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6. High Resolution X-Ray Diffraction

Alois Krost, Giinther Bauer, Joachim Woitok

Conventional high resolution X-Ray diffraction has been developed into a
powerful tool for the nondestructive ez-situ investigation of epitaxial layers,
of heterostructures and superlattice systems:
The information which is obtained from diffraction patterns concerns the
composition and uniformity of epitaxial layers, their thicknesses, the built-in
strain and strain relaxation, and the crystalline perfection related to their dis-
location density. Furthermore information on interfaces like interdiffusion and
intermixingis obtained under certain circumstances as well. For the analysis
of the diffraction patterns from epilayers, heterostructures and multilayers,
the kinematical diffraction theory, although being still useful for a quick in-
spection of the data, in general can no longer be used for the quantitative
description of the experiments. Instead dynamical theory is applied which
takes into account extinction, multiple scattering, and the slight deviation of
the refractive index from one.
The instrumentation has also been improved continuously and simple pow-
der diffractometers using a focussing path for the X-Rays were replaced by
double- and triple -axis spectrometers equipped with multiple crystal or chan-
nel cut monochromators and analyzers. Apart from investigations under nor-
mal Bragg conditions grazing angle incidence techniques both for the de-
termination of layer thicknesses as well as for precise information on lattice
constants of thin films have also been employed. X-Ray topography is used
for imaging purposes of layers grown on large wafers.

There are a number of excellent reviews on the analysis of epitaxial layers
by X-Ray diffraction: In the early reviews by Segmiiller and Murakami [6.1]
and Paine [6.2] the various diffractometer methods are described whereas in
the most extensive one [6.3] the emphasis is on the mathematical description
of the strain state of epitaxial layers, of inhomogeneous strain on periodic
multilayers as well as on grazing incidence techniques. For the latter tech-
nique the latest developments are summarised by Segmiiller [6.4] and Schiller
et al. [6.5]. Tanner [6.6,6.7] and Halliwell [6.8] highlight the Double-Crystal
Diffractometer (DCD) for the analysis of thicknesses and strains of epitax-
ial layers whereas Fewster [6.9-6.11] describes the advantage of triple-axis
spectrometers. Picraux et al. and Ryan et al. [6.13] gave a complete survey
of the amount of information which can be extracted from high resolution
X-Ray diffraction (HRXRD) including especially reciprocal lattice scans and
the use of triple axis spectrometers whereas Wie [6.14] focus on the charac-
terization of heterostructure interfaces and the analysis of diffuse scattering
in the Bragg diffraction geometry. A summary of most recent developments
can also be found in [6.15,6.16).
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In the first Section an overview on basic scattering geometries and ad-
vanced instrumentation which is nowadays commercially available is given.
It follows a Section on kinematical and dynamical theory. The dependence
of Bragg reflection intensities on thicknesses is described in Sect. 6.3 and in
Sect. 6.4 strain phenomena and partial relaxation of strain are discussed. The
application of HRXRD to single heterostructures is treated in Sect. 6.5 and
the topic of Sect. 6.6 are multilayers including Ewald sphere constructions for
the interpretation of DCD diffractograms, interdiffusion, lattice plane tilts,
terracing and mosaic spread. The triple axis spectrometers have led to exten-
sive studies of layers and multilayers through scans in the reciprocal lattice
(Sect. 6.7). Further new developments like the analysis of periodic quantum
wires or dots and the real time X-Ray diffraction for strain relaxation phenom-
ena and growth processes are described in Sect. 6.8. The three final Sections
are devoted to grazing incidence techniques including specular and anomalous
reflection as well. Grazing incidence diffraction (GID) is a surface sensitive
method which yields information on film properties parallel to surfaces or
interfaces and achieves even monolayer sensitivity. New developments include
also a contribution of high resolution X-Ray diffraction to topography for the
analysis of layers on wafers. We refer to a recent review by Kohler [6.18] on
this topic. Both the spectrometric tools as well as the crystalline quality of
the materials investigated have reached fantastic limits already in the early
1970s: i.e. the full width at half maximum (FWHM) of a Si (422) asymmet-
ric Bragg reflection corresponds to 0.16” [6.17]. In order to perform such a
measurement an experimental resolution of 0.016” is required. Such an accu-
racy corresponds e.g. to an angular position of the earth on its orbit around
the sun between two positions which are 3.7 km apart from each other. (The
mean distance earth - sun is 1.5 - 103km).

X-Ray standing wave technique which is especially interesting for surface
and interface analysis, since the position of atoms which are either adsorbed
or being constituents of thin epilayers can be determined with high accuracy is
not presented here. A comprehensive review on this field is given by Malgrange
and Ferret [6.19)].

New instrumentation and the possibility to use high intensity synchrotron
sources will lead in the near future to new in-situ applications as well as to
transmission spectroscopy (Laue case) of HRXRD. However, the main pur-
pose of this review is the demonstration of methods and results obtained on
epitaxial systems with up to date but conventional laboratory instrumenta-
tion.

6.1 Principal Scattering Geometries

In this Section basic scattering geometries and advanced instrumentations are
described such as double-crystal diffraction, triple-axis spectrometers etc.
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6.1.1 w — 26-Scan and w-Scan (Rocking-curve)

Any measurement of lattice spacing is in principle determined by Bragg’s
law [6.20]

2dhkl - sin @B =n\ (61)

where djy; is the spacing of lattice planes with Miller indices (hkl) and Op is
the corresponding Bragg angle. This equation follows from kinematic diffrac-
tion theory and neglects the fact that the refractive index of matter for X-Rays
is less than 1 by a few parts in 1076 and so the incident beam is refracted to an
internal angle slightly smaller than the external one. In Fig. 6.1 the scattering
geometry is shown. ¢ denotes the angle between the lattice plane (hkl) and
the surface, k; is the incident and k the scattered wavevector. In principle,
the electric vector of the incident beam can be polarised perpendicularly (o)
or parallel () with respect to the incident plane.

The Bragg diffraction is called “symmetric” if ¢ = 0, i.e. the reflecting
lattice planes are parallel to the surface. For ¢ # 0 the Bragg diffraction is
defined as “asymmetric”. The asymmetry factor is given by:

_ _ sin(wy) _ _sin(@ +¢)
b= Vs sin(w_) sin(@ — o) (62)

where 7; and -y are the direction cosines of the incident (i) and scattered (s)
wave with respect to the surface normal (o).

The corresponding Ewald sphere construction is shown in Fig. 6.2. Gy
denotes the reciprocal lattice vector and w is the angle between the incident

kS
o \
? c]
%
Fig. 6.1. Scattering geometry. k; : incident wavevector, k; : scattered wavevector,

o : surface normal, n : normal on reflecting planes, © : Bragg-angle, ¢ : angle
between surface and reflecting plane
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wavevector k; and the surface plane:

ks = ki + Ghu (63)

In Fig. 6.2 two possible scans for measuring the intensity of a Bragg reflection
due to the reciprocal lattice point (hkl) are indicated:

(1)

(if)

a

conventional powder diffractometers use a “@ — 20”-scan for measuring
symmetric Bragg reflections (¢ = 0,w™ = w™ = w = O). For such a scan,
the detector is rotated twice as fast and in the same direction around the
diffractometer axis as the sample. In reciprocal space, this conventional
motion of sample and detector corresponds to a change of k; in the fol-
lowing way: the tip of the vector ks moves along the reciprocal lattice
vector Gpy. During this motion the angle w between the incident beam
and the sample surface changes. For asymmetric (hkl) Bragg reflections
(w = © %), +: corresponds to the high incidence and — to the low inci-
dence) the corresponding w — 26 scan direction runs also radial from the
origin (000) of the reciprocal space along Gy (Fig. 6.2a).

In the w-scan, the detector is fixed in position with wide open entrance
slits and the sample is rotated, i.e. w changes. In reciprocal space, this
corresponds to a path as indicated in Fig. 6.2b by the bold arrow. The
scan direction is transversal in reciprocal space. Thus the so-called rocking-
curve is obtained.

< Ewaldspheres _ Ewaldspheres

D
(fixed)Q

Diffractometercircle b Diffractometercircle

Fig.6.2a. Ewald sphere construction (for symmetric reflections, i.e. reflecting
planes are parallel to the surface) for the w — 260-scan geometry. ©: angle between
incident X-Rays and surface plane, Gpy;: reciprocal lattice vector, (hkl): reciprocal
lattice point, D: detector (on diffractometer circle in real space), b Ewald sphere
construction for an w-scan, the bold arrow indicates the movement in the reciprocal
lattice
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In Figs. 6.2a,b both the diffractometer circle (real space) as well as Ewald-
spheres (reciprocal space) are shown. As can be seen, the two scan directions
are perpendicular to each other. In contrast to a conventional focussing setup,
e.g. Bragg-Brentano-, Seeman Bohlin-, Johanson-, etc. -configuration (e.g.
[6.1,6.21]), the sample is illuminated by an intentionally perfect parallel beam.

The practical resolution of lattice constant determination of a perfect
crystal is Ad/d = 107°. In epitaxial systems typically lattice constant varia-
tions between 1072 and 10~ have to be measured. The corresponding angular
changes A6 in the Bragg angle follow from the differentiation of Bragg’s law:

Ad AN AO
d A tan @

For high precision measurements of lattice constants and strains, the sam-
ple and X-Ray spectrometer should be temperature stabilised. In Table 6.1
we give some characteristic values which impose practical limitations on res-
olution:

(6.4)

Table 6.1. Characteristic examples and values for spectral resolution in X-Ray
Diffraction (XRD) [6.22]

lattice perfection Ad/d > 1077
thermal expansion coefficient oa=10"8K"!
X-Ray reflection (Fig. 6.10) A =2"~1075
line width of CuK,; radiation AN/A=3-1071
separation CuK,, — Kgo ANXA=25-1073
single-crystal diffractometer

with slit collimator Af=0.1° =~ 1072

6.1.2 Double-Crystal Diffraction

In order to measure the X-Ray reflection of a single crystalline bulk sample
as a function of the angle w (the so-called “rocking-curve”) the wavelength
spread A has to be minimized. The method most often used is the Double-
Crystal Diffraction (DCD) which was already described in [6.23,6.24]. The
first crystal is often a dislocation-free Ge or Si crystal sometimes cut for using
an asymmetric Bragg diffraction for extremely high resolution (see below).
The second crystal is a sample to be investigated in the so-called (+m, —n)
[6.25] scattering geometry (which is usually named double-crystal setting)
(Fig. 6.3). The dispersion of a double-crystal spectrometer is defined by

bw 50 — 564

SA oA

In the symmetric case (+n, —n) the dispersion is zero. This is the mode
which is used in the DCD.

(6.5)
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(+m,+n) (+m,-n) (+n,-n)

BE,\ 8 G ol

7 <l 7 N ]
I

51 % /gn >4

B

x-ray
source

Fig. 6.3. Double-Crystal Spectrometer (DCS). Upper half: schematic presentation
of X-Ray optics used in DCS (m, n represent modes corresponding to diffraction
orders), with different dispersions; lower half: setup for DCS, S;...S4 denote slits,
P; and P, monochromator crystal and sample, respectively

The divergent “polychromatic” radiation impinging on the first crystal
is reflected according to the corresponding Bragg angles. The second crystal
positioned in the equivalent (—©p) Bragg position reflects all wavelengths if it
is oriented parallel to the first one (Fig. 6.3). Thus in the (+n, —n) geometry
the X-Ray diffraction is nondispersive, i.e. X-Rays with different wavelengths
are diffracted at the same w setting if both the first crystal and the sample
have the same lattice constant.

In the other configuration, the setup is dispersive, i.e. in the (+m, +n)
position a reflection profile results which depends on the divergence of the
primary radiation. It is evident that the proper choice of an asymmetric first
reflection diminishes the FWHM of the reflection profile. Keeping the sample
fixed, a beam with small divergence results which is used in triple-crystal and
five-crystal (Bartels monochromator) arrangements.

The analysis of the diffraction condition of the double-crystal appara-
tus and others was performed by Bubakova [6.26] using DuMond’s diagrams
[6.25], which are in principle graphic presentations of Braggs law A(©) tak-
ing into account the spectral broadening of the Bragg reflections. Successive
reflections are easily represented. An in depth discussion can be found in
DuMond’s paper [6.25], including the operation principles of a four-crystal
monochromator.

In DCD usually the (+m, —n) configuration is chosen since for heteroepi-
taxy the line width of the epilayers is much larger than those from the sub-
strates so that extremely high resolution is unnecessary.

The (+m, —n) configuration, however, works only dispersionless if the pri-
mary monochromator and the sample to be investigated have the same lattice
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constant, which is a severe limitation of the applicability of this method. It
should be mentioned that in order to achieve minimum FWHM line, a careful
adjustment of the DCD is required [6.26-6.31].

Commercial instruments offer a stepping accuracy on the @-axis of one
arcsec. This can be achieved by a tangent arm with a micrometer drive, which
offers high accuracy over a limited angular range. The angular dispersion of
the incident X-Ray beam is typically less than 10 arcsec due to the diffraction
from the highly perfect primary crystal.

6.1.3 The 4+1 Crystal Diffractometer

DuMond [6.25] has proposed a four-crystal monochromator which has later
been used by Beaumont and Hart [6.32] for wavelength selection of syn-
chrotron radiation. Bartels [6.33] first realised a compact 4-crystal monochro-
mator for high resolution X-Ray diffraction work. It uses 4 Ge crystals be-
tween the source and the sample which are cut and oriented in such a way
that either (220) or (440) reflected intensities are transmitted (Fig. 6.4).

In the five-crystal diffractometer equipped with a Bartels monochroma-
tor, the first two crystals are in the (4+n, —n) setting and thus the whole
spectral distribution passes as in the DCD. However, the third crystal is in
a (+n, +n) position with respect to the second one and thus only a small
wavelength range can pass. The fourth crystal positioned with respect to the
third one in a (+n, —n) mode reflects the X-Rays in a direction which is
parallel to the X-Rays emitted from the source. The successive diffractions
produce an extremely monochromatic X-Ray beam (= 5% of the intrinsic
width of the CuKy,,; line). The wavelength spread AX/\ is 2.3 - 1075. In the
Ge (440) setting the horizontal divergence is 5arcsec whereas in the (220)
setting which yields a factor of 30 higher intensity the intrinsic rocking-curve
width is 12 arcsec.

The main advantage is the tunable parallel beam arrangement for a 20 scan
ranging up to 160° with no loss in resolution in the (440) setting. Arbitrary
sample materials can be investigated, independent of the monochromator ma-

Detector
Monochromator / collimator

Source N 1 x
I

Fig.6.4. 4 + 1 crystal diffractometer [6.33]. The four Ge crystals use either (220)
(A8 = 12”) or (440) reflections (Af = 5”). Dash-dotted line: Ao & AX

Sample
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terial. One problem is the vertical divergence (perpendicular to the diffrac-
tion plane, i.e. the plane defined by incident and diffracted beams) since it
reduces the resolution of the instrument and induces an experimental er-
ror. Thus a slit arrangement at the exit of the four-crystal spectrometer is
necessary (Soller-slit). It is important to note that the X-Ray beam leaving
the four-crystal monochromator in the (440)-setting is nearly completely o-
polarised. Rocking-curves of almost any lattice planes in any direction can
be measured. With a suitable goniometer absolute lattice constant determi-
nations are also possible by applying Bond’s method [6.34]. Using a similar
four-crystal monochromator equipped with 15° asymmetric cut Ge-crystals
van der Sluis was able to enhance the intensity by a factor of 3.8 as compared
to the original design [6.35].

An alternative beam conditioner is the so-called Channel-Cut Collimator
(CCC) which utilizes multiple reflections from parallel crystal planes which
are fabricated by cutting a channel into a single crystal. The multiple reflected
X-Ray beam leaving the CCC is conditioned with respect to its wavelength
and angular dispersion before it is finally monochromated [6.36]. For measure-
ments of extremely narrow reflections the beam divergence may be too large
and arrangements with asymmetric reflections should be used [6.37,6.38].

6.1.4 Triple-Axis Spectrometer

Renninger [6.39,6.40] suggested the use of a triple-axis spectrometer in order
to measure the asymmetric form of the dynamical reflection profile of a single
crystal. With a triple-axis spectrometer several arrangements are possible,
which were analysed by Godwod [6.29] and Lefeld-Sosnowska [6.41].

For the investigation of semiconductor heterostructures, a spectrometer
setting is used as shown in Fig. 6.5a. Recently, the triple-axis spectrometer
system has been further upgraded by using a four-crystal spectrometer as a
monochromator in front of the specimen and behind it a two-crystal analyser
(Fig. 6.5b). Alternatively to the four-crystal monochromator in another real-
isation two channel-cut crystals can be adjusted using either eight symmetric
(022) reflections from Si or two asymmetrically cut (022) channels with four
reflections for high divergence or high internsity purposes (c). A channel-cut
crystal is used as an analyser, too. In such an instrument up to thirteen reflec-
tions are performed by the X-Ray beam before reaching the detector. In so far
this apparatus is also a High-Resolution Multiple-Crystal Multiple-Reflection
Diffractometer (HRMCMRD) as described in Sect. 6.1.6.

