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Microscopic structure of interfaces in Si, „Ge„/Si heterostructures and superlattices
studied by x-ray scattering and Auorescence yield
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The angular dependences of grazing-incidence x-ray scattering and Ge Ka fluorescence yield were
measured for Si, Ge /Si and its inverted Si/Si, Ge heterostructures. The results reveal useful in-
formation on microstructures in these layered materials and show similar interfacial structures in terms
of the rms interfacial roughness, correlation length of height fluctuations, and Ge density profile. Two
ten-period superlattices with different thickness and Ge concentration were also investigated; correlation
between height Auctuations of different interfaces is clearly demonstrated in the data of x-ray-diffuse
scattering. These results show that x-ray scattering and Auorescence techniques can be employed as con-
venient tools for nondestructive characterization of epilayer thickness, interfacial roughness, density
profile of selected atomic species, and correlations between microstructures of different interfaces in lay-
ered materials.

I. INTRODUCTION

Recently there has been considerable interest in the
properties of epitaxially grown strained-layer superlat-
tices (SLS s) of Si, Ge„/Si due to their potentially im-
portant applications in various integrated optoelectronic
and field-effect-transistor devices. ' Although the lat-
tice mismatch between Ge and Si is about 4%, high-
quality heterostructures and superlattices of Si& „Ge
can still be grown free of misfit dislocations as the lattice
mismatch can be accommodated by coherent strains.
The strains in a SLS may dramatically alter its optical
and electronic properties, thereby providing an efficient
means for band-structure engineering. Since the quality
of interfaces can greatly inAuence the strain and electron
transport in thin-layer heterostructures, a detailed
knowledge of interfacial microstructure is of central im-
portance for understanding the properties of layered ma-
terials. For example, it has been demonstrated recently
that the carrier mobility is indeed limited by interfacial
roughness scattering in thin quantum-well structures.

Prior to the applications of x-ray scattering and
Auorescence techniques, interfaces have been studied pre-
viously using other methods, such as high-resolution
transmission electron microscopy, photoluminescence
(PL), transport measurements, and Raman scattering.
Some of these techniques suffer the limitations of being
either destructive or depending on the quantitative de-
tails of the exciton spectra. For semiconductors in which
the exciton size is about 100 A, small interfacial rough-

0
ness around 10 A cannot be accurately resolved from the
PL measurements. Furthermore, in some of these tech-
niques, e.g., the PL linewidth, it is difficult to differentiate
the contributions due to interfacial roughness from that
caused by changes in the material properties.

On the other hand, x-ray measurements are sensitive to
the spatial variation of the refractive indices, which is
directly related to the electron density of the material un-
der study; thus x ray can provide detailed and element-
specific structural information on selected atomic species.
The advent of intense x rays from synchrotron radiation
makes the x-ray techniques more useful for studying the
microstructure of interfaces. In the present work, both
grazing-angle x-ray scattering and Auorescence tech-
niques are applied to a study of the Si, Ge„system,
with an emphasis on the difference in interfacial rough-
ness between normal (Si, „Ge on Si) and inverted (Si on
Si, „Ge ) heterostructures. An understanding of the
difference between the normal and inverted structures is
generally believed to be useful for the study of superlat-
tices and the strain accommodated therein during epitax-
ial growth.

II. THEORY

The effects of x ray on materials are commonly charac-
terized by a complex refractive index' n =1 6 ip, ——
where 5 and p are the optical constants related to the
atomic scattering factor and electron density of the ma-
terial. The magnitude of optical constant 5 is usually on
the order of 10 and p is about an order smaller than 5
for hard x ray. " For x ray with wavelength k (=bc/E)
the optical constants can be expressed as

A. N„g (Z;+f ), P= A, N~ g f;",
l

where the summation is over all the constituent elements
i; ro=e /mc is the classical radius of electron; N~ is
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Avogadro's number; p is the mass density; A and Z are
atomic weight and number, respectively, and f ' and f"
are the anomalous scattering factors. The refractive in-
dex being slightly smaller than unity means that the ma-
terial appears to x rays as a dilute medium compared to
air, i.e., it can totally reAect the x ray at incidence angles
smaller than the critical angle 0, =(25)' . The complex
refractive index indicates that propagation of x ray with
grazing-incidence angle L9 can be described by a plane
wave with complex wave vector P, =k+n —cos 8, i.e.,
the amplitude of the plane wave is attenuated in the ma-
terial, and k =2~/A, is the wave vector in vacuum.

