difFuse (5a;=0.10 )
scan for sample S1. The measurements are represented by the
dots and the fits are given by the solid lines.

specular ridge. Second is the fact that it yields one con-
sistent set of model parameters for explaining both the
diffuse as well as the true specular data. In other words,
in our analysis the reflectivity is only one curve in a data
set consisting of more than ten scans that are fitted sirnul-
taneously. A significant improvement of the fits of the
diffuse scans may yield a fit of the reflectivity, which has
a larger y than the best fit of the single true specular
curve. However, there is no reason for neglecting the
diffuse scattering data. In this work it is shown that com-
pletely different roughness values might be obtained if the
diffuse scattering data are not taken into account (see Sec.
V C).

Due to the fact that no absolute intensities were mea-
sured, two normalization factors were introduced: one
for the diffuse intensity and one for the (true) specular in-
tensity. The ratio between diffuse and specular intensity
is directly obtained from the measurements and not a free
fit parameter.

Furthermore, resolution effects as well as geometric
correction factors were taken into account. ' To ob-
tain estimates for the error bars, the fit parameters were
changed manually until a significant deviation between
measurement and calculation occurs.
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diffuse scan in Fig. 4 are well reproduced by the fit. For
intensity reasons the measurement of the longitudinal
diffuse scan was limited to q, =0.2 A . The detector
scans shown in Fig. 5 are also well explained by the mod-
el calculations. Note that the incidence angle a; =0.20'
is below the critical angle a, G, =0.29 of Ge. The resul-
tant small penetration depth of the x rays leads only to
scattering from the Ge/GeOz and GeOz/air interfaces.
In contrast to this behavior, the detector scan in the inset
for u; =0.40'& a, z, shows distinct modulations that are
caused by strong correlations of the SiOz/Ge and
Ge/GeOz interfaces (see g~ in Table II, which is larger
than the thickness of the Ge layer). The peak in the
diffuse scattering at af =a, 6, is the Yoneda peak. Al-
though differences between the measurement and the fit
in the region of the specular rejected beam are visible,
one can say that the theory is able to explain these two
different cases very well. The same statement holds for
the rocking curves which are shown in Fig. 6. All loca-
tions and shapes of the dynamic peaks, which stem from
interferences of the diffuse scattering from different inter-
faces and also contain information about the thicknesses
and dispersions of the layers, are well reproduced by the
fits using the theory of Holy and Baumbach. The pa-
rameters are given in the first column of Table II.

10
sL(rement

10

10
03

n =0.40

I i I i ~i~I
5 2.0 2.5

10 n =0.20
~jp ~

~'6~/A(
I t I

2

o:, (deg)

FIG. 5. Detector scans for sample S1. The incidence angles
a; =0.20 and 0.40' (inset) were chosen. The solid lines are the
results of the best fits and the symbols are the measurements.

The measurements (open symbols) and the fits (solid
lines) for sample S2 are shown in Figs. 7—9. This data set
consists of a reQectivity and a longitudinal diffuse scan
with 5a; =0.03' (Fig. 7), three detector scans for
a, =0.15', 0.28', and 0.50' (Fig. 8), and six rocking curves
in the region 0.071 +q, ~0.142 A (Fig. 9). The simul-

TABLE II. Results of the simultaneous fits of the reflectivity and diffuse scattering data for the sarn-
ples S1—S3. The values in parentheses were not varied in the fits and the parameters of the Si sub-
strates are set to the theoretical numbers.