The advantages of the triple-axis spectrometer are the following:

a) Improved angular resolution (see e.g. figs. 6.34 and 6.35) permits the obser-
vation of weak diffraction satellites. This feature also makes the triple-axis
spectrometer quite useful for the analysis of extremely thin layers. E.g. us-
ing Ge(111) monochromators and analyser crystals Ryan et al. [6.42] have
reported a wavevector resolution of 5- 10"4A~1.
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Fig. 6.5a. The triple-axis spectrometer is an extension of the DCS where an ana-
lyser crystal is inserted between the sample and the detector, b 4 + 1 + 2 spectrom-
eter consisting of a 4-crystal Bartels monochromator for either (220) or (440) set-
ting, the sample and a two-crystal analyser [6.11], ¢ triple-axis diffractometer using
either 8 symmetric (022) reflections from Si (5” divergence beam AX/\ = 5.5-107%)
or two asymmetrically cut Si (022) channels (4 reflections; 12” divergence) [6.36]

b) Mapping of the reciprocal lattice space: in order to measure intensity con-
tour maps, keeping one of the Miller indices, e.g. 1 in the reciprocal lattice
fixed, and varying h by £Ah, k by £Ak, the instrument just described is
used in the following way: the third crystal (20) is scanned for a sequence
of different angular positions w of the sample. A two-dimensional intensity
map is thus obtained by measuring a number of w — 26 scans along the
vector qy[hkl] for a (hkl) reflection for different w offsets (w-scan direction:
perpendicular to qy[hkl]) (Fig. 6.6). In Fig. 6.6 the reciprocal space maps
thus obtained are shown. The conversion of a peak intensity position (w,
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®-20 q;

hkl ¢

qy

Fig. 6.6. Scans in reciprocal space for two different reciprocal lattice points hkl
and h*k*[*

20) in reciprocal space coordinates is given by [6.43,6.44]:

qL = ; sin © cos(w — O) (6.6)
2 . :
g) = 5 sin Osin(w — O) (6.7)

For the investigation of epilayers, the substrate reflections are used as
an internal standard because the absolute values of the angular scale of
the diffractometer are unknown. The vector components g, and g refer
to directions perpendicular and parallel to the growth plane. The region
which is accessible in reciprocal space mappingdepends on the geometry
(reflection or transmission), on the wavelength used as well as on the
lattice constants of the epitaxial layer and the substrate. In Fig. 6.7 the
region indicated by “C” is accessible for Bragg reflection measurements
which is the most common case for the investigation of epitaxial layers.

For this example, for the layer the lattice constant of GaAs and the CuK,;
wavelength was used.

The instrument can be used to measure X-Ray reflectivity from the sur-
faces of semiconductors and amorphous materials and thus one can get
information on surface roughness and film thickness.

The triple-axis diffractometer allows Bragg plane tilts and dilatations to be
determined independently. Thus effects of wafer curvature and mosaicity
can be separated [6.6]. A triple-axis spectrometer is most useful for the
study of less perfect epitaxial layers and superlattices since, in this mode,
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(A)

[110] sample [110]

Fig. 6.7. Reciprocal space map showing accessible range for Bragg reflection mea-
surements. The radius of the outer semicircle is limited by the maximum diffrac-
tometer angle (20 ~ 160°). The two inner regions defined by the two semicircles
are not accessible in the Bragg case

not only scans as they are performed with double-crystal spectrometers
but also reciprocal lattice grids are measured. A combination consisting of
the 44142 or channel-cut arrangement (Fig. 6.5¢) offers the advantage of
a reduction of the background (due to fluorescence) and a signal-to-noise
ratio of 10°...10° is obtainable [6.45].

e) Diffuse scattering e.g. originating from distorted interfaces can easily be
separated from coherent Bragg scattering.

The disadvantage is the following: In comparison to a double-crystal spec-
trometer, the analyser crystals reduce the intensity and thus longer measure-
ment times result unless the irradiance is increased by using a rotating an-
ode source which provides an higher intensity. The adjustment procedure is
quite difficult [6.29] and detailed information on the spectrometer theory is
necessary. These difficulties can be avoided by the use of a double-crystal
spectrometer equipped with a Position-Sensitive Detector (PSD) [6.46-6.48],
placed on the 20 arm of that spectrometer (see Fig. 6.49).

Despite the fact that the sample is rotated in the conventional w-direction,
the PSD collects the scattered X-Rays simultaneously over a 26 range of 10°.
However, it does not integrate over that range but resolves the scattered
intensities with a resolution of 70 arcsec.
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The main advantage is the fact that during a normal w-scan using the
PSD, information on the scattered intensity in 26-direction is also obtained
without any increase in measurement time. A disadvantage results from the
reduced dynamic range of the PSD, which is smaller than that of a conven-
tional X-Ray counting system by about two orders of magnitude. Another
disadvantage is the relatively poor angular resolution, which causes artifacts
in the reciprocal space maps.

Thompson et al. [6.48] have shown that a DCD equipped with a PSD
directly yields a separation of mosaic structure from strain effects in rather
imperfect layer systems (zone-melt recrystallised silicon sandwiched between
Si0O; layers on Si). The data can be collected within the same amount of
time necessary for an ordinary rocking-curve analysis. Thus the combination
of a DCD with a PSD offers an alternative to the reciprocal space mapping
performed as outlined above.

Picraux et al. [6.12,6.49] have recently demonstrated that such an in-
strument is particularly useful for the investigation of strained layers SL’s.
Although the resolution is much poorer, especially for the 20-scan (A20 =
70 arcsec), and thus poorer than the resolution in Aw which is a few arc-
sec, intensity mapping of the reciprocal space is possible. This is done by
transforming A© and Aw into G| and G, using

_ 4msin(Op + AO)

G| = (G2 + Gﬁ)% :

(6.8)

Gy = tan(p — A0 + Aw) (6.9)
Gy

The advantage is a quicker determination of intensity contours at the expense
of resolution.

Intensity contour maps provide interesting information on the states of
strain of the epitaxial films, i.e. on asymmetries in the distribution of strains
and on mosaicity. In real space the resolution is mainly determined by the
dimensions of the source aperture. By using a DCD in combination with a
microfocus X-ray tube and a narrow detector slit Itoh et al. [6.50] were able
to analyze the mosaicity of GaN/(0001)-sapphire and GaAs/ZnSe films.

6.1.5 Renninger Scans

In a Renninger scan a crystal is rotated about the normal to a set of diffracting
planes while diffraction from those planes is measured [6.51]. The principle of
the technique is illustrated in Fig. 6.8. In such scans an intensity modulation
due to multiple-beam interaction is observed which has been evaluated e.g. for
accurate measurements of lattice constants and structure factors [6.52,6.53].
Recently this technique has been applied to characterise epitaxial ZnSe/GaAs
structures [6.54]. Morelhao et al. [6.55,6.56] used a hybrid multiple diffraction
in a Renninger scan to study the mosaic spread of a GaAs layer grown on
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Fig. 6.8a. Renninger scan geometry for detection of modulation of diffracted in-
tensity from substrate lattice planes (Q) due to diffraction within the epilayer a;
and by [6.54], b Geometry for hybrid multiple diffraction in Renninger scans of
layer (L) on substrate (S) epitaxial systems [6.55]

a Si substrate. Hybrid diffractions occur when the beam first diffracted by
a substrate or layer plane is rescattered by another substrate or layer plane
towards the detector. These type of measurements are evaluated with the aid
of Kossel diagrams (see e.g. [6.57]).

6.1.6 High-Resolution Multiple-Crystal Multiple-Reflection
Diffractometer (HRMCMRD)

One of the latest developments in HRXRD instrumentation is the HRM-
CMRD spectrometer (Fig. 6.5¢), which is in principle a 4 + 1 4+ 3 instrument
using a total of 8 reflections [6.58,6.9,6.10].

The principal setup is shown in Fig. 6.9. It combines the possibilities of
the four-crystal monochromators and a multiple-reflection analyser crystal
to perform reciprocal lattice scans as well as X-Ray topographs in the same
region of the sample.

Fewster has demonstrated that this diffractometer is particularly useful
for distinguishing between the residual strain and the mosaic spread in im-
perfect crystals and avoids misinterpretation of rocking-curves obtained with
DCD. As already discussed, the analyser crystal selects the angular range
of the diffracted beam reaching the detector. For the analyser a symmetric
(220) reflection from a perfect Ge crystal was used and the reduction of the
tail intensities in the analyser reflectivity profiles for a twofold and threefold
reflection were compared [6.25,6.59,6.58]. The benefits of this instrument are
the large dynamic intensity range (1count/s to 10°...10° counts/s) and the
size of the diffraction space probe (10”) which is very useful for diffraction
mapping in the reciprocal space. Further it avoids the so-called star pattern
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Fig.6.9. Upper panel: High-Resolution Multiple-Crystal Multiple-Reflection
Diffractometer (HRMCMRD) [6.59, 6.58]. Central panel: comparison of a (004)
diffraction profile for a mosaic GaAs crystal as obtained with the 4 + 1 diffractome-
ter (dashed line) and the HRMCMRD (solid line). Lower panel: similar comparison
for a (004) diffraction from a ZnSe-layer on GaAs (4 + 1) diffractometer (solid line)
and from an w — 26 scan obtained with the HRMCMRD (dotted line)

around the reciprocal lattice points found in three-crystal three-reflection
spectrometers caused by the transfer function [6.60].

In Fig. 6.9 the (4 + 1) and HRMCMRD results are compared for two dif-
ferent material systems: a GaAs substrate, exhibiting mosaicity and a ZnSe
epilayer on a GaAs substrate. Clearly, the application of the HRMCRD leads
to a tremendous reduction of the linewidth, but, due to third analyzer, re-
flected intensity is lost in comparison to the (4 + 1) instrument, and thus the
measuring time is increased.
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6.2 Kinematical and Dynamical Theory

For the investigation of epitaxial layers deposited on comparatively thick
substrates, the X-Ray diffraction is monitored in reflection geometry which is
called “Bragg-case”. The “Laue-case” denotes the measurement of diffracted
intensities in transmission which will be not further considered here.

There are two theories describing the scattering of X-Rays (and electrons,
neutrons) in crystals: the simpler kinematical and the dynamical theory. For
thick perfect crystals one needs the latter one developed by Darwin [6.61],
Ewald [6.62] and von Laue [6.63]. In this Darwin-Ewald-Laue theory for a
perfect crystal, an exact solution of the wave equation within the crystal is
attempted by expressing the wave field by Bloch functions with coefficients
which are invariant with respect to the space coordinates. The wave field
excited in the crystal can be expressed by a sum of two or more of these
wave fields with slightly different values of k;. As a result the incident and
diffracted waves show an amplitude and phase modulation (Pendellosung)
effect, first observed in the Laue-case by Kato and Lang [6.64] and in the
Bragg-case by Batterman and Hildebrandt [6.65]. The theory was modified by
Prins [6.66] for the case of absorption. A general description of the dynamical
theory can be found e.g. in the books of Zachariasen [6.67] and Pinsker [6.57].
With recent advances in epitaxial crystal growth technology nearly perfect
single crystalline films have become abundantly available and, therefore, the
necessity for applying dynamical theory for such systems arose taking into
account the finite thickness and interfacial boundaries.

If the interference conditions are fulfilled, a diffracted beam is produced
which leads to a weakening of the incoming wave, a process which is called
extinction. In this case, at each lattice plane, a part of the incident beam is
reflected so that the incident beam arriving at the next plane has a smaller
amplitude. Since with increasing depth from the crystal surface this process is
repeated many times, the incident beam is finally reduced to negligible ampli-
tude at a depth corresponding to the extinction length (6.22). The extinction
length in the case of strong interference depends on the angles of incidence
and of emergence of the X-Rays, the X-Ray wavelength, and the structure
factor as well as the Debye-Waller factor (Sect. 6.3). The extinction length
is typically a factor of ten smaller than the penetration depth due to normal
absorption caused by the photoelectric effect. It is of the order of 1...10 um
for the materials of interest [6.33].

Therefore only a layer with a thickness smaller than the extinction length
contributes to the diffracted intensity in the Bragg-case. The finite width of
this layer is the origin of the width of a Bragg diffraction peak along the
w — 26 scan direction (Darwin width) in dynamical theory. '

In the kinematical theory, the crystal potential is treated as a small per-
turbation (first Born approximation) which is adequate in cases when the
extinction length is large compared to the total thickness. It is also adequate
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for nonperfect (mosaic) crystals. In the kinematical theory the incident wave
with wavevector k remains unattenuated whereas the reflected wave with
wavevector k + G (G denotes a reciprocal lattice vector) is assumed to be
weak, but increases in intensity with increasing thickness (i.e. proportional to
the square of the thickness). Its application is thus limited to cases for which
the thickness is smaller than the extinction length. Moreover, for all calcu-
lations inside the crystals, the vacuum wavelength is used. This assumption
does not hold e.g. for precision measurements of lattice constants, where the
deviations of the refractive index from 1 (in the order of 1075 to 107°) have to
be taken into account. The possibility of multiple scattering, which becomes
important in highly perfect crystals of large coherency distances, is neglected.

An alternative description applicable to crystals with small distortions
was first given by Takagi [6.68,6.69] and later by Taupin [6.70]. The Takagi-
Taupin formalism is the one which is used nowadays almost exclusively for
the calculation of dynamic scattering effects in high resolution X-Ray diffrac-
tion. The wave excited in the crystal is expressed by a single sum, but the
coefficients are considered as a slowly varying function of depth position in-
stead of being constant as would be in the case of kinematical theory. In the
two-beam approximation the change of the amplitude of the incident wave
D; and scattered wave D, with the depth z into the crystal are given by the
Takagi-Taupin equations:

- >")Is aDs = wiDs + CwsDz - ast (610)
™ 0z

iV 0Di _ g 4 cw,D, (6.11)
T 0z

with the notations a,(w) = —2M\(O — Op)/(dnw) and ¥; 3 = —ArFy/nV,
re being the electron radius, F;, are the complex structure factors, and V
is the volume of the unit cell. 7; and s are the direction cosines of the
incident and scattered beams with respect to the internal surface normal. i,
s denote a certain reflection (hkl) and consequently F5 is the structure factor
for (h k 1). C denotes the polarisation factor (C' = 1 for o-polarisation and

C = |cos20p| for m-polarisation). Combining these two equations for the
Bragg-case a differential equation for the amplitude ratio D/ D; results:
dX
—i——=X?—2nX +1 6.12
-5 nX + (6.12)

where X, n, T are complex quantities given by

[F
X = s
F

¥s
i

D
= 6.13
D; ( )
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. —b(© — Op)sin20p — LI'Fy(1 - b) (6.14)
JiblcrvEF;

VAR A

(6.15)

where I' = 1,02 /mV , b = 7;/,. d is the crystal thickness, and Fj the structure
factor for (000). The departure from the Bragg angle ©p determines the
deviation parameter 7. The solution of the differential equation is given by

S+ S
Xd:n+\/n2—1—§t—sz (6.16)

where

Sio = (Xo —nE4/n? - 1) exp (¢iT n? — 1) (6.17)

For layefed structures the recursion X, usually starts with the infinite
thick substrate (d — oo) [6.71]:

Xoo = n —sign(Re(n))/n? — 1 (6.18)

The reflectivity R, is finally given by

D,

' lDi

The rocking-curve of the sample is determined by the reflectivity R, as a
function of the deviation parameter 7.

Recently, on highly strained superlattices small discrepancies between the

experimental and theoretical angular positions of higher-order satellite peaks

have been observed using the conventional deviation parameter (6.14) in the

Takagi-Taupin equations [6.72,6.74,6.73]. One reason was assumed to be the
linear approximation

2
Fs 2
R, — =23 |Xx 6.19

¥s
Yi

sin@ —sin@p = (O — Op) cosOp (6.20)

for the conventional deviation parameter. Indeed, for symmetric reflec-
tions a higher-order approximation gives the correct Bragg positions for the
superlattice peaks [6.73,6.74]. For asymmetric reflections, however, only a new
deviation parameter based on the solution of the dynamical equations for the
amplitudes of the electric field in the crystal gives the correct result. Unlike
the conventional solution, the new deviation parameter takes into account the
scattering geometry before reducing the dispersion relation of 4th degree to
second degree in the wavevector [6.75]. Thus a deviatiation parameter results
which describes all scattering geometries correctly.
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In order to illustrate the influence of the different orientations on the
shape of the reflectivity as a function of w in Fig. 6.10, we compare the
reflectivity curve for a (333) Bragg diffraction with that of a (115) crystal
diffraction. Since for both Bragg diffractions h? + k? + 12 = 27 the only
difference are their anisotropy factors b (6.2).

Especially, in the case of thin films Pendellésung fringes are caused by the
interference of the wave fields. These fringes will be further modulated if two
or more layers with different lattice parameters scatter the X-Rays. Then the
wave fields originating from the single layers interfere as well and affect the
Pendellosung fringes. Consequently, the interference phenomena in multilay-
ers are extremely useful for the investigation of structural properties even of
ultrathin layers (buried layers of monolayer thickness and heterointerfaces).