Transmission and reAection of x rays at an interface
can be calculated by following Fresnel's laws in classic
optics, ' ' and the effects of interfacial roughness can be
incorporated using a vector scattering model by Vidal
and Vincent. ' In this model a parameter o; represent-
ing the root-mean-square (rms) roughness at the ith inter-
face is introduced and deviations of interfacial height
from an ideal planar boundary are assumed to follow a
normal Gaussian distribution. The net effect of x-ray
reAection from such a rough surface amounts to a simple
modification of the usual reAectivity with an additional
Debye-Wailer-like factor.

For multilayer structures, there are several approaches
to calculate the specular reAectivity, such as the recur-
sion' ' and matrix formulation, ' etc. These different
mathematical approaches yield the same results since
they are based on the same physical principles using the
Maxwell equations and same boundary conditions for the
electromagnetic fields at the interface. In the present
work the matrix formulation has been used to compute
the fields and Aux distribution inside the layered struc-
tures, which gives directly the specular reAectivity for
comparison with our experimental data. The Auores-
cence yield is calculated using the same approach, after
incorporating a model for the density profile of the
Auorescent atoms.

Consider the electric fields at the interface between the
ith and (i+1)th layers; they are governed by Fresnel's
reAection and transmission coefFicients for smooth sur-
faces. For a rough interface, the coeKcients are then
modified by a Debye-Wailer-like factor. Assuming s po-
larization (the x-ray electric field perpendicular to the
scattering plane) and the rms roughness to be cr;, the
electric fields on the two sides of this interface are related
through a matrix as

E,+(z, )
1

1 r,
' E;+,(z;)

(2)E (z) t. r(' 1 E+ (z)

0

where z, is the mean position of interface i, and E,.+ and
E, are transmitted and reAected fields in layer
i; r,'=r, exp( —Zp„p„.+io;) and t =t;/exp[ —(p„—p„+i) o, ), where r; and t, are Fresnel's refiection and
transmission coeKcients for a smooth interface. The
transmitted and reAected electric fields in the same layer
are related to each other by a propagation matrix

E;+(z; ) e
'~.i' "

O E.+(z)

E, (z, )

hence by successive operation of the matrices for all the
interfaces and layers in the material, the net electric fields
of the incident and reAected x rays are related to each
other by a product matrix'

E+
0

Eo

E+
—PoN 0

11 12 +
PoN PoN Es

PoN PoN
(4)

where Eo and Eo are the electric fields of the incident
and reAected x rays at the top surface, respectively. E,+
is the electric field in the substrate where no reAected
field is present. PoN is the product of a series of matrices
characteristic of the interfaces and epilayers. The
reAectivity can be expressed in terms of the elements of
matrix P0N,

E 2

E+
0

21 2
PON

11
PON

The electric field at any position inside the layered struc-
ture can also be related to the fields in the substrate by a
manner similar to (4), so the electric-field distribution
throughout the material can be readily obtained.

In the calculation of Auorescence yield we neglect the
intensity loss due to Compton effect, phonon scattering,
and other effects; the Auorescence yield intensity is then
proportional to the intensity loss in the layered structure
and the concentration of the Auorescent atoms. The in-
tensity loss can be calculated using Poynting's theorem.
Taking into account the density profile of Auorescent
atoms (Ge in the present experiment) we obtain the
Auorescence yield intensity' '

dS, (z)
JFv ~ f dz — 4(z),

dz

where S, is the z component of the Poynting's vector and
N(z) is the density profile of fiuorescent atoms. The in-
tegral is over the entire layered structure from the top
surface to substrate.