Layer

SiO~
d (A)
5x 10'
~ (A)
g' (A)
h

Sample S1

19+3
7.0+0.2
3.3+1.0
300+200

(0.5)

Sample S2

16.5+2.0
7.0+0.2
3.3+1.0
700+300
0.4+0.2

Sample S3

18.6+2.0
7.0+0.2
2.8+0.5

1000+800
(0.5)

Si

Ge

GeO&

d (A)
5x 10'
~ (A)
g (A)
h

d (A)
5X10
~ (A)
g (A)
h

d (A)
5x 10'
g (A)
g(A)
h

d (A)
5x 10'
~ (A)
g(A)
h

g~ (A)

402+3
13.0+0.2

32+5
30 000+20 000

0.23+0. 1

8+3
10.2+1.0
8.9+1.5

+ 100
0.22+0.05
700+300

392+2
13.3+0.2

12+3
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taneous fit of the data set leads to the parameters in the
second column of Table II. In contrast to the sample S1,
an inclusion of an oxide layer on top of the system does
not improve the quality of the fits significantly. There-
fore, again a three-layer model Si02/Ge/Si was assumed
for this sample.

The reAectivity and the longitudinal diffuse scan now
show a more complex structure (Fig. 7). Due to the
different layer thicknesses (do, =392 A and ds; =296 A)
a beating of the oscillations can be observed. Further-
more, two critical angles, one for the Si layer at
a, s;=0.22 and one for the Ge layer at a, &,=0.29', can
be seen for very small incidence angles. The fit of the lon-
gitudinal diffuse scan is rather poor for small-q, values.
The amount of scattering for small angles cannot be
reproduced by the fit. Possibly there was a small
misalignment of the setup and remnants of the primary
beam hit directly the detector.

The detector scans are shown in Fig. 8. They are well
explained by the model calculations. Again different
scattering depths were selected by choosing particular in-
cidence angles. As the angle a;=0. 15 is smaller than
the critical angle a, s;=0.22' of Si, the penetration depth
of the x rays is very small and the scattering mainly stems
from the topmost Si/air interface. The detector scan at
an angle a;=0.28, which is between a, s; and a, 6„
shows modulations. They are caused by strong correla-
tions of the Ge/Si and Si/air interfaces (see g~ in Table II,
which is more than twice as large as the thicknesses of
the layers). But due to the limited penetration depth
mainly the Si layer is seen by the x rays. If the incidence
angle becomes larger, both layers contribute to the
scattering and again a beating due to the different layer
thicknesses is observed. This can be seen in the lower
curve of Fig. 8, where for small exit angles af two Yone-
da peaks with a particular shape can be seen. Although
small deviations between the measurement and the fits
close to the specular rejected beam are visible, the theory
is able to explain all scans satisfactorily. The same state-
ment holds for the rocking curves, which are shown in
Fig. 9. The particular shape of these curves contains, like
the re6ectivity, detailed information about the layer
thicknesses and dispersions. Furthermore, it turns out
that they are less sensitive to the PSD's of the interfaces
than the detector and longitudinal diffuse scans. Devia-
tions between the measurements and the fits occur for
larger scattering angles. In the regions of small incidence
and exit angles, respectively, the amount of diffuse
scattering is larger than the calculated intensity. As be-
fore, the reason might be a small misalignment of the set-
Up.

The measurements (open symbols) and fits (solid lines)
for sample S3 are shown in Figs'. 10-12. This data set
consists of a reQectivity and a longitudinal diffuse scan
with 5a; =0.03 (Fig. 10), three detector scans for
a, =0.20', 0.50, and 0.60', respectively (Fig. 11), and five
rocking curves in the region 0.068 ~ q, ~ 0. 114 A ' (Fig.
12). The simultaneous fit of the data yields the parame-
ters given in the third column of Table II. As before, an
inclusion of oxide layers improves the quality of the fits
significantly. Therefore, for sample S3, a five-layer model
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Si02/Ge/Si/Ge/Ge02 was assumed.
Due to interferences of the scattered waves from

different layers of this sample, rather complex structures
in the measured curves are observed. The oscillations
stemming from the layer thicknesses (dz, &

=490 A,
ds; =333 A, and do, 2=193 A) in the refiectivity and the
longitudinal diffuse scan in Fig. 10 are reproduced by the
fit. The deviations of the measurement of the longitudi-
nal diffuse scan and the respective fit for very small-q,
values may have the same sources as discussed for sample
S2.