Recently, Chen and Bhattacharya [6.76] have shown that the Darwin-
Prins formulation [6.77] of the dynamical X-Ray scattering is equivalent to the
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Fig. 6.10. Calculated reflectivity curves for o-polarised CuK,; radiation of (111)
oriented Ge for symmetric (333) and asymmetric (115) and (115) glancing inci-
dence and glancing exit reflections (see Fig. 6.17). The latter ones demonstrate the
influence of the asymmetry factor on the FWHM. o-polarised radiation is the rel-
evant one in most experiments. For 7-polarised radiation the peak shape appears
nearly symmetric around a central maximum [6.86]
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Takagi-Taupin approach under the assumption that the crystal is a continu-
ous medium. The computer programs nowadays available for fitting diffraction
data of epitaxial films and an arbitrary number of epitaxial layers (even with
different lattice parameters as a function of depth) are based on the Takagi-
Taupin formalism. Sometimes further simplifying assumptions are made in
so called “semi-kinematical theories”. The original formulation is due to Pe-
trashen [6.78,6.79] for distorted crystals. Tapfer and Ploog [6.80,6.81] have
further developed this method for obtaining precise information on chemical
composition, thickness, strain profile, and interface quality of heterostructures
and multilayers. A first iteration of Taupin’s equations for the amplitude ra-
tio of the incident and diffracted waves k; and k; is used. This approach
is valid if the thickness of the deformed layers is small compared with the
extinction length. The main advantage of this procedure is the reduction of
computation time for the simulation of diffraction curves. In the spirit of
this “semi-kinematical” approach, the thin epitaxial film is treated kinemat-
ically whereas for the thick substrate a dynamical calculation is performed.
Originally, for epitaxial layers, superlattices [6.82—-6.84] and ion-implanted
semiconductors [6.85] the kinematical model was quite successfully applied
in analysing the measured rocking-curves. In [6.3], the kinematical method
is described in detail and the limits of its applicability are discussed. Bartels
et al. [6.71] have used the criterion that the observed peak reflectivities must
be less than about 10% to 6% in order that the kinematical theory can be
applied. Therefore, close to the i = 0 central peak of a superlattice or close to
the substrate peak, an intensity analysis based on the kinematical approach
may yield improper results. In recent years it was observed that there are
small but important discrepancies in the Bragg peak position of a thin epi-
layer or the zeroth order superlattice peak in the results from the kinematical
and the dynamical models [6.8,6.87-6.89).

These discrepancies are very important for practical applications since
from the angular distance of the Bragg peaks of the epilayer and that of the
substrate lattice strain and changes in chemical composition are deduced. It
was shown that in most cases a combination of kinematical theory for the
layers and dynamical theory for the substrate can be used for the simula-
tion of rocking-curves of the thin layer samples. However, an important point
is the matching condition for the phases at the layer to substrate boundary.
According to Wie and Kim [6.90] matching conditions for the amplitudes (dy-
namical amplitude for the substrate, kinematical amplitude for the epitaxial
layer = Amplitude Boundary Conditions (ABC)) have to be used instead of
the previously taken Intensity Boundary Conditions (IBC). Even with this
recent improvement, it can be dangerous to use the previously accepted rule
(e.g. [6.71,6.3]) according to which for epitaxial films with less than 10% X-
Ray reflectivity power, the full dynamical and the kinematical calculations
yield identical results. Kim and Wie [6.90] have made a comparison of calcu-
lated X-Ray scattering results for AlGaAs/GaAs, GalnAs/InP heterostruc-
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tures and a superlattice sample AlGaAs/GaAs using the semikinematical and
a full dynamical calculation. Both the Bragg peak profile and the peak posi-
tions agree for both types of models using the amplitude boundary condition,
if e.g. a layer sequence CAC of AlGaAs (C)/GalnAs (A)/AlGaAs (C) is de-
posited on a GaAs substrate. However, in the case where one of the layers
is identical in chemical composition to the substrate (e.g. GaAs (B)/GaAlAs
(A)/ GaAs substrate (B)), a semi-kinematical model is no longer adequate
because the substrate peak (B) is calculated dynamically and a layer peak
(also B, of the same chemical composition) is treated kinematically. Thus, in
general, nowadays the dynamical theory should be applied.

Already in 1986, Macrander et al. [6.91] came to that conclusion and
performed simulations of graded layers, which have no discontinuity in lattice
constant at the interfaces. For such structures dynamical simulations are also
required. The authors employed a computational procedure for the simulation
of superlattice rocking-curves based on the Abeles’ matrix method [6.92]. This
method was originally developed for optics in the visible range (see Chapter
on FIR spectroscopy).

In another method, used by Tapfer et al. [6.93], a recurrence formalism
is used to calculate the diffraction pattern based on the work by Vardanyan
et al. [6.94]. This is also a dynamical diffraction theory for (layered) crystals
of arbitrary thicknesses which takes into account multiple reflection and the
interference of the wave fields from the various layers and from the substrate,
including the exact boundary conditions at the heterointerfaces and includ-
ing lattice strain as well. (Also in the Takagi-Taupin formalism the effects
of strain can be taken into account). Tapfer et al. [6.88,6.93] have recently
extended the theory by Varadanyan et al. [6.94] for very small glancing an-
gles where the refraction effect cannot be neglected. In strongly mismatched
heterostructure systems, the crystalline quality can be poor and even mosaic
structured. In such a case (e.g. CdTe/GaAs, GaAs/Si) diffraction within one
mosaic crystal is independent from the adjacent ones and the kinematical
approach is well suited. A further approach due to Wie and Kim [6.95,6.90]
starts with the Takagi-Taupin equations, but solves the dynamical recursive
formulae in the Bragg-case with the use of a matrix formalism which is par-
ticularly convenient for large period superlattices since then the algorithm is
faster than the recursive formula approach.

Very recently the Darwin theory of dynamical diffraction was extended
by Caticha for the symmetric Bragg case [6.96] to include the regions between
Bragg peaks as well as situations of grazing and normal angles of incidence.
In the modified theory the diffracting crystal is built up of N plates, the
surface of which are normal to the z direction. The layers of thickness d are
separated by infinitesimal gaps. The electric field in each gap is treated as a
superposition of an incident and reflected plane wave, thus an involved many-
beam dynamical diffraction calculation reduces to a two-beam calculation. It
is shown that the theory reproduces the two-beam Laue dynamical theory in
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the vicinity of the Bragg peaks and the reflectivities between the Bragg peaks
in agreement with the kinematical theory, which was exclusively used in this
angular range so far.

6.3 Thickness Dependence of Bragg Reflections
from Thin Films

Both intensity and Full Width of Half Maximum (FWHM) of Bragg reflec-
tions strongly depend on the thickness of the measured crystal. This depen-
dence is caused by different effects: due to the photoeffect the penetrating
X-Ray intensity is always weakened, independently of Bragg condition. This
process is described by an exponential law. The absorption depth dgy is de-
fined as the thickness of a layer that reduces the intensity by a factor of e:

)

where p is the linear absorption coefficient and +; s are the direction cosines
as defined in (6.2). The absorption depth is of the order < 100 um.

As already discussed in the previous Chapter, in case interference condi-
tions are fulfilled, the intensity is additionally weakened due to the production
of diffracted beams. This process is called primary extinction and is described
by the extinction length dgy

Vv |'7i "Ysl

dex =
i T F|

(6.22)
where F; contains only contributions of the real part of the structure factors.
The extinction depth is of the order of < 10um. Apart from the primary
extinction there is secondary one, which is important in X-ray diffraction
from polycrystalline materials or powders [6.97]. It results from the fact that
a certain grain within the sample is illuminated by a smaller intensity, if a
grain which differs in orientation is situated above oriented, scatters in Bragg
condition. The reflectivity of InP epitaxial layers is shown in Fig. 6.11 as a
function of layer thickness taking only extinction into account.

Thus, even without absorption, X-Rays penetrate only several thousand
atomic layers into a single-crystalline film. This leads to the finite broadening
of the reflected X-Ray intensity since just a finite number of scattering centres
contributes:

212X,

FWHM =
Tdext SN 205

(6.23)
In Fig. 6.12 the reflectivity of thin InP crystals including absorption is shown.

The reflected X-Ray intensity is thus determined both by primary ex-
tinction as well as by absorption. The FWHM of a rocking-curve is generally
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Fig. 6.11. Reflectivity versus layer thickness of an (001) oriented InP epitaxial
layer for different Bragg reflections. Absorption assumed to be zero. dexi: extinction
depth [6.33]
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Fig.6.12. As Fig. 6.11 but taking absorption and extinction into account [6.33]

taken as a measure for the crystal quality. For perfect crystals with thicknesses
below the extinction length additional broadening occurs which increases with
decreasing thickness.Therefore the proper interpretation of a half-width ob-
tained from a thin film requires knowledge of the film thickness. It’s worth
mentioning that the FWHM of a certain Bragg peak is linked to the structure
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factor of the material. For a Bragg peak with high structure factor the num-
ber of contributing lattice planes is comparatively small and, consequently,
the FWHM is large.

With an incident angle corresponding to a reflection position (Bragg an-
gle), the extinction essentially determines the penetration depth of X-Rays
in the perfect crystal. For practical applications it is quite useful to have the
effects just described in mind. In Fig. 6.13 the FWHM versus film thickness
is plotted for CuK,; radiation and a Bragg angle 8 = 31.6° (InP, (004)).
Consequently, a comparison of the width of X-Ray intensities, even from the
same symmetric Bragg diffraction but from different films without specifying
the thicknesses, can only be performed if the thickness dependence of the
FWHM is taken into account.

In addition, broadening due to the experimental setup occurs. In an ex-
perimental setup the measured reflectivity I(w) as a function of w is the
autocorrelation of R(0):

[(w) ~ /_ Z R(O)R(6 — w) db (6.24)

where the (+n, —n) scattering geometry is assumed and the two crystals are
exactly parallel. Thus I(w) should be a symmetric function around w,. In a
detector not the ideal intensity distribution I(w) is recorded, but the intensity
resulting from a convolution of R(#) with a function depending on the special
experimental setup C(6, o, ®, AX) where o denotes the horizontal divergence
(—aum, +am: few degrees) and @ the vertical divergence (—®,,, +®P,, such that
sin &,, =~ &,,,) [6.26]. Due to those influences, I(w) is in practice broader than
R(0).

Besides these broadening effects, reflectivity measurements of thin films
exhibit Pendellésung fringes originating from the fact that the diffracted in-
tensity oscillates periodically with thickness. The intensity modulation of the

200 T T v T
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O~o.
‘°~°'°“°~O~o-o.o_ o §

0 03 06 09 12 15
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Fig. 6.13. FWHM of the (004) reflection of InP versus layer thickness for CuKgq
radiation [6.98]
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Fig. 6.14. Calculated rocking-curves for InP (004) Bragg reflection for three dif-
ferent thicknesses for CuK,; radiation [6.86)

reflected waves critically depends on the boundary planes of the crystalline
film and its homogeneity. According to Bartels [6.33] for thin films with a
thickness D small compared to the extinction thickness dey (neglecting ab-
sorption) the FWHM is:

A Vs
D -sin26
The oscillation period of the reflected intensity is directly connected with

the thickness as shown in Fig. 6.14 for a (004) diffraction of (001) oriented
InP crystals.

FWHM = (6.25)

6.4 Strain Phenomena

Until now only free-standing films have been discussed. In practice epitaxially
grown heterostructures have to be analysed. Information about the compo-
sition of alloy semiconductor layers, its gradients and its state of strain is
required. In the case of large strain values a tilt of the layer planes relatively
to the substrate can occur which has to be distinguished from similar effects
for layers grown on misoriented substrates.
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6.4.1 Strains in Epitaxial Layers

For about 20 years strains in epitaxial layers have been studied by various
X-Ray methods. The lattice constant of a thin film which grows coherently
on a single-crystalline substrate is modified parallel to the growth direction.
Due to strain the crystallographic properties of single crystal films become
anisotropic and the measured X-Ray diffraction phenomena have to be anal-
ysed in order to deduce the lattice parameters and the reduction of symmetry
due to strain (Fig. 6.15). It is assumed that the film is much thinner than the
substrate and that therefore the substrate remains unstrained [6.99].

In most cases the growth direction is a [001] direction, sometimes also
an [111] or an [110] direction is chosen. By X-Ray measurements information
is obtained on the strains which are related to the stresses in a cartesian
coordinate system by the following equation (for cubic symmetry) [6.100]

Ozx Cn Cip Cpg : : : €z

Oyy Ciz Cu Ci2 : : : €yy

Ozz — ClZ C'12 C'11 ° . ° €2z (6 26)
Oy . . . 044 . . €yz :
Ozz : : : : C44 ° €xz

Oy . . . . . C44 €y

where the Cj; are the stiffness coefficients. For growth along z-direction with
z, y in the plane of the film the stress tensor component o, is always zero

substrate

| =

— ' —-—

1

%

L_.S L s L_.S . L s
Q;=0g; 0y >0, Q=0g ; Q; <q,
a biaxial compressive b biaxial tensile

Fig. 6.15. Schematic illustration of the origin of biaxial compressive (a; > ag)
(a) and biaxial tensile strain (a, < ag) (b). The in-plane lattice constants remain
unchanged and the a lattice constants are either increased (compressive in plane
strain) or decreased (tensile in plane strain). Diagram corresponds to a tetragonal
distortion
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and thus
Oy = 0= Clgfmz + C]Qny + Cllezz (627)

This yields a relation between €., €;, and €, provided that the elastic
stiffnesses are known. Assuming a tetragonal distortion [6.101] the in-plane
lattice spacings along the z [100] and y [010] direction are that of the sub-
strate a3, whereas the lattice spacing along the growth direction is modified
(Fig. 6.16). In this case there exists a finite angle Ay between the [101] direc-
tions of the substrate and film. As can be seen from Fig. 6.16 for tetragonal
distortion Ay, = Ay, results.

The statements given above can be expressed in the following way: If
there are no forces in growth direction, then o,, = 0. For biaxial tension or
compression 0z, = 0y, and thus

Oy = C11€zz + Cmfzz + CIQny =0 (628)
Oz = Cllfzz + Cl26yy + Cl2ezz (629)
Oyy = Cnfzz + CUny + Clgﬁzz (630)

and thus it follows €z, = €,,. Therefore in the strained case the lattice con-
stants of the film in z and y direction are:

Uy = ay = q (6.31)

For tetragonal distortion and pseudomorphic growth the face diagonals in the
zy-plane [110] and [110] are of the same length. The components of the strain
tensor are given by:

S L
an — Q,
0 0
€z = €y = ———2 (6.32)
ag
(o1t
wZ
z
GL
! A {1015
di
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a3
d&kl
f——— ug
(3 Dy,

Fig. 6.16. Definition of angles in tetragonal distortion: for layer L on substrate S



6.4 Strain Phenomena, 313

and

L L

€y = 20 (6.33)

g

where af is equivalent to a,. It is important to note that in the X-Ray
investigation of thin epitaxial films on comparatively thick substrates usually
no absolute measurements of the lattice parameters of both the film and
the substrate are made but that the measurements are made relative to the
substrate.

Therefore, apart from the conventional definition of the components of the
strain tensor, following the work of Hornstra and Bartels [6.102] it has become
convenient to define an X-Ray strain which compares lattice constants in the
strained film with that of the unstrained substrate (parallel means within the
surface plane, perpendicular means along the surface normal, i.e. along the

growth direction):

L S
L a —d
L _ .S
ek = fua_s% (6.35)
0

Using (6.32) these X-Ray strains €” of the films are related to the actual strain
in the epitaxial layer €y, which would be measured relative to an unstrained
epitaxial film, by the following equation:

s
— (& G _
er = (" +1) al 1 (6.36)
where af is the lattice constant of the unstrained layer. e; and e',L are related

to each other via the elastic constants of the epitaxial layer (for [001] oriented
samples):

2C12\ ak —as 2C
ek — (1 + 12) 00 _ 2t 6.37
+ Cu ag Cn I ( )

(note: the relation for the X-ray strains is different from that for the actual
strain €r)

2012 “
———€

1
€L = L
Cll

(6.38)

Using symmetric X-Ray diffraction, information on al is obtained. From
(6.37) the unstrained lattice constant of the layer which is important for de-
termining e.g. the composition of alloys is then given by the following relation:

Cn
ok

— L_ S s
N ToM (az ao) + ag (6.39)
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(Here the contribution resulting from eﬁ‘ is zero). For growth direction along
[111] and [110] similar relations are given by Segmiiller and Murakami [6.99],
Ortner [6.103] and Anastassakis [6.104].

Only in the case of pseudomorphic growth and a simple heterolayer suf-
ficient information can be extracted from the symmetric X-Ray diffraction
alone. Usually the growth of heterolayers changes from pseudomorphic to
non-pseudomorphic beyond a certain critical thickness, and partial strain re-
laxation occurs. Therefore aff # a§. In order to determine the state of strain,
in addition to symmetric reflections, asymmetric ones are needed: the defini-
tion of angles for such an asymmetric situation is given in Fig. 6.17.