Fresnel's laws of classical optics are only good for cal-
culating specularly reAected and directly transmitted x
rays; they cannot be applied in the treatment of diffuse
scattering. Since the grazing-incidence angle is usually
far away from critical angle L9, and the scattering intensi-
ty is weak, it is appropriate to treat the scattering intensi-
ty in a weak-field approximation, i.e., using the Born ap-
proximation, ' for calculating diffuse scattering. In the
Born approximation the differential cross section for
scattering of radiation by a system is given by

do
dQ

= f f drdr'p(r)p(r')e

where p(r) is the density of scattering electrons, q=k —ko
is the scattering vector, and the integration is over the en-
tire volume of the solid. Considering the layered struc-
ture and assuming a normal (Cxaussian) distribution for
height variations at the interface, the cross section for
diffuse scattering can be expressed as
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The experimental setup is shown schematically in Fig. 1.
The x-ray beam from the storage ring of NSLS is mono-
chromatized by a Si(111) double-crystal monochromator
and collimated by a set of slits. The intensity of the in-
cident x-ray beam is monitored by an ionization chamber
Ip between slits S2 and S3. The intensity of x ray after
scattering was measured by a NaI scintillation detector
which has a slit S4 in front of it to define the angular
resolution. The fluorescence yield was measured by an
energy dispersive solid-state Si(Li) detector. The fluores-
cence detector was set at right angle to the scattering
plane in order to suppress the elastic scattering. The lay-
ered structure specimen and the scattering detector were
mounted on a two-circle goniometer whose rotation axis
was controlled by a computer with 0.0002'/step pre-
cision. The experimental resolution was determined by
the resolution of the monochromator and by the width of
collimating slits. The incident beam was confined to
0.01' full width at half maximum (FWHM). The energy
of the incident x-ray beam was set above the Ge E ab-
sorption edge at 11.5 keV in order to measure the scatter-
ing intensity and fluorescence yield simultaneously.
Aluminum foils with different thickness were used to at-
tenuate the incident beam during the measurements to
obtain a range of up to 7 orders of intensity changes.

The geometry of our scattering experiment is shown in
Fig. 2. The incident and scattered x-ray beams are at
grazing angles a and P with respect to the sample sur-
face, respectively [see Fig. 2(a)]. The scattering vector q
is defined as the difference between the scattered and in-
cident wave vectors,

do a exp[ —
q (o,'+0,')]

16' 1' J' qz

(8)

where A is the total surface area; a; and Z; are the rms
roughness and the mean position of ith interface; the
summation is over all pairs of interfaces i and j; and

C(x )

where Ap; is the difference in the density of scattering
electrons on two sides of the ith interface and

C;,(,y)=(5;(0,0)5,(,y)) =C (R)e (10)

(12)q=k —kp .

Let z be the direction normal to the sample surface and x
be parallel to the surface plane; the scattering vector can
be resolved into perpendicular and in-plane components

q, andq,
(13)q =k(cosP —cosa), q, =k(sinP+sina),

where k =2~/k is the wave vector of radiation in vacu-
um. Three different scans were performed during the
measurements: (a) specular scattering scans in which the
incident angle a is kept equal to the observation angle P,
i.e., scattering vector is always normal to the sample sur-
face so that q„=0; (b) longitudinal diffuse scattering
scans in which the observation angle is off the direction
of specular reflection by a small but constant angle 5,
hence the scattering vector has a nonzero component in
the sample surface plane; and (c) transverse diffuse
scattering scans in which the detector was fixed at a cer-

Id;s ~ID JdQ
do'

diff

where Ip is the flux of incident x rays.