The agreement between the fits and the measurements
of the three detector scans and the rocking curves in
Figs. 11 and 12 is also rather good. The same incidence
angles were chosen as for the samples Sl and S2 (different
scattering depths). Again correlations between the layers
have to be assumed to explain the observed modulations
and all locations and shapes of the dynamic peaks that
are sensitive to the PSD's of the interfaces were correctly
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reproduced by the theory. The parameters of the fit of
the whole data set are given in the last column of Table
II.

C. Discussion

Table II shows the parameters that are obtained from
the fits for each of the three samples S1—S3. For the Si
substrates 5s;=7.56X10, ' as;=1.0 A, gs;=20000 A,
and hs; =0.5 were assumed. The calculations are rather
insensitive to variations of these parameters and there-
fore, instead of fit results, realistic values were used. The
thicknesses, dispersions, and rms roughnesses of the Si02
layers can be determined with good accuracy. Within er-
ror they are equal for all three samples and the values are
typical for thin native Si02 layers. The lateral parame-
ters of the SiOz/Ge interfaces also can be determined
from the calculations, but only with rather large errors.
The Hurst parameters h of this interface were fixed at the
value h =0.5 for samples S1 and S3.

The thicknesses of the evaporated layers are 12—40%
larger than the nominal values given in Sec. III. The
reason for this is the aforementioned inaccuracy of the
determination during the preparation process of the sam-

ples with the frequency shift of the quartz thickness mon-
itor. The fits of the x-ray data (refiectivity and difFuse
scattering data as well) are extremely sensitive to the film
thicknesses and very accurate numbers are obtained (er-
rors of only 1%). Furthermore, the electron densities
(proportional to the dispersions 5J. ) reach only 80—95%
of the values for single crystals of Si or Ge, respectively
[the theoretical value for Ge is 5G, =14.4X10 (Ref.
51)]. This can be expected for evaporated Si and Ge lay-
ers.

The roughnesses of the interfaces between the eva-
0

porated layers vary between o =8 and 32 A. They in-
crease from the substrate to the topmost layer for sam-
ples S2 and S3. Although S3 consists of no more than
three evaporated layers, this tendency can clearly be seen
(oo, &=8.6 A =os;=11.0 A:pro, 2=24.0 A). Growth
models predict laws of the form o. -D~ with the total
thickness D of the evaporated material and a growth ex-
ponent P which is P=0.25 for vapor deposited films [the
Kardar-Parisi-Zhang (KPZ) model; for details see Refs.
11 and 53]. Although our data set is much too small for
determining precise P values, for S2 and S3 a value of
P=0.2 can be estimated if the last layer of S3 is excluded.
Due to the Ge02 on top, this layer shows a quite difFerent
behavior. Compared with sample S1 it turns out that the
GeOz layers are very similar: They have rather small la-

0
terai correlation lengths g, roughnesses o =8 A, and
thicknesses d=9 A. The underlying Cire layers on top of
the samples S1 and S3 show rather large roughnesses
o.=32 and 24 A, respectively. Therefore it is possible
that the thin Ge02 layers are not uniform. This is sup-
ported by the small correlation length, which indicates an
island formation.

The correlation lengths of the interfaces between the
evaporated layers are in the interval 500~ $~20000 A.
They increase from the substrate to the topmost layer for
sample S3 too (go, &=650 A =-gs;=10000 A
=20000 A). Again growth models predict laws of the

1/z
form g-D ' with an exponent z„which, within the
KPZ model, is z, =h/P=o, ", ." We can exclude this
value for samples S2 and S3 because rather large
(g ~ 10000 A) correlation lengths for the evaporated lay-
ers are obtained. But it must be mentioned that our sys-
tems are not well suited for a detailed study of this topic
because only a small number of layers are present.