In the rocking-curve the angular difference Aw between the Bragg diffrac-
tions (hkl) of the layer and the substrate is due to two components:

Abp = 035 — 0% (6.40)
and
Ap = o° — o* (6.41)

The angular separation between the diffraction peaks is either Afp + Ap or
Afp — Ay in reflection geometry A or B, respectively. Thus:

Awy = Abp + Agp (6.42)
AUJB = AQB - Atp (643)

According to Bartels [6.33] the difference Afp which corresponds to the dif-
ferences in lattice spacing and Ay which determines the difference in lattice
plane orientation is used to calculate (Aa/a), and (Aa/a)

(%)l — Aptan g — ABg cot 05 (6.44)

(%ﬁ) | = —Apcot p — Abpcot bp (6.45)
where

b = 65 — b — %(Aw,; + Awp) (6.46)

Ap = p° — b = %(AwA — Awp) (6.47)

The Egs. (6.44, 6.45) are approximations for small Af and Ap. For large
strains the errors in (Aa/a), and (Aa/a)| are of the order of several percent.
In order to determine Afp and Ay independently of each other, measure-
ments in the geometries A and B have to be performed.
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Fig. 6.17. Definition of diffraction geometry for asymmetric Bragg diffraction.
©: angle between plane (hkl) and sample surface, 6p: Bragg angle. With the help
of reflection geometries A (“high incidence”) and B (“low incidence”) strain, tilt
and terracing measurements are performed

In order to confirm whether an epitaxial film on a (001) surface is tetrago-
nally distorted, several asymmetric Bragg reflections have to be measured, e.g.
those belonging to a [110] zone. Meyerheim [6.98] used a GaAs/Gag4AlggAs
structure and investigated the asymmetric (117), (115), (112), (335) and (444)
diffraction and the symmetric (004) diffraction. From the latter the value of
(Aa/a), was determined using (6.44).

The differentiated Bragg equation

(g) _ Aws + Awp
lth

d 2tan euh (648)

yields the value of the distortion normal to the lattice plane (Ilh). The fol-
lowing relations hold [6.102]:

(—A_?TLZ)_L = cos y sin @ (6.49)
(Ad/d)un _ 5
m% = cos” (6.50)

In Fig. 6.18 the measured values of these expressions are plotted vs. ¢
and compared with the trigonometric functions. The agreement between the
measured and calculated values proves the validity of the models for the
tetragonal distortion in this case.

There remains a further problem: namely whether or not under certain
conditions a more general distortion, e.g. a monoclinic, triclinic or orthorhom-
bic one, can be observed. In the case of anisotropic and inhomogeneous strain
relaxation of In,Ga,_,As/GaAs structures Grundmann et al. [6.105] and Gi-
annini et al. [6.106] have suggested such a distortion. Such a deformation
would lead to non-equivalent angles Agp; # Ap, (Fig. 6.19).
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Fig. 6.18. Determination of elastic tetragonal distortion for a GaAs / GagaAlpeAs
heterostructure. Measurement quantities are Ag and Ad/dpg: upper half:
cos g sin (= Ap/(Ad/d)) versus . lower half: cos? p(= ((Ad/d)rr1)/(Ad/d)) ver-
sus ¢ for 5 Bragg diffractions where Ad/d denotes the misfit to the direction of the
surface normal [6.98]

B
l layer
substrate
Fig. 6.19. Ilustration of monoclinic distor-
2o, tion of cubic layer with respect to the sub-

L34 strate. In contrast to tetragonal distortion in

" Fig. 6.15 angles Ap; # Apy

For the AlyGagsAs/GaAs structures the equivalence Ap, = Ag; of
which was checked by measurement of the (115) and (115) Bragg reflection
as shown in Fig. 6.20 for the A and B geometries. Since the experimental
result of Fig. 6.20 proves that:

(Awg — Awp)y — (Awag — Awp)a = Ay — Apy, =0 (6.51)
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Fig. 6.20. Method for confirming the tetragonal distortion using (115) and (115)
Bragg reflections in scattering geometries A and B (Fig. 6.17), [6.98]

the distortion is tetragonal in this case. The monoclinic angle 3 is given after
Bartels and Nijman [6.109] by
_Adp1— 4y, 1

_Z 6.52
sin? 2 (6.52)

B
Meyerheim [6.98] has suggested that, based on the symmetry of a (001) plane
which is Dy,, no monoclinic distortion is possible. However, for planes which
have no higher symmetry than C, or Cs [like a (211) plane] it can occur and
therefore also for other vicinal surface planes.

In many cases the strains in epitaxial layers are of the order of 10~ to
10~2. However, high resolution X-Ray techniques are capable of determining
even much smaller strain values, as low as 107°. Segmiiller [6.4] has reported
the observation of changes in the lattice strain in AlGaAs layers heavily doped
with Sn grown on a GaAs substrate due to the emission of electrons from
deep level (DX-) centres upon illumination. The angular distance between
high and low conductivity state changed by A8 = —0.0010° £ 0.0003° for
the (400) reflection using a Cu K,; radiation from a spot focus 1 * 1 mm?.
The measurements were performed with a triple-axis spectrometer at low
temperatures (15 K) and the strain normal to the surface was deduced which
corresponded to a change of lattice parameter a of Aa/a = +(14 £+ 4) - 1075.

The lattice strain results from the population of the conduction band with
electrons ejected from the DX centers (lattice expansion due to conduction
band filling), with a concentration of about 1.5 - 10¥ cm™2 and partly from
the strain contribution from the emptied DX centres.

This beautiful example shows the standard of high resolution X-Ray
diffraction which has been achieved nowadays.
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6.4.2 Partial Relaxation of Strain

With increasing layer thickness the elastic energy increases. Beyond a critical
value misfit dislocations are formed and the strain is partly relieved [6.110-
6.112). In such a case, for [001] growth direction, the lattice parameters of the
layer are still such that a, = a, but different from the substrate.

We define a parameter 6

a|’|“ — a3
T (6.53)

S =

as a quantity measuring the partial strain relief. For complete strain relaxation

aff = af holds, where ag is the unstrained lattice parameter of the layer
material.
In order to determine af in such a case [for (001) growth] we use
Cu
& [al — af] +ajf (6.54)

al = —————
07 O+ 20,

which corresponds to (6.39). The measurement thus proceeds like in the pseu-
domorphic case using asymmetrical Bragg reflections in A and B geometry
as described above.

Partial strain relief leads to a graded strain profile. If reciprocal lattice
scans can be performed, then the determination of the lattice constants of
epitaxials layers irrespective of their strain status is straightforward as shown
in the following. We consider for simplicity the growth of an epilayer along the
[001] direction on a (001) substrate and assume that a; (bulk) is larger than
as and that the layer growth is pseudomorphic. The in-plane lattice constant
of the layer is identical to that of the substrate and a tetragonal distortion
occurs (Fig. 6.21).

In the partially relaxed situation (Fig. 6.21 central part) the in-plane
lattice constant of the layer is larger that of the substrate but there is still

ch Q a

fully strained partially strained fully relaxed

Fig. 6.21. Scheme of different strain status for an epilayer on a substrate
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Fig. 6.22. Scheme of different strain status for an epilayer on a substrate in the
reciprocal lattice

a tetragonal distortion whereas in the fully relaxed case the layer is cubic
with its bulk lattice constant ar different from as. In the reciprocal lattice in
Fig. 6.22 the situation for pseudomorphic growth (fully strained) and for the
case of full relaxation (lower part) are shown.

Since for pseudomorphic growth the in-plane lattice constants are identi-
cal, the tetragonal distortion of the layer becomes apparent from the relative
positions of the layer reciprocal lattice point maxima with respect to those of
the substrate. In this special cross section through the reciprocal lattice, the
lattice constant of the layer along growth direction is larger than its equilib-
rium bulk value and larger than that of the substrate. For the fully relaxed
case, the layer has regained its cubic structure and consequently any given
direction within the substrate is parallel to the corresponding one within the
layer as shown in the lower part of Fig. 6.22. In Fig. 6.23 we demonstrate
how reciprocal space maps can be used to determine independently of each
other the in-plane (a;) and perpendicular lattice constants (a,) of an epitax-
ial layer without any knowledge of the elastic constants. As an example we
use Si;_,Ge, on (001) Si substrate.

For pseudomorphic layer growth the symmetrical (002) and asymmet-
rical (202) reciprocal lattice points of the SiGe layer are situated below,
i.e. along the [001] direction, the corresponding ones of the Si substrate

(a”(Si) = q(SiGe), a, (SiGe) > al(Si)). If the relaxation process starts, the
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Fig. 6.23. Evaluation of lattice constants for Si;_;Ge; on Si(001) without any
knowledge of elastic constants

SiGe reciprocal lattice points move from the positions marked “1” to the po-
sitions “2”. In the fully relaxed case, the Si;_,Ge, REciprocal Lattice Points
(RELP’s) are at positions “3” (the [202] directions in the Si substrate and the
SiGe epilayer are parallel to each other and therefore the (202) RELP of the
Si;_,Ge, layer lies on the line connecting the center (000) of the reciprocal
lattice and the (202) RELP of the Si substrate). Finally, the reciprocal maps
are ideal for detecting any crystallographic layer tilt. Using a map around
a symmetrical reflection one immediately recognizes whether the layer (00n)
RELP is situated on the line connecting the (000) origin with the substrate
(00n) peak. If this is not the case (as shown in Fig. 6.24) the tilt angle is
immediately apparent. Consequently, reciprocal space maps offer appreciable
advantage for the identification of the strain status as well as of a possible
tilt of epitaxial layers.
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Fig. 6.24. Scheme for evaluation of tilt angle between epilayer and substrate by
reciprocal lattice scans :
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6.5 Rocking-Curves from Heterostructures

As has been shown above in a rocking-curve from a single heterostructure, two
peaks appear since the lattice constant of substrate and layer are normally
different. Even if the film has the same crystalline perfection as the substrate,
its diffraction peak is much broader due to the finite thickness effect discussed
above. The angular distance Aw between the two peaks yields direct infor-
mation on chemical composition in the case of alloy semiconductors.

6.5.1 Single Heterostructures

In Fig. 6.25.a sequence of calculated diffraction patterns of AlGaAs/GaAs
structures is shown for two Al contents (10% and 20%) and two different
AlGaAs thicknesses (d = 2 um and d = 1 um). For the thinner AlGaAs layer
the finite thickness fringes are clearly visible, as well as the shift of the Al1GaAs
peak due to the different chemical composition. The interpretation of X-Ray
scattering from more than one epitaxial layer has usually to be based on a
careful analysis, because the amplitudes of the scattered waves interfere with
each other and produce complicated patterns (Fig. 6.25 lower right corner).
However, it should be pointed out that for layers with thicknesses below
about 1 um, the X-Ray diffraction method for a simultaneous determination
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Fig. 6.25. Calculated diffraction pattern for AlGaAs layers of different composi-
tions and thicknesses on a GaAs substrate. The lattice mismatch and finite thick-
ness are reflected in a broadening of the main peaks and the appearance of inter-
ference fringes at characteristic positions
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of alloy composition and mismatch based on the measurement of separation of
diffraction peaks in the high resolution diffractograms has to be handled with
care. Fewster and Curling [6.87] have reported the occurrence of a considerable
peak shifting for identical mismatch between layer and substrate but different
thicknesses. As the layer thickness is reduced, the layer peak shifts towards the
substrate peak. Fewster and Curling [6.87] have shown that the observed peak
shifts can be simulated within the solution of the Takagi-Taupin equations,
but not within the kinematical approach.

This effect occurs if the layer grows coherently on the substrate, i.e. for
comparatively low interfacial misfit dislocation density. As a numerical exam-
ple, Fewster and Curling have shown that for a 0.2 um layer of Ing 504Gag 476 As
on InP substrate a 10% error in mismatch would occur when derived from the
peak position. Consequently, care should be taken if the composition of sub-
micrometer layers has to be determined with an accuracy better than 10%.
A reliable determination of strain and knowledge of relaxation or measure-
ments of asymmetric Bragg reflections and alloy composition thus requires
the simulation of diffraction profiles.

Subtle phenomena can be deduced from the Pendellésung fringes of het-
erostructures as shown by Tapfer et al. [6.93]. In Fig. 6.26 three different
Bragg reflections a symmetrical (004), and two oblique ones (311) and (422)

100
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1073
-1 .
10 104 R \ . . ' N L
100
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£107?
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Fig. 6.26. Experimental (dotted line) and simulated (solid line) diffraction pattern
of the symmetrical (400) and the asymmetrical (311) and (422) diffraction patterns
of a 140 nm thick Si cap-layer deposited on 3 monolayers of Ge on Si(100) substrate.
All patterns were simulated with the same parameter set [6.93]
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are shown for a structure with a layer sequence: Si substrate, 3 monolayers
Ge (= 0.437nm), and on top a 140 nm thick Si layer. The Ge layers still grow
pseudomorphic since its thickness is below the critical one for the formation
of misfit dislocations. The Si substrate and the Si cap layer are separated by
the strained Ge layers. The origin of the oscillations observed in Fig. 6.26
is the following: because the strained lattice constant of the 3 Ge monolay-
ers in growth direction is different from the silicon one, the waves diffracted
from the Si cap layer are phase shifted with respect to those diffracted from
the Si substrate. The angular distance between two interference fringes is re-
lated to the cap layer thickness [6.93]. The observed spectra are compared
with calculated ones based on the dynamical diffraction theory. For the same
sample also asymmetric (311) and (422) diffraction patterns are shown in
order to determine unambiguously the strain status. The symmetrical (004)
reflection is sensitive to the lattice strain perpendicular to the layers while
the two asymmetrical ones are influenced both by the lattice strain paral-
lel and perpendicular to the layers. All three diffractograms were interpreted
with the same parameter set and indeed, for the parallel strain €¢,, = 0 was
found, which shows that the distortion of the three Ge monolayers along the
[001] direction is tetragonal. This example clearly demonstrates that the ex-
perimental data can only be understood on the basis of a rather elaborate
model calculation. On the other hand it demonstrates the sensitivity of X-Ray
diffraction for monolayer resolution.

6.5.2 Composition Gradients

Often the intensity oscillations accompanying the Bragg reflection of an epi-
taxial layer are asymmetrical. Such a behaviour always occurs if there are com-
position (or strain) gradients as assumed in Fig. 6.27. The calculated intensi-
ties are shown for a diffraction pattern from an one micron thick In,Ga;_,As
layer deposited on InP with x = 0.537 corresponding to a lattice mismatch
of Aa/a of +5-107*. Introducing a composition gradient the fringes become
strongly asymmetric with an enhancement of the fringes on the left hand side
of the peak. The In content was varied from 54.0% to 53.7% over the first
0.5 um and kept constant of the top 0.5 um. An experimental example of a
layer peak of 620 nm InGaAs on InP with a 1000 nm InP cap layer indicating
both the composition gradient from the layer and the cap is shown in Fig. 6.28.
A detailed discussion of these phenomena are given, e.g., in [6.113-6.116].

6.5.3 Characterisation of Epitaxial Layers Grown Tilted Relative
to the Substrates

Often, epitaxial layers are grown on off-oriented substrates, the surface normal
of which deviates from a low index crystallographic direction by as much as
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Fig. 6.27. Influence of composition gradient on reflectivity spectra. Full line: sim-
ulation of diffraction pattern of strained Ing 537Gag 4s3As (1 um) deposited on InP
(CuKq;, (004) diffraction). Finite thickness fringes are visible on both sides of the
InGaAs peak. Dotted line: influence of a composition gradient within the InGaAs
layer. Layer peak shape and fringe structure become asymmetric
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Fig. 6.28. Experimental diffraction pattern of a 620nm thick InGaAs layer de-
posited on InP with a 1pum thick InP cap layer. Finite thickness fringes yield
d = 620 nm, asymmetric increase of reflection profile on the low angle side of the
main diffraction peak indicates composition gradient [6.13]
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a few degrees. As a consequence the asymmetric geometry has to be taken
into account. On the other hand, epitaxial layers can also grow tilted with
respect to the substrate. In both cases the experimental rocking-curves are
similar and therefore difficult to distinguish. They can only be separated by
use of more advanced techniques such as reciprocal space mapping. Further
information on this topic is given in Sect. 6.7.

In Fig. 6.29 the diffraction pattern is shown of an Al,Ga;_,As layer with
z = 0.2, grown on GaAs with a 2 degree misorientation in the nearest [110]
direction. For diffraction conditions where the misorientation direction lies in
the diffraction plane towards the incident X-Ray beam the full line results,
whereas for the opposite orientation the dashed line would be observed. For
a symmetrical Bragg reflection the asymmetry and/or tilt is easily verified by
rotating the film around its surface normal: the diffraction feature exhibits a
periodic modulation of peak positions. Nagai [6.118,6.117] observed for the
first time in InGaAs/GaAs layers that the epitaxial orientation was inclined
relative to the substrate crystal.