III. EXPERIMENT

The x-ray measurements were carried out at X3B1
beamline at National Synchrotron Light Source (NSLS).

is the correlation function between height fluctuations on
interfaces i and j, respectively. 5z;(x,y) is the height Quc-
tuation on the ith interface at position (x,y) from an arbi-
trary origin, R =+x +y is the distance from that ori-
gin; Co(R) is the in-plane correlation function which can
be generally expressed as cr;ojexp[ —(R /gi) ]; g~~

and gi
are the in-plane and cross-correlation lengths, respective-
ly; and h is called a texture coefficient. From (8) we can
see that there is a definite phase relation between different
interfaces provided the cross-correlation length is reason-
ably large. If the interfacial roughness becomes uncorre-
lated (when the cross-correlation length is much less than
the spacing between successive interfaces), C;. vanishes
for different interfaces iAj, and diffuse scattering is then
a result of incoherent superposition of roughness scatter-
ing from each interface. When the roughness of different
interfaces is correlated or conformal (when the cross-
correlation length is comparable with or larger than the
spacing between interfaces), it is possible to have a
nonzero C;J even for well-separated interfaces i' Thus.
the total diffuse scattering intensity can contain a
coherent sum of scattering contributions from each inter-
face, which will yield an interference pattern similar to
that of specular scattering. The total diffuse scattering
intensity is obtained by integrating over the detection
solid angle to yield

Monocliroinator Box

Sl

Ionization Chainber

S3

FIG. 1. Schematic arrangement of the ex-
perimental setup at beamline X3B1 of NSLS.
The monochromator is a Si(111) double crys-
tal. The exit slit S1 defines the coarse horizon-
tal and vertical size of the incident x-ray beam;
fine size definition of beam is controlled by the
slits S2 and S3.
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FIG. 2. (a) Schematic representation of the
scattering vector q. k0 and k are the incident
and scattered wave vectors of the x-ray beam,
respectively. Scattering vector q =k kp
represents the momentum transfer of x-ray
photons. q„and q, are the in-plane and per-
pendicular components of the scattering vec-
tor. (b) Representation of difFerent angular
scans in the reciprocal space.

q„( 1/k )

tain angle and the sample is rocked through the
configuration of specular reflection, such that the scatter-
ing vector has a constant perpendicular component q, .
These three different scans are shown as different cuts in
the reciprocal space in Fig. 2(b). We note that the specu-
lar and longitudinal diffuse scans are used to probe the
structure normal to the sample surface since the variation
of scattering vector is largely perpendicular to the sample
plane, whereas the transverse diffuse scans are used to in-
vestigate the structure parallel to the sample surface since
the variation of scattering vector is in this plane.

As shown in Eqs. (8)—(10), the longitudinal diffuse scan
can provide unique structural information about the
correlation of interfacial roughness between different in-
terfaces. In addition, it allows an important correction to
be made for the measured reflectivity in the specular scan
which actually contains a contribution from the back-
ground due to diffuse scattering by interfacial roughness.
In order to obtain the true specular reflectivity, this
diffuse background must be properly subtracted out; oth-
erwise the global roughness deduced from the specular
reflectivity data will be underestimated. The diffuse
scattering intensity at small incidence angles is generally
several orders weaker than the specular reflectivity and it
also shows a broad peak in the same scattered direction
as the specular reflection; this can be clearly observed in a
transverse scan. Hence, to a good approximation, the
diffuse background correction in the measured specular
reflectivity can be achieved by simply subtracting the
diffuse scattering obtained at an angle slightly off the
q„=0 direction from the specular reflectivity curve. This
method has been used to correct for all the specular
reflectivity data obtained in the present experiment.