The obtained values for the Hurst parameter h of the
interfaces of the evaporated layers are between 0.15 and
0.40. As can be seen from Fig. 1, interfaces with small h
are very jagged. The magnitude of the parameter gj is of
the order of the layer thicknesses for all samples. There-
fore strong correlations between the interface
roughnesses of the difFerent layers are present for all sam-
ples. The rocking curves (see Figs. 6, 9, and 12), which
are measured at scattering angles where a maximum of
the rejected intensity was observed, show more difFusely
scattered intensity than scans through the minima. This
is an additional hint of strong correlations between the
roughnesses of the interfaces even for small spatial fre-
quencies and confirms the rather large-g~ values.

Obviously the scattering theory of Holy and Baum-
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bach combined with the simultaneous fit of all measure-
ments is able to explain the data with only one consistent
set of system parameters, which explains both the specu-
larly rejected and the diffuse intensities. In this pro-
cedure the reAectivity is not a particular curve from
which the layer thicknesses, dispersions, and rms
roughnesses of the interfaces are determined. The diffuse
scattering data are fully incorporated into the analysis
and also have a strong inhuence on the obtained values
for these parameters. This is of decisive importance, be-
cause for all samples which are investigated in this work,
perfect fits of the (true) specular reffectivity can be ob-
tained if the diffuse scattering data are neglected. For
sample Sl a rms roughness of cr =8 A for the Ge/Ge02
interface is the result of such a perfect fit, which differs
strongly from the value o. =32 A as obtained by the
simultaneous analysis of the whole data set (see Table II
and Sec. VB). A value of o =8 A for the Ge/Ge02 in-

terface is not able to explain the amount of diffuse
scattering for sample S1. To confirm our results atomic
force microscopy (AFM) measurements at diff'erenow

places on the surface of S1 were done. These measure-
ments yield values between crA„~=22 and 42 A, which

0

clearly means that a value of o.=8 A can be excluded.
Other parameters, such as layer thicknesses and disper-
sions, that are obtained from the single fits of the true
specular data differ only slightly from the values obtained
from the fits that take the diffuse scattering data into ac-
count.

VI. SUMMARY, CONCLUSIONS, AND OUTLOOK

In summary, we have shown that for systems with- a
small number of layers ( 5) the DWBA is able to ex-
plain all features of the diffuse scattering data. Locations
and shapes of diffuse peaks as well as different oscillation
periods in the nonspecular scans were correctly described
and the interface parameters (roughnesses, correlation

lengths within the interfaces and between different layers,
and Hurst parameters) can be quantitatively determined
by fits using the theory of Holy and Baumbach. There-
fore the investigations of this work indicate that the
DWBA gives a complete picture of the scattering of x
rays in the region of total external reQection.

Furthermore, it is shown that the data sets have to be
fitted simultaneously, which means that the reAectivity
and the off'-specular data have to be treated as one data
set. A fit of this data set leads to one consistent set of sys-
tem parameters that is able to explain all scans. If only
the true specular data are analyzed a perfect fit might be
the result, but unreliable values for the rms roughness
may be obtained. This was shown for one sample and
AFM measurements of the surface roughness confirm the
values obtained from the presented fitting technique.

In future work some points concerning the DWBA
have to be clarified. First, the condition ~q, o

~
l, which

is often given as the range of validity of the DWBA, has
to be proved experimentally. The measurements and the
calculations of the present work may indicate that this
range is much larger. Higher-order effects, as analyzed
by de Boer, ' ' may also be of particular importance for
the data analysis in some special cases. Another impor-
tant point is that it is not quite clear if the obtained rms
roughnesses are the same for all scans. Because of
different q, ranges, the scans are sensitive to different spa-
tial ranges of frequencies of the roughness spectrum. In
particular cases this may lead to a rather large depen-
dence of the rrns roughnesses from q, . Further investiga-
tions have to be done to clarify these points.
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