He presented a model in which the tilt is a consequence of the surface
steps and of the lattice mismatch. In this model the miscut direction of the
substrate and the tilt direction of the epilayer are parallel to each other, the
misorientation angle between the (001) planes and the substrate surface being
a and the tilt angle between the substrate and epilayer planes 23 (Fig. 6.30).
If the relative lattice mismatch is Aa/a, then tan28 = tana - Aa/a (where
for small o, cosa = 1 was taken [6.119]). The effect of the misorientation

AlGaAs

Intensity

101 = .'.' -‘.
100 o
- H -
= 3 N
101C I 1 | ] |
-100 0 100
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Fig. 6.29. Influence of misoriented GaAs substrate (miscut: 2°) on Al,Ga;_zAs
diffraction pattern: full line: miscut direction lies towards the incident beam and
dashed line away from it. Analysis of the pattern yields two different z-values of
0.19 and 0.21 whereas the true value is 0.2
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Fig. 6.30. Nagai’s model for the growth of tilted layers on misoriented substrates;
a is the miscut angle, 23 the tilt angle between substrate and epilayer [6.119]

angle and the step-edge orientation on the diffraction pattern of GaAs/AlAs
superlattices has been studied by Auvray et al. [6.120] in order to evaluate
the interface quality of the superlattice. They found that the [110] step-edge
orientation yields the best interfaces.

The validity of Nagai‘s model was confirmed by Neumann et al. [6.121]
for the growth of GaAsSb/GaAs superlattices on GaAs, and by Auvray et
al. [6.119] for Al,Ga;_,As/GaAs heterostructures and for AlAs/GaAs super-
lattices. Pesek at al. [6.122,6.123] have recently studied among other systems
the epitaxial orientation of ZnSe with respect to a GaAs substrate and have
found that the tilt directions of the substrate and of the epilayer are not
parallel but that an azimuthal rotation exists between the directions of the
relative tilt and the substrate miscut. They concluded that Nagai‘s model is
only valid for small-misfit systems where the formation of misfit dislocations
is yet excluded.

In Fig. 6.31 the determination of the tilt from X-Ray data is reproduced
for ZnSe/GaAs as an example [6.122]. Similar effects are of importance in the

anisotropic strain relaxation of epilayer quantum well systems, e.g. [6.105,
6.124].

6.6 Multilayer Structures

In this Section the application of HRXRD to multilayers including Ewald
spheres constructions for the interpretation of DCD diffractograms and scans
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Fig. 6.31. Influence of tilted substrates on diffraction from epilayers. a Sketch of
scattering geometry for (001) surface with [110] miscut direction; miscut angle: a;
1 is the angle between the projection of incident X-Ray beam on the sample surface
and the miscut direction; w is the angle between X-Rays and sample surface for
the Bragg condition, b plot of w versus 1 exhibits periodic variation of w with
period of 360° and a modulation corresponding to 2« for ¥ = 180°, ¢ Relative tilt
w = wf, —wg from epilayer and substrate versus ¥ (upper part) and tilt of substrate
versus 1 (lower part) exhibit a phase difference Ay = 50° [6.122]

in reciprocal space is given. Interdiffusion of superlattices (SL’s), tilt, terrac-
ing, and mosaic spread are discussed.

6.6.1 Superlattices

Artificially structured multilayers have become an important class of new ma-
terials which offer within certain limits unique electronic, optical, magnetic
and mechanical properties. Along growth direction, usually two layers of dif-
ferent chemical composition are alternatively deposited. The one-dimensional
periodicity with period D is the origin of a one-dimensional periodic poten-
tial, which is superimposed on the three-dimensional crystal potential, the
period of which is determined by the lattice constants of the materials. For
all properties listed above the structural perfection of a multilayer system is
decisive. The X-Ray diffraction pattern of such a periodic structure consists
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of a series of satellite peaks accompanying the main zero-order diffraction
peak along the direction of chemical modulation. The period D is given by:
(Li — L;)A

D= (@) —sin@,) (6.55)

where L;, L; are diffraction order indices, sin(6;) and sin(6;) the correspond-
ing Bragg angles of the satellites L;, L;. (Note: The angular distance between
adjacent satellites peaks L;, L; need not be equidistant, an effect which be-
comes important for short period superlattices). Besides the position of the
main superlattice peak and of the satellites, their intensities and FWHMs
are experimentally accessible. These data provide in principle information
on thickness variations, composition and composition variations throughout
the multilayer structure, interface roughness and grading, interdiffusion, and
strains within the layers. We start with a perfect superlattice structure of a
finite total thickness and abrupt interfaces. We consider a periodic sequence
of layers of materials A and B with layer thicknesses d4 and dp, the period
D = ds+dg. The lattice parameters of the two materials along growth direc-
tion are a4 and ap. The structure consists of N periods as shown in Fig. 6.32.
A rectangular, i.e. abrupt profile of the layer sequences along growth direc-
tion is assumed. In order to illustrate the diffraction pattern in a simple way,
we use the fact that the real space and the reciprocal space are related to
each other via a Fourier transformation. For the intensities the kinematical
approximation is used.

In a one-dimensional approximation the period D is represented by a func-
tion f(z) which describes the periodic scattering centers by the atomic form
factors (which are different in materials A and B). In kinematical approxima-
tion the scattering intensity is proportional to the FF*(k) where F(k) is the
Fourier transform of f(z). f(z) is described as a sum of two functions f4(z)
and fg(z). In real space, these two functions are now presented as multiplica-
tions, convolutions and summations according to Fig. 6.32. The slit functions
with slits 2; and z, are multiplied with a Dirac comb (a4, ag) and are con-
voluted with é-function Dirac combs of separation D. The contribution from
the two components A and B are added and are finally multiplied with a
rectangular function (N - D).

The diffracted intensity is obtained by Fourier transformation of these
functions and given by [Fa(k) + Fg(k)]?, where F,, Fp are the Fourier trans-
forms of fa(z), fg(z). For sufficiently large difference between a4 and ap a
diffraction pattern results which is shown in Fig. 6.32.

The main SL maxima appear close to 2m/as and 27/ap accompanied
by satellites, the width of which is given by (47/N - D). The separation
between two subsequent maxima is given by 27/D and the width of the
envelope function depends on 47/d4 and 4w /dg; ne denotes the diffraction
order [6.125]. The angular position of the zeroth order superlattice peak in
such a strained-layer situation corresponds to a lattice constant determined
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by (diaa+dsag)/(d1 +d2) where d; and dy are the layer thicknesses of mate-
rials A and B in one period and a4, ap represent lattice constants in growth
direction. Of course, the zero-order SL peak must not be the one with the
highest intensity. For growth along [100] direction, and tetragonal distor-
tion Nakashima [6.126] has derived a procedure for finding its position (see
also [6.127]): For the (h00) oriented substrate the angular distance from a
SLS peak to the substrate peak is plotted vs. h? for several reflections (hkl).
Only the zero-order peak shows a straight line through the origin.

An experimental example for this situation is shown in Fig. 6.33. It shows
a w — 26@-scan of the (004) Bragg diffraction of a Si/SiGe superlattice grown
on a SiGe buffer (z = 0.25) of 2000 A thickness on top of a (001) oriented Si
wafer. These data illustrate the structures which are expected in a strained
layer superlattice. The lattice constant mismatch between Si and Sig5Gegs
is about 2%. Since the Si content of the buffer is 25%, the Si layers of the
SL and the SiGe layers are strained symmetrically: the Si layers are under
biaxial tension and the SiGe layers under biaxial compression. Both the Si-
layers of the superlattice and the SiGe layers give rise to their own sub-satellite
structures. The indexing in this Figure should not be confused with that of
the entire superlattice stack, i.e. the actual zero order peak in the sense of
the above discussion appears at an angle of about 68.790°.

5
10 substrate
104
- SiGe-sublattice
n buffer )
w 10? 0 l Si-sublattice SiCe-buffer
< |
o 0
2 1 !
oo ]
S +2
10
10° T T r T T T T T
66 67 68 69 70 " 72 73
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Fig. 6.33. Si/SiGe SL deposited on a SiGe buffer (D = 2704, dg4 = 1354,
dp = 135 A), 10 periods. Main peak corresponds to the Si substrate, the buffer
peak is due to the SiGe alloy and 2 SL systems, one compressive (biaxially) strained
SiGe sublattice and one tensile strained Si sublattice of the superlattice, taken in
a w — 20 scan
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This Si/SiGe superlattice is an example for a non-perfect strained-multi-
layer structure with quite a limited number of satellite peaks observable (see
Sect. 6.6.4).

As shown in Sect. 6.5.1 also the rocking-curves of simple heterostructures
exhibit fringes corresponding the layer thicknesses involved. Macrander et
al. [6.167] applied Fourier transformation for extracting the thicknesses of a
InP/InGaAsP/InP double heterostructure.

At this point we would like to emphasize the importance of the X-Ray
optics used for the evaluation of full width of half maxima of diffracted X-
Ray peaks, since such quantities are quite often used as a first indication of
the structural quality of epitaxial layers and superlattices. In the following
we compare two w — 20 scans of a PbTe/EuTe superlattice grown on BaF,
substrate along the [111] direction, one recorded with DCD optics and the
second one with Triple-Axis Diffractometry (TAD) optics. In both cases a
Philips MRD materials research diffractometer employing CuK,; radiation
with a four-crystal Bartels monochromator (set for the (220) Ge reflection
mode) in the primary beam was used. For the DCD optics the detector had
an opening angle acceptance of 2 degrees. For the TAD optics a channel-cut
two-reflection Ge (220) analyser crystal was used in the secondary beam which
results in a beam divergence of 12 arcsec and in a high resolution reciprocal
space probe as compared to the extent of the RELP’s of interest. In Fig. 6.34
the w — 26 diffraction curve of the symmetrical (222) Bragg reflection of the
PbTe/EuTe SL using DCD optics is shown.
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Fig. 6.34. Double-crystal rocking-curve (w—26 scan) for the (222) Bragg reflection
of a PbTe/EuTe SL (insert with the structural parameters). B denotes the PbTe
buffer, SL-17 to SL+8 denote the superlattice satellite reflections [6.128]
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The insert shows the nominal structural parameters of the sample. In the
double-crystal rocking-curve besides the BaF, substrate and the PbTe buffer
(B) peaks a large number of superlattice (SL) satellites (SL-17 to SL8) are
clearly resolved and few more appear in the background noise. The FWHM
of the main diffraction peaks are 26 arcsec for the substrate, 42arcsec for
the PbTe buffer, and 102 arcsec for the zero order superlattice peak. These
FWHM values deduced from the DC rocking-curve are strongly influenced
by the limited DCD resolution. In the following Fig. 6.35 the corresponding
w—26 triple axis diffractogram, i.e. using the analyser crystal is shown, which
clearly demonstrates the much higher instrumental resolution in comparison
to the DC rocking-curve.

However, because of the lower X-Ray intensity at the detector a smaller
number of satellites can be observed. The FWHMs of the diffraction peaks
correspond now much better to the real broadening along the w—26 direction,
i.e. the growth direction (i.e. 8 arcsec for the BaF, substrate, 17 arcsec for the
PbTe buffer and 47 arcsec for the SLO peak). In this Figure also a simulation
of the (222) Bragg diffraction curve based on dynamical scattering theory is
shown.

An example of a diffraction from a perfect GaAs/AlAs structure is shown
in Fig. 6.36. It consists of 710 A thick GaAs layers and 107 A thick AlAs layers
with 50 periods and shows the (002) diffraction.

The separation of satellite peaks corresponds to a period of 817 A. One
recognises that satellite extrema up to the order i = +32 are observable.
The envelope of the satellite intensities oscillates due to the final thickness

Fig. 6.35. (222) Bragg reflection triple axis rocking-curve (w — 26 scan) of the
PbTe/EuTe SL shown in Fig. 6.34 with simulation based on dynamical scattering
theory [6.128]
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Fig. 6.36. High resolution X-Ray (002) diffraction of a GaAs/AlAs, (d4 = 710 A,
dg =107 A) SL with 50 periods showing satellite peaks up to 7 = 32 in an w — 260
scan. The modulation of the intensities due to an envelope function results from
the 107 A thick AlAs layers since their (002) structure factor is much stronger than
that of the GaAs layers. The finite thickness fringes of the AlAs layers cause a
spacing approximately eight times as large as that of the superlattice peaks [6.13]

fringes caused by the 107 A thick AlAs layers which are observable strongly
in the (002) Bragg peak since in this case the AlAs structure factor is much
stronger than the corresponding GaAs one. The envelope of the superlattice
peaks exhibits minima with a spacing approximately eight times as large as
that of the satellite peaks.

In strained layer superlattices deposited on a substrate whose lattice con-
stant deviates considerably from the mean SL constant, the intensity dis-
tribution turns out to be asymmetric with respect to the ¢ = 0 SL peak.
Interfacial strain as e.g. caused by introducing monolayers with appreciably
different bond lengths than those found on the average in the SL, lead to quite
substantial intensity enhancements of higher order satellite peaks as shown
in the subsequent Figures.

The extremely high sensitivity of the envelope function to small fluc-
tuations within the layer sequence of the interfaces has been exploited by
Vandenberg et al. [6.129,6.130] to study the presence of interfacial strain at
heteroepitaxial interfaces.

At GalnAs/InP interfaces the strain already results from the different
group V atoms at both sides of the interfaces without interdiffusion.

The net interfacial strains are caused by the different bond length in ar-
senic or phosphorous containing compounds. It turns out that X-Ray diffrac-
tion is particularly useful to investigate these interfacial strains as shown in
Fig. 6.37 [6.131]. For a layer sequence InP/GalnAs/InP the interfaces can
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Fig. 6.37. Simulated diffraction patterns in the vicinity of the (004) reflection of
a 20 period superlattice consisting of 10nm thick Gag4gIngssAs and 40 nm thick
InP layers on InP(001) substrate (a), same structure, but including additional InAs
and GalnP monolayers (c) as indicated in (b) [6.131]

be defined either as indicated in the left hand part of the central panel of
Fig. 6.37 or as shown in the right hand part where at the interfaces one
monolayer of InAs or GalnP is introduced. In the simulated X-Ray diffrac-
tograms the two cases lead to completely different patterns. The monolayers
of InAs and GalnP are strongly lattice mismatched to both InP and the
lattice matched GalnAs. Consequently, a similar situation is encountered as
already discussed by Tapfer et al. [6.93] (see Fig. 6.26) for Si/Ge/Si. InAs,
having a larger lattice constant than InP is under biaxial compressive strain
whereas the GalnP layer is under biaxial tensile strain. However, above the
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GalnP layer, the subsequent GalnAs layers have the correct lattice constant
in comparison to InP, but with slightly shifted atomic positions. Therefore
the wave fields from the InP layers below and from the GalnAs layers above
the GalnP monolayer are shifted in phase with respect to each other and a
similar effect is encountered by the InAs monolayer. Figs. 6.37a,c show the
dramatic consequences of the two monolayers on the X-Ray diffractogram.

Vandenberg et al. [6.130] were able to show that high resolution X-Ray
diffraction is capable of quantitatively identifying these strains, based on a
comparison of experimental data of a D = 534 A SL with 10 doublelayers of
InGaAs/InP (Fig. 6.38). Therefore the satellite reflection (up to i = +34) are
closely spaced. The envelope of the intensities critically depends on strains
through the relative shift of atomic positions in the repeated unit cells. In
a computer simulation of the diffracted intensities one takes the interfacial
strains across the InGaAs/InP into account by incorporating a negative strain
producing monolayer at the InP to InGaAs interface and a positively strained
monolayer in the InGaAs to InP interface. The interface spacing on one side
is 1.4261 A and on the other side 1.5347 A. The total number of layers is
Npp = 310 and Npgaas = 54, i.e. it is important that d, is quite different
from dp in order to produce the envelope intensity variation and consequently
different macroscopic net strains on both sides of the interfaces, (¢ = +4.6%,
€] = —4.6%).