The layered materials studied in the present experi-
ment are Si& Ge /Si heterostructures and superlattices
(MBE) molecular-beam epitaxy grown on Si(100) sub-
strates. Two heterostructures JP187F and JP186F are
called normal and inverted structures, respectively. The
sample JP187F is a SiQ 7GeQ 3 epilayer with nominal
thickness 100 A grown on a Si(100) wafer with a 3000-A
Si buffer layer. The sample JP186F has an additional Si
epilayer with nominal thickness of 100 A on top of the
SiQ 7GeQ 3 layer than JP187F. The first interface in
JP187F is a normal heterostructure SiQ 7GeQ 3/Si and that

in JP186F is an inverted structure Si/SiQ 7GeQ 3 Two su-

perlattices JP2 and JP121F studied each consists of ten-
period Si(100 A)/Sio sGeo z(70 A) and Sio 6Geo 4(45
A)/Si(300 A) bilayers; JP2 has a 1000-A Si buffer layer
and JP121F has a 500-A Si cap layer, respectively. Based
on the previous results on Si, Ge„epitaxial layers, '
the critical thickness of the Si& „Ge layer is estimated
to be about 2500, 500, and 200 A for x =0.2, 0.3, and
0.4, respectively. The thickness of all the Si, „Ge„ lay-
ers in our samples is below the critical thickness for the
corresponding composition. This means that all the epi-
layers are expected to be pseudomorphic.

IV. RESULTS AND DISCUSSION

Scans of specular reflection, longitudinal and trans-
verse diffuse scattering have been made. The true specu-
lar reflectivity of the samples was obtained by subtracting
the measured longitudinal diffuse scattering contributions
from the raw specular reflection data. The structural pa-
rameters of the samples, such as the layer thickness, in-
terfacial roughness, and optical constants were deduced
from these data by means of a nonlinear least-squares
curve-fitting technique. In order to increase the sensitivi-
ty to the oscillations caused by interference of scattering
from different interfaces, we have fitted the raw data as
well as their angular derivatives simultaneously such that
the following quantity was minimized during each curve
fitting:

=+(+cPp, (14)

where y& is the mean square of the difference between the
raw data and corresponding theoretical calculation, yz is
the mean square of the difference between the first deriva-
tive of raw data and its corresponding calculated value,
and c is a constant that adjusts the weight of derivatives
in the fitting procedure. For a good fit, the resulting pa-
rameters should be essentially independent of the choice
of c value because a good model should fit the experimen-
tal data as well as their derivatives equally well. The er-
rors for each parameter determined by curve fitting were
estimated from the deviation of that parameter from its
optimum value. This estimate of errors for a particular
parameter I'; was carried out in the following steps:
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TABLE I. Structural parameters of four samples obtained in the present work by comparison of ex-
perimental data with theoretical calculations. N is the number of epilayers in semiconductor material;
Do is the thickness of the cap layer on the sample; D, is the thickness of the Si epilayer; D2 is the thick-
ness of the SiCxe epilayer; o.o is the rms roughness parameter for the top surface, o. , is the rms roughness
parameter for the Si/SiGe interface; 0.

2 is the rms roughness parameter for the SiCse/Si interface; h is
the texture coefficient in the epilayer; g~~

is the in-plane correlation length. A dash means that the value
is not available.

Sample N Do (A) D& (A) D2 (A) h gii (A)

JP187F
JP186F
JP121F
JP2

1

2
21
20

353
115+2

352
116

77+2
97+2

51
69

4+1
4+1

4
9

4+2
5

10

3+2
5+2

4
12

0.47
0.47
0.45

700
870

6000

select a certain deviation hP, for P; from its optimum
value, and minimize g by varying all the other parame-
ters in the model except for P;; this process was repeated
by changing AP; until the new minimized y became
twice the optimal minimum value of y; this particular
4P,. was then taken as the error in the value of the pa-
rameter P; determined in curve fitting. Results obtained
for the four samples studied in the present experiment are
summarized in Table I.

A. Normal and inverted heterostructures

Figure 3(a) shows the corrected true specular
reflectivity and longitudinal diffuse scattering data for
both the normal and inverted heterostructures JP187F
and jP186F, respectively. The circles are the true specu-
lar reflectivity after subtracting out the longitudinal
diffuse scattering contributions from the raw data; the
solid lines on the circles are theoretical calculations using
Eq. (5); the solid curve underneath each specular
reflectivity curve is longitudinal diffuse scattering mea-
sured by offsetting the detector from the specular direc-
tion by an angle of 0. 1'. In the curve-fitting process, the
layer thickness and interfacial roughness are the structur-
al parameters determined from these data. The initial tri-
al values of optical constants for each constituent materi-
al were calculated using Cromer and Lib erman's
methods for the SiGC alloys. The optical constants are
subject to corrections for layered structures and also for
strain-induced changes in these thin layers; the correct
values of these optical constants are finally determined
from the experimental data. In the curve-fitting process,
reasonable initial values were first chosen for the layer
thickness, interfacial roughness, and the optical con-
stants, and these quantities were all consistently adjusted
through iterations to reach a final fit to the experimental
reflectivity data.

For the sample JP187F, which has only a SiQ7GcQ3
epilayer, there are oscillations with a single frequency
arising from the interference of x rays reflected from the
top surface and the Sio7Cseo 3/Si interface. The oscilla-
tion frequency is primarily determined by the thickness
of the Sip 7GCQ 3 layer and the intensity is mainly deter-
mined by the optical contrast (mismatch of the optical
constants), x-ray absorption in the epilayer, and rough-
ness of the interface as well as the top surface. As shown

in Table I, the thickness of the Sip 7Gep 3 layer is found to
be 77+2 A, which is quite different from the nominal
thickness based on an estimate during epitaxial growth.
The roughness parameter for the top surface is 4+1 A,
and that for the Sio 76eo 3/Si interface is 3+2 A, indicat-
ing that the epilayer is very smooth. The roughness pa-
rameter for the top surface is more accurately determined
than that of the interface because x-ray scattering is more
sensitive to the morphology of the top surface than the
interfacial microstructure. The longitudinal diffuse
scattering data do not show any oscillatory feature as in
the specular refiectivity. In accordance with Eq. (10),
this implies that the cross-correlation length g~ is much
smaller than the layer thickness in this sample such that
the coefficient C;~ with i' is vanishingly small; x rays
scattered from the two interfaces bear no phase correla-
tion, indicating that height fluctuations of the top surface
and the interface roughness are uncorrelated (or noncon-
formal) in this heterostructure.

In the reflectivity curve for sample JP186F, there are
beating patterns of the oscillations as a result of x-ray in-
terference in the Si and Sip 7GcQ 3 thin layers of this sam-
ple. Scattering from these two thin layers (three inter-
faces) all contribute to the total measured scattering. As
shown in Table I, the thickness of Si and SiQ 7GeQ 3 layers
was found to be 115+2 and 97+2 A, respectively. The
roughness parameter for the Si/Sip 7Gep 3 and
Sip 7GCQ 3/Si interface is 4+2 and 5+2 A while that of the
top surface is 4+1 A, respectively. In comparison with
similar parameters of sample JP187F, roughness for the
normal interface SiQ 7GcQ 3/Si in JP187F and inverted in-
terface Si/SiQ 7GcQ 3 in JP186F is very close. In fact, the
second interface in sample JP186F is a normal
Sip 7GCQ 3/Si interface, although the roughness value for

0
this interface is 5+2 A. The longitudinal diffuse scatter-
ing data also do not exhibit any oscillations, consistent
with the short cross-correlation length found in sample
JP187F.