The formation of interfacial InAs-, InAsP-, GalnP- or GalnAsP layers in
nearly lattice matched InGaAs/InP structures is also very likely due to an
exchange of group V elements during the gas switching procedure in Metal

Ing53Gag,7As/InP
InP (400)

Fig.6.38. Diffraction scan of
a Ings3Gag.a7As/InP superlattice
(D = 534A, ten periods). In
the best fit Npgaas = 54
monolayers are assumed with one
strained monolayer at each inter-
face. The simulation includes in-
terfacial strain in the closely lat-
tice matched In,Ga;_;As/InP SL

T T T T (eF, ¢) and small linear decrease
299 309 39 329 339 4f the number of InP monolayers
w (degrees) Ninp from 314 to 306 [6.130]
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Organic Vapour Phase Epitaxy (MOVPE) or due thermal interdiffusion. X-
Ray diffraction is a valuable tool in identifying interlayers in the sequence
of the whole stack of layers. Figure 6.39 shows an X-Ray diffractogram of a
multilayer structure designed for an optical switch application in the 1.55 um
range [6.132]. This structure consists of an InP substrate, an InP buffer layer
(0.2 pm) and a multilayer structure with a period of 10 nm (InGaAs/InP) dou-
ble layers, and of a second multilayer structure with a period of 105nm (which
involves the first one (InGaAs/InP) and an additional 55 nm InP layer). On
top an InP cap layer is deposited. The experimentally observed diffraction
pattern is quite intricate with apparently different periods on the low and

Fig.6.39. Upper panel: experimental diffraction pattern of an InGaAs/InP
MQW-layer structure with three different periods as shown in the insert. Lower
panel: best fit to the experimental spectrum. The asymmetric diffraction pattern
can only be simulated by introducing InAs or InAsP and InGaP or InGaAsP mono-
layers at the lower and upper interfaces, respectively [6.132]
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high angle side of the substrate peak. The different periods in the structure
are clearly observable:

The SL peaks ¢ = +1 represent the period of the 10nm thick double
layers. On the low angle side of the i = 0 SL peak, the total thickness of the
InP/InGaAs SL (diotar = 50nm) causes intensity fringes to appear. Finally
on the high angle side of the main peak the satellite peaks of the other SL
appear with a period D = (5 * 10 + 55)nm = 105nm. This characteristic
envelope function allows for an unambiguous determination of the interfacial
strain distribution along the growth direction as shown by model calculations
based on the dynamical theory. A calculated pattern is shown in the lower
part of Fig. 6.39. The calculations clearly show that the experimental pattern
can only be simulated when strain-creating interfacial layers are introduced,
which is a well known phenomenon in this material system. Figure 6.40 shows

Fig. 6.40. Simulation procedure of Fig. 6.39: upper panel: without any strain; cen-
tral part: including symmetric interfacial monolayers and lower panel: with asym-
metric interfacial monolayers (see text) [6.132]
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the different stages of the simulation. Firstly, the structure is simulated as de-
signed, without any strain. The pattern is completely symmetric and the main
satellite peaks being much too low in intensity (upper panel). The intensity of
the satellite peaks can be increased symmetrically by introducing interfacial
monolayers with height of same magnitude but opposite sign at both the InP-
to-InGaAs and InGaAs-to-InP heterointerfaces (central panel). In the next
step (lower panel) the envelope function is influenced by introducing inter-
facial monolayers of asymmetric strain. In order to get similarity with the
experimental spectrum the nature of the interfacial strain must be compres-
sive at the InP-to-InGaAs interfaces and tensile at the InP-to-InGaAs ones.
This situation can be verified by introducing a material whose lattice constant
is smaller than that of InP between InGaAs/InP and a material with a larger
lattice constant between InP/InGaAs. A negatively mismatched GalnAsP or
GalnP monolayer at GalnAs-to-InP and a positively mismatched InAs or
InAsP monolayer at InP-to-InGaAs fulfill these requirements. In the latter
case the best fit is obtained with the highest strain possible (ef = +6.74%),
i.e. with pure InAs monolayers. At the upper interface a higher strain value is
needed for an optimal fit, i.e. €7 = —10%. Such high strain can be generated
by lowering the In concentration. Thus from X-Ray analysis the interfacial
strain distribution along growth direction was deduced. Interfacial layers are
also needed in order to fit ellipsometric data on such samples [6.133]. Quite
recently, similar measurements were performed on GalnP/GaAs superlattices
on GaAs substrate using the (002) diffraction [6.134]. The example demon-
strates how much information in particular also on subtle epitaxial growth
processes can be extruded from HRXRD.

The numerical simulation of rocking-curves is becoming more and more
important. Several companies (Philips, Bede, Siemens, etc) offer program
packages. Herres et al. [6.135] have described a program Simulat which calcu-
lates strain parameters based on Segmiiller-Murakami [6.99], Fewster’s [6.87]
version of the dynamical X-Ray diffraction theory for reflection and convolves
the theoretical rocking-curves with the monochromator function for a com-
parison with the experimental data.

6.6.2 Ewald Sphere Construction of SL-Diffraction Diagrams

In a periodic multilayer structure all reciprocal lattice points (hkl) are ac-
companied by satellite points, along the direction which corresponds to the
growth direction [6.60,6.136,6.137], i.e., strictly spoken, along the direction
of chemical modulation.

The Ewald sphere construction for a symmetric Bragg reflection (002) of a
superlattice is shown in Fig. 6.41. Along the direction of wavevector transfer,
i.e. Gpy the satellite peaks are present. These are broadened and elongated
along the perpendicular direction (i.e. parallel to the surface plane) due to
the presence of disorder, i.e. misfit dislocations. The broadening along the
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Fig.6.41. Ewald sphere construction for (002) Bragg diffraction of a SL grown
along [001] direction showing satellite reciprocal lattice points accompanying the
main (hkl) sites. In an w — 20-scan the satellite structure is probed along the
direction of G whereas in a typical rocking-curve an w-scan (dashed curve) is
performed with open slits in front of the detector corresponding to a certain angular
spread around the scattered wavevector kg

growth direction results from the finite number of lattice planes contributing
to the interference pattern. The extent of broadening and elongation can be
measured by properly choosing both the scan mode and the Bragg diffraction
angle. The procedure is outlined in the following Figures where diffracted
intensities vs. angles 20 or w are plotted together with the corresponding
Ewald sphere construction.

As an example a rather imperfect PbTe/PbSnTe superlattice with a pe-
riod of 285 A is chosen. Due to the BaF, substrate, which is lattice mismatched
(about 4%) and in addition not of high crystalline perfection, the superlattice
is distorted by misfit dislocations and mosaic structure which contribute to
broadening of the reciprocal lattice points. Nevertheless in the symmetrical
(222) w — 20 scan (Fig. 6.42) a satellite structure is clearly resolved, since for
this scan mode the wavevector transfer is along the growth direction.

However, in an w-scan of the same (222) Bragg reflection of the sample,
the ¢ = +2i satellites are barely visible and the i = £1 ones are strongly
broadened. The buffer peak and the ¢ = 0 SL peak have merged together
(Fig. 6.43).

In the reciprocal lattice, as shown in Figs. 6.42, 6.43 these facts can be
explained with the help of the Ewald sphere considering the different scans
in the w — 20 (Fig. 6.42) as well as in the w mode (Fig. 6.43). Provided that
the small angle grain boundaries are mainly oriented parallel to the growth
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Fig. 6.42. An w-scan of a PbTe /Pb;_,Sn,Te SL deposited on a Pb;_,Sn,Te buffer
(z = 0.18, period D = 285 A) of a (222) Bragg diffraction. The broadening of the
reciprocal lattice points in direction perpendicular to the scan mode is due to misfit
dislocations

direction the broadening of the SL satellites will not become effective in a
scan mode along the G-direction for a symmetrical reflection (Fig. 6.42).
However, for the w-scan the SL is probed along the kg direction as indicated
in Fig. 6.43, upper panel, and several SL-points contribute to the registered
Bragg diffraction. Choosing scattering geometry with kg approximately par-
allel to the growth direction, i.e. for that case a (264) Bragg diffraction for
which 260 = 126.6° and w = 40° (20 —w = 90°) produces in the rocking-curve
a well resolved satellite SL-structure in an w-scan (Fig. 6.43, central panel).
For that diffraction, the broadening of the reciprocal lattice points parallel to
the superlattice planes does not contribute to the observed diffraction pat-
tern. The peak broadening is also influenced by interdiffusion in addition to
the effects mentioned earlier.

This information on the extent of the reciprocal lattices points in various
directions in reciprocal space are confirmed by choosing a scattering geometry
which probes the extension of the reciprocal lattice points along a proper
direction which is perpendicular to the growth direction. This is the case for a
(062) Bragg reflection with an w angle of 92.3° and a 26 of 97.5° (26 —w = 0°).
In the w-scan no satellite at all is visible and in the corresponding Ewald
sphere plot, the contribution from all satellites are recorded simultaneously
for all w-positions (Fig. 6.43, lower panel). In all the diagrams illustrating the
w-scans in the reciprocal lattice, the finite dispersion, i.e. the angular range of
scattered wavevectors K; is indicated by dashed lines. This example illustrates
the importance of the proper selection of diffraction conditions. The choice
of the (264) and (062) Bragg peaks is optimal for the investigation of layers
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Fig. 6.43. As Fig. 6.42 but for w-scans for (222), (264) and (062) diffractions. In
the symmetric (222) case the satellites are barely resolved since the rocking-curve
is taken with wide open slits in front of the detector during the scan. For the (264)
diffraction the SL satellites are well resolved (see reciprocal lattice for explanation)
whereas in the (062) geometry all satellites contribute at the same time to the
reduced intensity for various w angles
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grown in the [111]-direction. In general, the resulting shape of the rocking-
curve depends both on the amount of mosaicity and the (hkl) of the reciprocal
space probe.

The broadening of the scattering intensity thus immediately yields infor-
mation on the extent of the reciprocal lattice points parallel to the growth
direction which is not influenced by the finite-layer thicknesses.

Therefore, by performing measurements with several Bragg diffractions
one can uniquely get information on the orientation dependence of the broad-
ening with respect to the growth direction. Such data are necessary for a de-
termination of the real structure (mosaic structure due to small angle grain
boundaries, misfit and threading dislocations) of epitaxial films.

6.6.3 Interpretation of the Fine Structure in X-Ray Diffraction
Profiles of SL’s

In highly perfect SL’s, between the satellite peaks, additional extrema can
be observed as shown in Fig. 6.44. A (004) Bragg diffraction of a Si/SiGe SL

105 r . T : .

Si176A Sl
104 L §|‘_,§e,51x

< <

10D

St176A
103 | [ShZe51A
Si-Buffer

SL+1

Substrate:
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10-3 . L . 1 .
338 34 342 344 34.6 34.8 35

o (degrees)

Fig.6.44. HRXRD of Si/SiGe superlattice deposited on (001) oriented Si. SL
period D = 227 A with 10 double layers corresponding to a total thickness of

2270 A. The number of secondary maxima in-between the main SL satellite peaks
is10-2=8
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on a Si buffer and thus highly strained with a total thickness of 2270 A is
shown. Expanding the w-scale additional maxima appear between the main
satellites. The SL period for the spacing for the i = 1,2,3,... SL satellites
is found to be 227 A, i.e. there are 10 double layers of SiGe. The evaluation
of the distance between the fringes accompanying the SL satellites yields a
total thickness of about 2270 A. We would like to point out that between two
subsequent satellites there are N — 2 side maxima (10 — 2 = 8) which follows
from classical diffraction physics for a diffraction grating consisting of V slits.
The intensity of the subsidiary maxima between the main satellite peaks
turns out to be extremely sensitive to irregularities in the period. As Powell
et al. [6.138] have shown for a Si/Ge SL, a small dispersion in the SL period in
the order of 2% causes quite drastic changes in the pattern of the subsidiary
maxima, whereas the width of the main satellites is still unaffected.

6.6.4 Imperfect MQW’s and Superlattices

Real MQW and SL samples exhibit a number of imperfections which result
from the growth procedure itself like interdiffusion, compositional and thick-
ness fluctuations. In the following the consequences of these imperfections on
the diffraction profiles are discussed.

6.6.4.1 Interdiffusion in MQW*‘s and SL-Systems. From the inten-
sity of the satellite peaks of X-Ray diffractograms already Fleming et al.
[6.83,6.139, 6.140] have determined the abruptness of the transition region
between GaAs and AlAs layers in (GaAs),(AlAs),, superlattices. Later this
technique has been applied by Arch et al. [6.141] for a study of interdif-
fusion in HgTe-CdTe superlattices and recently by Hogg et al. [6.142] for
Cd;_Mn,Te/CdTe multilayers. If a rectangular modulation of the chemical
composition across the interfaces is assumed without change of the SL-period
D, the compositional modulation c(z) is described by a Fourier series:

o(2) = co [1 + 3 @ cos (277)”2)] (6.56)

Q. is the amplitude of the m-th harmonic. For abrupt interfaces only the odd
Fourier components are nonzero, whereas for an arbitrary profile all compo-
nents have to be considered. During growth or during an annealing procedure
the coeflicients Q,, vary with time according to the diffusion equation:

Onm(t) = O (0) exp [— (%gm)? D(T) t] (6.57)

Depending on growth direction and crystal structure, the influence of the
concentration profile c(z) on the X-Ray scattering amplitudes S(k) has to
be calculated. In a kinematical approximation then the intensities of the SL
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peaks are readily calculated and the relation between the intensity of the
satellite peak number £+m and the Fourier coefficients @, is given by

Lim Q7 (2meps 2
fEm _ Wm + .
I, 4 \mz T (6.58)
where
m2m 4Af
+ =la* + — =
pE= =] 5(007)

(for growth along the [001] direction). S(001) is the average structure factor
of the A;_,B,C lattice; ¢ denotes the amplitude of the interplane spacing
modulation. Af = fa— fp takes into account the modulation of the scattering
due to the difference in chemical composition and a* is an average lattice
parameter in reciprocal space.

Thus the intensity of the SL peaks in an X-Ray diffractogram has two
contributions:

a) one originating from the modulation of scattering amplitudes due to the
differences in chemical composition

b) the second originating from the modulation of interplanar spacing (see
also Fig. 6.32).

Using intensities on both sides of the central peak (which yields Iy as
intensity) both @,, and € can be determined. From the knowledge of the
Qm's the concentration profile is established.

Quite often, especially for large z in AC/A,_,B,C superlattices, the in-
terdiffusion process is composition dependent and the Fick‘s law according
to

dc ¢ 9D [9c\?
&‘ = ﬁ_F e < ) (6.59)

- 9z

has to be used. For the consequences, especially in short period superlattices,
we refer to Fleming et al. [6.83], and Mc Whan [6.139, 6.140].

Several authors have investigated the limits of the applicability of the
procedure just outlined. Recently, Hogg et al. [6.142] have shown that for large
differences in lattice constants of the constituent materials, i.e. large values of
strain, the diffusion constant derived from the satellite intensities using the
method of Fleming et al. [6.83] breaks down. As a breakdown criterion Hogg
et al. [6.142] have suggested:

A 1 1 L at
(— + ) > aw—abtan9 (6.60)

2cosf \d,  dp af

i.e. when the strain is sufficiently large to cause a splitting of the well (w) and
barrier (b) diffraction patterns, e.g. like that shown in Fig. 6.33 or schemati-
cally in Fig. 6.32.
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However, there is another effect which has to be considered especially in
SL structures where the interdiffusion coefficient is quite large. The layers
close to the substrate are for a longer period of time at growth temperature
than those close to the final surface. Consequently, already during growth the
layers close to the substrate experience more interdiffusion than those which
are close to the growing surface.

Thus the diffusion equation has to be solved with a boundary condition
at the surface where the diffusion current equals the flux of component B (in
a AC/A,_.B,C SL grown by MBE) for a sticking coefficient of one [6.143].
The diffusion equation

éc 6 éc

—Z = | p= .61

ot bz ( 6t> (6.61)
is solved in discretised steps in 1Az (¢ = 1,2,...,N) equal to the plane

distances (monolayer by monolayer) and in jAt (j =1,2,...,N)

(1,7 +1) —c(i,j) _ Dc(i +1,7) — 2¢(i, j) + (i — 1,7)
At (Az)?

(6.62)

In the simulation Az corresponds to the lattice plane distances (here dy;;,
but identical considerations hold for dyg9) growth direction, the temporal step
At is related to the growth rate v by At = d/(vniet) , where nyy = d/di11.
With these expressions, the equation above can be rewritten

c(1,7+1)=c(i,5) + D

(c(i+1,7) — 2¢(i,7) + c(i—1,7)) (6.63)
vdin
A unique solution is only possible for special boundary conditions.

For the two-dimensional growth process two spatial boundary conditions
must be considered: At the buffer-to-substrate interface the diffusion current
vanishes, whereas at the top layer the diffusion current equals the incoming
flux Ipeam from the source, if a sticking coefficient of 1 is assumed. Thus the
boundary conditions are

g—z- — 0(z=0) (6.64)
o)) = e27) (6.65)
2 = huuamlz =) (6.66)
c(4,7) = Ibeam(4)At (6.67)

The Egs. (6.66, 6.67) reflect the moving boundary i = j = 1,2,..., N during
the growth.

This procedure was used for the analysis of rocking-curves of PbTe/
PbMnTe superlattices [6.143]. The X-Ray diffraction data were compared
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with calculated ones, based on the Mn-profile which was obtained from the
numerical solution of the diffusion equation. For large interdiffusion it is dif-
ficult to obtain from the damping of the satellite intensities alone reliable
information on the diffusion constant and the method just described should
be used. Furthermore one has to consider the influence of interface roughness
on the satellite intensities as well.

An interesting example for nonlinear interdiffusion in HgCdTe/CdTe mul-
tilayers was performed by Kim et al. [6.144] who demonstrated the impor-
tance of relaxation of systems like SL’s which are far from thermodynamic
equilibrium.

In summary, interdiffusion does not affect the periodicity but decreases
the contrast between the layers, and thus results in reduced satellite peak
intensities particularly for the higher order satellites.

6.6.4.2 Imperfect Superlattices: Period, Thickness, Composition
Fluctuations. Fewster [6.145] has outlined a procedure for determining vari-
ations in period D, in interface roughness, and in interface grading from SL
diffraction patterns.

Period variations are changes AD of D, i.e. of the sum of barrier and
well width with depth of the sample, but averaged laterally over a coherently
diffracting volume. Interface roughness originates from both lateral changes
of well and barrier widths as well as vertical variations of these quantities.
This interface roughness can be either random or correlated both laterally
and vertically as was discussed by Savage et al. [6.146], Phang et al. [6.147],
Holy et al. [6.148]. The separation of correlated and uncorrelated interface
roughness phenomena is possible by measuring both the Bragg diffracted
intensities as well as the diffuse scattered ones.

In addition, in real semiconductor superlattices consisting of binary and
ternary materials (e.g. GaAs/Ga,_,Al,As) grading will occur which causes
variations of the composition z across the interface, both vertically as well as
laterally.

Since in uninterrupted MBE growth processes the growth front usually
extends over about three monolayers in vertical direction, imperfect comple-
tion of layers during growth is a standard phenomenon.

Fewster has shown [6.149] that the higher order satellites broaden pro-
gressively if there are variations in the periods. For satellite peaks close to
the central Bragg peak, cos 6 is nearly constant, D may be simplified to:

(Li — Lj)A

D= A9 200s(0)

(6.68)
where A is the angular distance between two satellites L;, L;. From the
differentiation of this equation follows the relation between the change in
period AD and the satellite broadening §(A@) (difference in angle within one
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satellite):

(Li— L)X 1

5(AD) = 2cos(f) (AH)?

5(A0) (6.69)

If grading occurs at heterointerfaces, both the lattice parameters and the
scattering factors change, which have to be included in model calculations.
In Fig. 6.33 the substrate and the buffer layer have different chemical com-
positions and thus different lattice constants. The superlattice itself has a
mean lattice constant, which depends on the lattice constants of the con-
stituents A, B and their layer widths d4, dg. From the angular separation
between the i = 0 superlattice peak, the average mismatch can be roughly
calculated [6.137]:

Aay —A6(1 —v)
( a )l ~ cos?2 ¢(tanfp + tan ¢)(1 + v)

(6.70)

where v is the Poisson ratio, and ¢ the angle between the diffracting lattice
planes and the surface plane. For small total thicknesses of the SL (< 0.5 um)
the average i = 0 SL peak is shifted to the substrate peak and only a dynam-
ical simulation program yields proper results.

For the description of imperfect superlattices which exhibit composition
gradients computer simulations are presented in the following. As an exam-
ple the (004) diffractogram of an ideal 10 period Ings;;1Gag4soAs /InP MQW
structure is shown in Fig. 6.45a. Figure 6.45b shows the effect of a linear
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Fig.6.45a. Calculated (004) Bragg diffractogram for a 10 period
Ing511Gag.4g9As/InP MQW structure on InP(001) with d; = 10nm and
dy = 30nm, b Effect of a gradient in In concentration from 0.516 to 0.507 on
the diffractogram. Arrows indicate the secondary maxima which would lead to
broadening and/or splitting of the experimental diffractogram
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gradient in the composition on the diffractogram. The In gradient from 0.516
to 0.507 causes only minute changes in the intensity of the main satellite
peaks, whereas the envelope function of the secondary has changed which
manifests itself as an enhancement of the ¢ = 1 secondary maximum (see
arrows). In a measurement such a gradient will appear as a splitting and/or
broadening of the satellite peaks. For a statistical fluctuation of the In con-
tent within the limits £ = 0.516 to 0.507, the resulting diffractogram is hardly
distinguishable from that of the perfect one. Several authors have discussed
and experimentally investigated such effects [6.150-6.155]. Also for the in-
vestigation of imperfect SL structures reciprocal space mapping offers some
advantages. With DCD scans it is in general difficult to separate strain and
composition gradients in SLS structures from each other. Using reciprocal
space maps around symmetrical and asymmetrical Bragg reflections, such a
distinction can be easily made both from the asymmetry of the iso-intensity
contours and from the maximum intensity positions with respect to the sub-
strate reciprocal lattice points.

6.6.5 Strained-Layer Superlattices: Tilt, Terracing and
Mosaic Spread

In general the mean superlattice lattice constant is different from that of the
substrate and also different from that of the intermediate buffer layer. In the
reciprocal lattice each substrate point is accompanied by a buffer point and a
set due to the strained-layer superlattice. The relative position of the points
depends on the superlattice period D and the strains present parallel and
perpendicular to growth direction.

Neumann et al. [6.121] have studied the effects of terracing in GaAs/
GaAs;_Sb, SL’s. In Fig. 6.46a, a schematic presentation of a terraced SL is
given, where the angle o denotes the terrace angle, i.e. the angle between the
direction of modulation and the normal of the constituent lattice planes. This
means that the chemical modulation direction is not parallel to the lattice
planes of the SL film. In addition, the SL can also be tilted with respect
to the substrate as shown schematically in Fig. 6.46b. There it is assumed
that the GaAsSb layers are strained to match the lattice constants of GaAs
both along the terraces as well as at the interfacial steps (completely coherent
interfaces).

In Fig. 6.46b, a second angle 20 is defined, where (3 represents the average
tilt of the entire superlattice (epitaxial film) with respect to the substrate.
The value of 3 can be estimated to be

_ alag — ag)
~ -

2012) _A_a_
Cn

where ag and a,s are the lattice parameters at the step and directly above
the step in the previous layer, respectively. Aa is the difference in lattice

3 ~ o (1 + (6.71)

ag
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Fig. 6.46. Scheme of a terraced superlattice without (a) and with additional (b)
tilting relative to the substrate [6.121]

constants between the ternary compound and the binary one. a,s is given by:

2012(1:)
Oy = @y + ——Aa 6.72
v =t (6.72)
Thereby the value of a,» was calculated by the Poisson expansion for a cubic
cell compressed along two of the cube edges. With the assumption C; =~ 2C14
which is approximately valid for many zinc-blende semiconductors it follows
for the tilt angle of a completely coherent system:

B =~ 2ae (6.73)

where € = Aa/ay is the misfit strain. This model describes the tilting mecha-
nism in the regime of small strains i.e. without formation of misfit dislocations
in the stack of the SL layer. Neumann et al. have found that for a GaAs sub-
strate, miscut by 2°, and 25 periods of a GaAs;_,Sb,/GaAs SL with equal
thickness and D = 428 A the terracing angle o is 1.5° and the tilt angle 3
is 0.08°. These experiments were performed with a triple-axis spectrometer
which is a convenient tool to separate the effects resulting from the terraced
SL from the additional tilt.

Following a presentation given by Holy et al. [6.148,6.156,6.157] we sum-
marise the effects of strains and terracing, and mosaic spread in a schematic
presentation in Fig. 6.47 for a strained-layer SL grown along a [001]-direction.
In Fig. 6.47 for clarity only the reciprocal lattice points (004), (224), and (224)
for the SL are presented. The azimuth is along a [110] direction.

The position of the strained layer SL peak labeled 0, i.e. the zeroth-
order satellite peak depends on the mean strains parallel or perpendicular
to the growth plane. The separation of the subsequent satellites numbered
(=i,—i+1,...,—-1,0,+1,...,7 — 1,7) is determined by 2w/D, D being the
superlattice period in the growth direction (in the case of Fig. 6.47 the [001]-
direction). In a system without any tilt these satellites are arranged exactly
in the [001]-direction, the picture for the asymmetric (224) and (224) reflexes
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being completely symmetric with respect to the (004) reflexes. If terracing
occurs, the superlattice peaks are rotated about the zeroth-order satellite by
the terracing angle o and the zeroth-order satellite itself is rotated about
(000) by the angle 3 as discussed above. We show schematically the effect of
mosaicity, of the fluctuation of the SL period and of interface roughness as well
as of random deformation on the shape of the reciprocal lattice points. The
effect of mosaicity leads to a symmetrical smearing of the reciprocal lattice
points according to Fig. 6.47 and causes an additional broadening due to the
mosaic block shape function along the w — 26 direction and the tilts between
the mosaic blocks cause a broadening in w-direction. The asymmetric RELP’s
are all elongated along the w-circumference, the further away from (000) the
larger the broadening. Interface roughness leaves the contours of constant
intensity untilted. The SLO peak is unaffected whereas with increasing satellite
index the broadening perpendicular to the growth direction becomes larger.

MOSAIC SPREAD INTERFACE ROUGHNESS
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Fig. 6.47. Scheme of unstrained-layer SL of different orders on substrate without
tilt in reciprocal space. Influence of mosaic spread, of interface roughness, and of
fluctuations in period are shown schematically part) [6.148,6.156], see also Fig. 6.46
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Fluctuations in the superlattice period manifest themselves in an elongation
of the SL satellite peaks along growth direction, and again the SLO satellite
remains unaffected (Fig. 6.47).

6.7 Scans in the Reciprocal Lattice

So far only scans along one distinct direction in reciprocal space have been
discussed. With the triple-axis spectrometers, nowadays available, maps of
a reciprocal lattice spot are measured in order to determine independently
Bragg plane tilts from asymmetry effects and substrate curvature induced
broadening from film mosaicity (see Sect. 6.1.4).

This technique was applied to study intensity contour plots, along a (440)
Bragg diffraction from a single QW InGaAs (160 A) embedded in an InP bar-
rier (500 A cap layer, 2500 A InP buffer deposited by MBE on InP:Fe substrate
tilted 2° off) [6.42]. In Fig. 6.48 the intensity contours show i = +4...—3
satellites accompanying the strain-split InP peak in the center of the (440)
diffraction. The crystal face is oriented in the [100] direction, the [010] direc-
tion lies within the surface plane. The intensity distribution (corresponding
to 4 orders of magnitude) is recorded over a distance within the reciprocal
lattice which corresponds to an w-scan of 2.26°. Due to tilt of the growth
plane by 2° off the [100] direction towards the [110] direction the line con-
necting the satellite intensity extrema is inclined by a small angle with re-
spect to the vertical axis. For the intensity profile along the [100] and [110]
direction it turns out that the position of higher order satellites yields quite
precise information on lattice mismatch between the cap layer and the In-
GaAs quantum well, as well as on surface roughness and on interface rough-
ness.

Another example of the efficient use of contour plots is shown in Fig. 6.49
which was obtained from a DCD together with a position-sensitive detector
(PSD) system [6.12] for an Ing,GagsAs/GaAs strained-layer SL for the (224)
reflection.

The intensity contour map yields much more information than the w-scan
which just resolves the substrate peak and the main SL peak but no satellites.
The other projection in the A26 axis which corresponds to an w — 26 scan
reveals the satellite structure, but information of the tilt of the SL with respect
to the substrate is lost.

A direct comparison of the information content of a rocking-curve of a
ZnSe epitaxial layer on top of a GaAs substrate with a mapping of the reci-
procal lattice is given in Fig. 6.50.

The main advantage of the triple-axis mode is the fact that the intensity
contour plot gives much more information. The asymmetric broadening of the
layer peaks is interpreted as being caused by mosaicity of the ZnSe layer in
comparison to the much better perfection of the GaAs substrate. In the follow-
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Fig. 6.48. Intensity contour plot of In-
GaAs well embedded in InP obtained
with a triple-axis spectrometer. Intensity
contours are shown over 4 decades. Scan
range corresponds to +£0.07a* which is
equivalent to an w-scan of 2.26°. Satel-
lite structure is due to a period of 770 A,
the tilt of the line connecting the satel-
lites is due to the offset of the crystal
face from [110] by 2° in the direction
of [110] [6.42]. Thicknesses in the insert
are approximate values from the crystal
growth parameters

ing Fig. 6.51a a direct comparison of a rocking-curve on a PbTe/EuTe SL and
a reciprocal space mapping is presented. The SL consists of 40 double-layers
of 93 ML of PbTe (ap = 6.462A) and 5 ML of EuTe (ao = 6.598 A) which
are deposited on a 4.1 um PbTe buffer on a (111)-oriented BaFs-substrate
(ap = 6.200A). In the symmetric (222) Bragg reflection, superimposed on
a broad background, i = —18 satellites are observed. The width of the SL
maxima increases from 127” for i = 0 to 212” for i = —15.
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Fig.6.49. Reciprocal space intensity contours of a GaAs/Ing2GaggAs SL
(di = 12nm, dy = 26 nm) deposited on an Ing1GaggAs buffer (d = 200 nm) on
GaAs ((224) reflection). Upper left corner: contours obtained with conventional
DCD using a position sensitive detector; upper right: integrated intensity along
26 and lower left: integrated intensity along w with identification along lines with
arrows [6.12]

According to Fewster [6.9,6.10] the use of a triple-axis diffractometer,
with an analyser which uses more than one reflection, offers the following
advantages in the analysis of multilayer structures:

— Strain and strain gradients can be separated from structural imperfections
such as tilts and mosaicity: in the reciprocal space maps the intensity
distribution along the strain influences the q, -direction, i. e. the one
along the w-20-scan.

— Mosaic spread or bending is observed along the qy- direction in the reci-
procal space maps, i. e. along the w- scan.

In superlattices, the half width of the zero order (i = 0) peak along the g)-
direction yields the lateral correlation length £. Any additional broadening
of the 7 = £1 and higher satellite peaks along the g-direction is associated
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with superlattice imperfections. Using the Scherrer equation

kA

&= 2W cos 6

(6.74)

where £ is a constant (~ 1) which is characteristic for the shape, © the Bragg
angle and W the width of the diffraction peak, the broader 7 > 0 SL peaks can
be analysed to yield a correlation length & which characterises a length scale
in the interfaces of the SL’s. Such an analysis, performed by Fewster [6.9]
on short period GaAs/AlAs (16.7 A/16.7 A) superlattices gave a correlation
length £ of the order of 400 to 800 A, in good agreement with results of scan-
ning tunneling microscopy. Hence, triple-crystal diffractometry is particularly
useful for the investigation of imperfect superlattices and heterostructures. In
strained-layer superlattices, beyond their critical thickness, partial strain re-
laxation occurs. Using reciprocal space mapping of asymmetric reflections, the
complete strain status can be obtained: i.e. the strain components parallel and
perpendicular to the surface, and therefore the lattice parameters. Further-
more, also information on the strain variation as a function of depth into the
crystal is accessible. In addition, also information on mosaicity and tilting
is obtained. Multicrystal-multireflection diffractometry can therefore deter-
mine residual strains and mosaic structure or bending in real heterostructure
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Fig. 6.51a. Rocking-curve of a PbTe/EuTe superlattice, one period consisting of
93 monolayers of PbTe and 5 monolayers of EuTe, 40 periods on a 4.1 um thick
PbTe buffer deposited on (111) BaF; substrate, b triple-axis reciprocal lattice
scan intensity isocontour plot of the same structure showing broadening in the
w-direction which corresponds to the gj-direction. Intensities span the region from
5 to 5000 in 10 steps

systems. Such information is not accessible from conventional rocking-curves
obtained with the DCD.

As an example we show in Fig. 6.51b the reciprocal map for a (222) diffrac-
tion of the same PbTe/EuTe SL structure which was shown in Fig. 6.51a.
Along the w-260-direction (g,-direction) the strain variations and thickness
fluctuations of the SL along the growth direction can be derived. In the
w-direction (gy-direction) it is apparent that already the PbTe buffer layer
peak exhibits some mosaic spread which increases considerably for the higher
SL satellites. For the SL width along g, we deduce an interface coherence
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length of about 700 A. In order to extract the relevant information from the
triple axis diffractograms it is necessary to calculate iso-intensity contour
plots around reciprocal lattice points and to perform the necessary projec-
tions. For such imperfect structures the usual fitting procedure based on the
Takagi-Taupin equations which label for dynamical scattering in nearly per-
fect layer structures is not adequate. Fewster [6.158] has recently attempted
to formulate a dynamical diffraction theory for partially relaxed semiconduc-
tor layer structures which contain interfacial defects and has compared his
calculation which experimental data on InGaAs/GaAs and on Si/Si;_,Ge,.

The combination of low temperature equipment and a triple-axis X-Ray
spectrometer is particularly useful for the study of structural phase transi-
tions. Pb;_,Ge,Te exhibits a structural instability towards the formation of a
rhombohedral phase at low temperatures from the high temperature rock-salt
structure. Fig. 6.52 (top) shows the consequences of this phase transition for
scattered X-Ray intensities in a reciprocal lattice scan. Below T,, any of the
equivalent (111)-directions transforms into a rhombohedral c-axis. The occur-
rence of this splitting can be used as a manifestation for the phase transition.
For a compound with a Ge content of 6% (film thickness: 2600 nm) a lattice
temperature of 20 K is well below T,. If a PbGeTe layer of the same Ge-content
with a thickness of 500 A is sandwiched between PbTe layers, the occurrence
of the structural phase transition is inhibited, apparently by strains exerted
on the PbGeTe film (Fig. 6.52 (bottom)). The films are deposited on (111)
oriented BaF; substrates. The corresponding reciprocal lattice scan, showing
iso-intensity contours around a PbGeTe reflection and around a PbTe reflec-
tion does not exhibit any evidence for a splitting of the PbGeTe peak even at
T = 20K [6.159]. For the Bragg diffractions, a pseudo-orthorhombic notation
is used with the cubic [111] orientation parallel to the [001] orthorhombic
direction and the orthorhombic [100] and [010] axes parallel to the [211] and
[011] axes, respectively.