The sensitivity of this technique for the determination
of interfacial roughness parameter o. is actually quite
high, with a resolution on the order of 2 A. This is
demonstrated in a model calculation using the hetero-
structure JP187F as an example. Three calculated curves
are shown in Fig. 3(b) together with the experimental
data. In the calculations, the thickness and all physical
constants pertaining to the layers are kept the same ex-
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ples is shown for different grazing-incidence angles 0
below (8=8, /2, dashed), equal (8=8„solid), and above
(8=28„dashed dot) the critical angle. The FY intensity
is mainly determined by the field intensity in the SiGe
layer according to Eq. (6). In this calculation of Ge Ka
FY, we have also used the structural parameters obtained
from the reAectivity data and assumed a step function for
the Ge density profile 4&(z) in (6). This calculation is also
employed to fit the experimental FY data in Fig. 5. The
close fit for both samples shown in Fig. 5 suggests that
Ge atoms should not deviate appreciably from a uniform
distribution in the Sio 7Geo 3 layers and diffusion of Ge
atoms into the Si layer could be negligible within the ex-
perimental uncertainty of this method. More detailed
analysis is in progress.

B. Superlattices
FIG. 5. The measured {circles) and calculated (solid lines)

fluorescence yield vs grazing-incidence angle for the hetero-
structures JP187F and JP186F. The plot for JP187F has been
shifted up by 0.01 for clarity.

count of the incoming and reAected waves. A large por-
tion of the x-ray Aux can penetrate through the layers
into the substrate when the grazing angle is larger than
the critical angle. The intensity within the Sio 7Geo 3 lay-
er begins to decrease as this condition prevails, thereby
giving rise to a decrease of the Ge FY at large angles.
This generally explains the existence of a peak in the an-
gular dependence of FY for layered materials.

The overall angular variation of Ge FY for both sam-
ples JP187F and JP186F can be quantitatively explained
with a calculation of the Aux distribution in the layered
materials. In Fig. 6, the calculated photon Aux distribu-
tion as a function of depth in both heterostructure sam-

The specular reAectivity and longitudinal diffuse
scattering data obtained with two superlattices JP121F
and JP2 are shown in Fig. 7. The longitudinal diffuse
scattering measurements were made at a small angle 0. 1'
off the direction of specular reAection. The specular
reAectivity data were Atted with calculations using Eqs.
(2)—(5) based on Fresnel's laws. The structural pararne-
ters determined from curve fitting are shown in Table I.
In order to reduce the number of fitting parameters in
our calculation, the optical constants are assumed to be
the same for all the layers with same composition in the
superlattices. The average thickness and SiGe/Si interfa-
cial roughness of the epilayers were determined from the
data, but possible variations of these quantities in the su-
perlattices were neglected in this calculation as they were
all grown under identical processing conditions.
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FIG. 6. Calculated photon flux distribution in the hetero-
structures JP187F and JP186F for different grazing-incidence
angles: 0=0, /2 (dashed), 0=0, (solid), and 0=20, (dashed
dots).

FIG. 7. The corrected true specular reflectivity and longitu-
dinal diffuse scattering for two superlattice samples JP2 and
JP121F. Circles are specular reflectivity after subtracting out
the longitudinal diffuse scattering contributions; solid lines on
the data are theoretical calculations used to fit the data. The
solid curves underneath the specular reflectivity for each sample
are longitudinal diffuse scattering measured with the detector
set at an angle 0. 1 off the direction of specular reflection.
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Since both superlattices contain SiGe/Si bilayers,
Bragg diffraction peaks and beating patterns are expected
to be present in the reAectivity data. For the sample
JP121F, beating is clearly observed as manifested by the
intensity variation with a minimum separating approxi-
mately every seven maxima. This relationship is con-
sistent with the thickness ratio of the layers estimated
during epitaxial growth. A similar type of beating pat-
tern is also found in the reAectivity data of sample JP2
where some Bragg peaks are suppressed due to destruc-
tive interference. Because the thickness of the SiGe/Si
bilayers is relatively small (170 A) in JP2, the q, spacing
between successive Bragg peaks of this multilayer is
larger than that in JP121F. It is interesting to note that
small oscillations due to interference caused by the thick-
ness of the entire multilayer sample can also be observed;
this gives rise to X —1 small oscillations for a superlattice
consisting of N bilayers. For JP2 with N =10, there are
indeed nine small minima between two successive main
Bragg peaks arising from interference due to neighboring
bilayers. This also serves as an indication of the high an-
gular resolving power of our experimental setup.

In Fig. 7, the longitudinal diffuse scattering data are
shown in solid curves underneath that of the specular
reAectivity. We note the presence of apparent interfer-
ence patterns in these plots, especially for the superlat-
tices JP121F. To make sure that these longitudinal
scattering scans do not pick up any of the specular
reAection signal, the detector was offset at an angle far
away from the direction of specular reAection, typically
4—5 times larger than the FWHM of the specular
reAection peaks. Furthermore, the longitudinal diffuse
scattering was measured at different offset angles of 0. 1',
0.2', and —0. 1 for comparison. All these measured
diffuse scattering data produced similar interference pat-
terns. This is demonstrated in Fig. 8 specifically for the
sample JP121F at two different detector offsets: 0. 1'
(solid curve) and 0.2' (dots), which clearly show similar
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FIG. 9. The measured (circles) and calculated (solid line)
transverse diffuse scattering for the superlattice JP121F vs in-
plane momentum transfer. The measurements were made with
the detector set at a scattering angle 20=a+P= 1.718', on the
tenth main Bragg peak in the specular reAectivity.

interference patterns in these two sets of longitudinal
diffuse scattering data. These results unequivocally indi-
cate that the interfaces in this superlattice sample are
conformal, thus x rays scattered from different interfaces
remain coherent with a fixed phase relation. This also
implies that the cross-correlation length between different
interfaces is larger than the layer thickness in JP121F.
These results suggest that JP121F has a better structural
quality than JP2; this is also consistent with the different
measured values of interfacial roughness in these two su-
perlattices.

The transverse diffuse scattering data obtained with
sample JP121F are shown in Fig. 9. These are measured
by fixing the detector at an angle corresponding to the
tenth main Bragg peak in the specular reAectivity. A
model calculation is also shown in Fig. 9 (solid curve),
which fits the data reasonably well. The in-plane correla-
tion length and texture coeKcient h derived from this
comparison are included in Table I. The texture
coeKcient of this superlattice is nearly the same as that of
both heterostructures JP187F and JP186F, although the
in-plane correlation length is much larger than that of the
heterostructures. These results reveal that the in-plane
microstructures of SiGe/Si interfaces in both heterostruc-
tures and superlattices are very similar. Hence high-
quality SiGe/Si superlattices with abrupt interfaces can
indeed be grown under proper conditions.

-7 '

0.00 0.10 0.20 Q. 30

q

FIG. 8. The measured longitudinal diffuse scattering with
different detector offsets 5 for superlattice JP121F: 5=0.1'
(solid curve) and 5=0.2 (dots).

V. CONCLUSION

X-ray scattering and Auorescence measurements have
been demonstrated as useful nondestructive techniques
for measuring the 1ayer thickness and for investigating
the microstructures in semiconductor heterostructures
and superlattices. The specular reAectivity, diffuse
scattering, and fluorescence yield techniques have been
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applied to the study of two SiGe/Si heterostructures
grown by MBE with normal and inverted interfaces, and
the results show these two heterostructures are of similar
high quality in terms of their rms interfacial roughness
parameters. However, for these thin bilayer samples, the
cross-correlation lengths are smaller than the total layer
thickness although their in-plane correlation lengths are
similar. The fluorescence data are consistent with an as-
sumption that diffusion of Ge into the Si layer is negligi-
ble in both heterostructures.

The same techniques are also shown to be very useful
for investigating semiconductor superlattices, from which
the layer thickness, interfacial roughness, cross- and in-

plane correlation lengths have been determined. The su-
perlattices show high quality of interfacial structures and
correlations between height fluctuations of different inter-
faces.
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