Another example for a reciprocal space map on a 2 um AllnAs layer on an
InP substrate is shown in Fig. 6.53 for a (004) reflection as obtained with the
HRMCMRD (see Fig. 6.9) [6.58,6.9,6.10]. The diffraction space probe has a
width of 10arcsec and is presented by the parallelogram A’-B’. The parallel
lines A-B denote the finite width of the Ewald sphere due to the wavelength
spread leaving the monochromator. Without analyser crystals the detector
acceptance angle is several degrees and corresponds to a sector which is longer
than A-B. Measurements taken without an analyser (DCS, Bartels-type) and
with the 3-diffraction analyser are compared in the right part of Fig. 6.53.
From the DCS results using a wide open detector the intensities of layer and
substrate are nearly identical. An w — 26 scan parallel C-D, however, reveals
quite different intensities: smaller and broader for the layer and a larger peak
intensity for the substrate.

From a series of scans parallel to the line C-D the diffraction map can be
obtained and a detailed analysis of the two-dimensional intensity distribution
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Fig. 6.52. Isocontour plots of PbGeTe layers deposited on a BaF2 substrate with
and without PbTe buffer and cap layers. top: at T' = 20K, below the cubic -
rhombohedral phase transitions, splitting of (0012) peak occurs (rhombohedral
notation). bottom: with PbTe layers the phase transition is inhibited, probably
due to mismatch strains [6.159]

yields information on strain, sample curvature, and eventually on mosaic
structure. The excellent signal to noise ratio makes this technique most use-
ful for the study of thin epitaxial layers and superlattices. Diffraction space
maps in the vicinity of an asymmetric reflection of a superlattice can be used
to determine partial relaxation in strained layer SL’s, the strain variation as
a function of the z-coordinate (growth direction) as well as any tilting. In
combination with topography, where the film is placed behind the analyser
crystal, a correlation of diffraction space mapping and topographs which ex-
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Fig.6.53. Left panel: reciprocal space map of a (004) reflection from an AllnAs
layer (2 um) deposited on an InP substrate. The parallel lines A, B represent the
finite width of Ewald sphere due to finite wavelength spread leaving the monochro-
mator crystals. Direction C-D corresponds to a radial direction from (000) along
d*, accessible with an w — 2w’ scan. The 4 + 1 crystal monochromator with open
detector accepts all intensities between lines A-B. In the HRMCMRD the probe
which is swept is indicated by the small parallelogram A-B. Right panel: for the
case shown above, different diffraction profiles: dashed lines correspond to w-scan
with 4 + 1 crystal monochromator the solid line is obtained with the HRMCMRD
(w—20 scan)(lhs intensity scale); dotted line: sum of the HRMCMRD scans parallel
to C-D [6.9]

hibit intensity modulation due to strain fields of dislocations is possible (see
Fig. 6.9). This combination technique has been applied by Keir et al. [6.160]
for a study of the structural properties of Hg;_,Cd,Te/CdTe on GaAs.

In the following we demonstrate the usefulness of reciprocal space map-
ping for the assessment of the structural properties of two short period
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Sip.6Geo.4 structures grown on either single step or step-graded SiGe buffers.
Reciprocal space mapping of both symmetric (004) and asymmetric (224)
Bragg diffraction peaks is used to establish the status of strain relaxation. The
structural characteristics of substrate, buffer, and superlattice influence the
positions of the reciprocal lattice points (RELP) and the shape of iso-intensity
contours around them. We show that these two- dimensional reciprocal lattice
maps yield a wealth of structural information, usually much more than the
conventional rocking-curves [6.161]. Both SL samples were grown by molecu-
lar beam epitaxy on (001) oriented non-miscut Si substrates. For sample A,
a 20nm thick Si layer was deposited at T' = 550°C, followed by the 20 nm
thick single step SiggoGeo4 buffer deposited at 450°C. The short period SL
Sig.60Geo.4 was grown at 350°C (145 periods). For sample B, a 100 nm thick
Si layer was grown on top of the substrate followed by the step-graded buffer
(B1), in which the Ge content was increased stepwise by 3% per 50 nm up
to a total thickness of 700 nm., i.e. to a nominal Ge content of 40%. During
the buffer growth, the temperature was decreased continuously from 600°C
to 520°C. Subsequently, a 550 nm thick Sigg0Geo.4 alloy buffer layer (B2) was
grown at 500 °C. Prior to the growth of the SL a monolayer of antimony was
deposited as a surfactant. For the thick step-graded buffer, the relaxation
mechanism causes a complete relaxation of the individual slices, of which the
buffer is composed, and thus the corresponding RELP’s finally lie along the
[224] direction which connects (000) with the (224) substrate RELP. In such
a case the superlattice with the proper mean composition (with respect to the
top buffer layer) can grow virtually unaffected by the substrate. The in-plane
lattice constants of the SL and the top buffer layer coincide and within the
SL layers the values of biaxial compression and dilation are unaffected by the
substrate.

In Fig. 6.54 contours of constant scattered intensity around the (004)
and (224) RELP’s of sample A are shown, which were derived from a series
of w — 20 scans with w-offsets using the proper transformation from angular
space into reciprocal space [6.161]. The asymmetry around the substrate (004)
RELP is an artifact (analyser streak caused by the finite size of the reciprocal
space probe, which is defined by the X-Ray optics used). Qualitatively, the
strain situation is determined by a partially relaxed buffer layer, on which
pseudomorphic growth of the superlattice with respect to the single step
buffer occurs as indicated by the position of the zero order superlattice peak.
For sample B, the reciprocal space maps are shown in Fig. 6.55. From both
RELP’s around (004) and (224) it follows that all portions of the step-graded
buffer (B1) are fully relaxed, because the intensity contours are symmetric
around the q[224] direction, which is not entirely the case for the zero order
intensity contours. The maximum intensity lies along the [111] direction away
from the qy[224] direction. The region of the SiGe alloy with constant Ge
content (B2) yields intensity contours which overlap in their positions with
the zero order contours of the superlattice. Because of its low intensity, the
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Fig.6.54. Measured (224) and (004) reciprocal space maps of sample A. The
iso-intensity contours correspond to 0.5, 1, 2, 10, 20, 2000cps in the (224) map
and to 1, 2, 10, 20, 100, 2000cps in the (004) map. The (224) buffer RELP lies
below the center of the SLO RELP along the [001] growth direction [6.161]

zero order peak was not detected in the (224) map. From the (004) reciprocal
space map it follows that the tilt between superlattice, buffer and substrate
is negligible.

From the reciprocal space maps, FWHM'’s of the intensity distribution
parallel [001] and perpendicular [110] to the growth direction are deduced and
for sample A values of 400 and 1150 arcsec are found, respectively, for the zero
order peak of the superlattice. For sample B, the corresponding values are
350 and 1070 arcsec, respectively, which do not change for first order (SL-1)
intensity contour within the experimental accuracy of 415 arcsec.

From Figs. 6.54 and 6.55 it is obvious what potential is offered for im-
mediate identification of the strain status of short-period superlattices by
reciprocal space maps. The symmetry of the intensity contours around the
zero order peaks indicates the absence of large scale strain gradients along
the growth direction, and a rather statistical distribution of the mosaic blocks
and a constant strain status within the superlattice stack.

If partial relaxation occurs on SLS grown on alloy buffers, the evalua-
tion of the strain status is complicated when a deviation from Vegard’s law
is present, which is the case e.g. for SiGe alloys. This deviation has to be
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Fig. 6.55. Measured reciprocal space maps of sample B. The iso-intensity contours
correspond to 1, 2, 5, 10, 20, 50, 1000 cps in the (224) map, to 1, 2cps in the
(004) map of the SL-1 and to 1, 2, 5, 10, 20, 50, 100cps in the other (004) map,
respectively. In the (224) map, the B1 buffer layers RELP’s are symmetric around
the [224] direction indicating full relaxation; the shift of the maximum intensity of
the SLO peak away from the g || [224] direction indicates residual in-plane strain
SL of —0.33% [6.161]

considered for the evaluation of strain status deduced from the shift of the
reciprocal lattice points during the relaxation process.

The distribution of the diffusely scattered intensity around reciprocal lat-
tice points results from structural imperfections like microscopic and macro-
scopic strain gradients, and statistically distributed lattice plane tilts, usually
referred to as mosaicity.

Recently, the correlation function of the random deformation field due to
these structural defects was calculated for short period SigGeg superlattices.
The Fourier transformation of the two-dimensional reciprocal space distribu-
tion of the scattered intensity equals the correlation function multiplied by the
reflectivity of the perfect structure, i.e. it is obtained from the reciprocal space
maps without any assumption on the defect structure in the sample. From
the correlation function one obtains directly the region which scatters X-rays
coherently, i.e. along growth direction as well as laterally [6.163]. Reciprocal
space mapping has been also used quite extensively to study partially relaxed
layers of ZnSe grown by MBE on (001) oriented GaAs substrates [6.164]. From



362 6. High Resolution X-Ray Diffraction

measurements of reciprocal space maps around different asymmetric and sym-
metric RELP’s a depth gradient not only in strain but also in mosaicity was
derived by the authors.

In the following we show data on pseudomorphic Si/SiGe MQW struc-
tures which exhibit considerably smaller FWHM’s both along and perpendic-
ular to growth direction. The p-type modulation doped Si/Si;_,Ge, MQW
structures were grown by MBE on (001) oriented Si substrates [6.165]. The
MQW sample, on which X-Ray data are shown in Fig. 6.56, consisted of
10 repeats of 52 A thick Sig77Geg s wells and 175 A thick Si barriers. A Si
cap layer of 440 A was deposited on top.

In Fig. 6.56 in the insert a DCD rocking-curve of the (004) Bragg reflec-
tion is shown. Apart from the substrate peak several superlattice peaks are
identified. However this sample shows subsidiary intensity maxima between
the main SL maxima. Since the number of periods is N = 10, the number of
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Fig. 6.56. Triple-axis reciprocal space map of a pseudomorphic Si/SiGe MQW
structure on Si(001) in the vicinity of (004) substrate reflection along the direc-
tions q||[004] and perpendicular to it. Three- and two-dimensional contour plots
of constant scattered intensity (in a logarithmic scale) are shown, transformed to
reciprocal space coordinates Agq relative to the substrate. The insert exhibits a
DCD rocking-curve measured over the same region in reciprocal space with the Si
substrate peak and several orders of superlattice peaks (—6...2) [6.165]
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subsidiary maxima has to be N — 2, which is in this case 10 — 2 = 8. The
subsidiary maxima can be identified not only between SLO and SL+1, but
also between the SLO and SL-1, SL-1 and SL-2 and even in between SL-2
and SL-3. In Fig. 6.56 also a reciprocal space map around the (004) Bragg
reflection for the substrate and the SL+1, SLO, SL-1,-2,-3 peaks is shown,
which demonstrates the different FWHM'’s of the contours of equal intensity
along the [004]-direction and perpendicular to it (i.e., the [010]-direction). The
intensity in the reciprocal space map is also shown in a three-dimensional rep-
resentation. In Fig. 6.57 the central part of 6.56 is enlarged for clarity for the
demonstration of the subsidiary intensity maxima in between the SLO and
SL+1 superlattice (004) reflections for the same sample. The FWHM of the
SL extrema along growth direction is 78 arcsec, which is due to the finite
thickness of the entire MWQ stack. However, perpendicular to growth direc-
tion the FWHM is only 13arcsec for the zero order peak, which indicates
the extremely high crystalline perfection and the absence of any appreciable
mosaicity. This fact is not astonishing since the analysis of the (004) and
the (224) reciprocal space maps yield that the mean in-plane lattice constant

Fig. 6.57. Detail of Fig. 6.56 showing 8 clearly resolved finite thickness fringes
inbetween the SL peaks SLO and SL+1, indicating high structural perfection. The
FWHM of the SL reciprocal lattice points in the q, direction are remarkably
small [6.165]
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of the MQW constituent layers is exactly equal to the unstrained Si lattice
constant.

For superlattices grown along a [111)-direction like e.g. the one shown
in Fig. 6.58 usually reciprocal space maps are recorded around a symmet-
ric (222) and an asymmetric (264) reflection. The data stem from a PbTe
(87.6 monolayers)/EuTe (5 monolayer) superlattice grown on a PbTe buffer,
deposited on a (111) BaF, substrate. The iso-intensity contours in the vicin-
ity of the buffer (B) and the superlattice peaks (SLO, SL + 1, SL + 2, SL
+ 3) are shown. For these two (111) and (264) reflections the superlattice
peaks lie all along the [111)-direction normal to the sample surface and both
measurements were performed in the same [110] azimuth orientation of the
sample.

A theoretical analysis based on the kinematical diffraction theory of dif-
fuse X-Ray scattering from multilayers exhibiting interface roughness as well
as mosaic structure was given by Holy [6.168]. With this method iso-intensitiy
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Fig. 6.58. Reciprocal space maps around symmetric (111) (a) and asymmetric
(264) (b) reciprocal lattice points of a PbTe (87.6 monolayers)/ EuTe (5 mono-
layers) superlattice grown on a PbTe buffer deposited on (111) BaF; substrate.
The w and w — 26 scan directions are transformed to the reciprocal space axes g,
(parallel to g[agg)) and gy ( perpendicular to gpa99)) for (a), and parallel to g[s64 and
perpendicular to g4 for (b) [6.128]
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contours and various satellite reflections in reciprocal space maps as well as
DCD rocking-curves are simulated. The analysis yields interface roughness,
the correlation of interface roughness from different interfaces, and indepen-
dently the mosaic spread.

6.8 New Developments

6.8.1 Analysis of Quantum Wire Structures Using HRXRD

Laterally structured semiconductors (quantum wires and quantum dots ) are
in the focus of current interest. Since these are periodic structures with large
coherence length and typical dimensions of the order of 1000 A, X-Ray diffrac-
tion can be used to get information on their structural quality.

Recently Tapfer et al. [6.169, 6.170] have studied deep mesa etched
AlGaAs/GaAs quantum wire structures and obtained both the quantum-
wire period as well as the quantum wire width. In the angular range close
to a Bragg diffraction peak interference of X-Ray waves scattered by the
quantum-wires occurs. For the analysis a combination of X-Ray diffraction-
and a multiple-slit Fraunhofer model has been employed. The normalised re-
flectivity as a function of the deviation A6 from the Bragg angle is given
by

R(A6) = (|Ya|DI)? (6.75)

where Y}, is the Fourier coefficient of the polarisability for the h-th Bragg
reflection and

sin 3
D= 6.76
3 (6.76)
the diffraction term with
wdy, sin(20) A0
=0 6.77
Acos B, ( )

where d,, is the quantum-wire width, 6, is the angle between reflected X-Ray
beam and the crystal surface. I is the interference term

sin(Na)

I = 78
N sin« (6.78)
with
o Ly sin(20p) A0 (6.79)

Acos b,
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where N is the total number of irradiated quantum wires and L, the QW
period. From these equations the QW width d,, and period L, are given by

+mcosf,
@ = A sin(205) (680)
+nAcosf
=T re .81
Ly Abrnax sin(20p) (6.81)

There is the possibility that the maxima of I coincide with the minima of D.
When L, = (n/m)d, the n-th order QW peaks are suppressed. This allows
determination of not only the QW period but also the QW width d,. An
example of such a measurement is given in Fig. 6.59 with inserts explaining
the scattering geometry. In reciprocal space the rods have dimensions A1,
the inverse height of the mesa-etched structures and they are a distance 1/L,
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T quantum well wire structure (a)
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ki G the scattering plane as indicated

by the inserts [6.171]. The satel-
4 lite peaks W, are due to the
—J—L—]—‘L—J__L A periodic array of the quantum
T wires. Lower part shows the cor-
responding scattering scheme in
reciprocal space [6.166]




6.8 New Developments 367

apart. The accuracy of the determination of the quantum wire period L, is
about 30 A.

Figure 6.59 shows experimental X-Ray diffraction pattern of a MQW
Alp36GageaAs/GaAs deposited on a Alg3sGagesAs buffer layer on top of a
GaAs substrate for an asymmetric (422) reflection. The satellites designed W;
(with 7 up to +6) are due to the lateral periodicity caused by the quantum
wires and their separation yields a period of 282 nm and a quantum wire width
of 60 nm. B denotes the diffraction peak of the buffer and S; the first order SL
peak from the chemical modulation along the growth direction. In addition,
Tapfer et al. deduced from the comparison of the SL peak positions in the
two scattering geometries an in-plane lattice strain normal to the quantum
wires.

Macrander and Slusky [6.166] have investigated InP substrates with a
sawtooth corrugation and overgrown epilayers of InGaAsP on these sub-
strates. They found satellite structures, if the corrugations were oriented per-
pendicular to the diffraction plane. For the corrugation orientation parallel
to the diffraction plane no evidence for satellite peaks was found.

Recently, a diffraction model based on a semi-dynamical diffraction theory
for the calculation of diffraction pattern of corrugated surfaces was presented
[6.172]. This model is useful for the determination of the shape (rectangular,
trapezoid, ...) i.e. of the geometrical parameters of the surface corrugation
from the observed diffractograms. The analysis of symmetric and asymmetric
diffractograms is necessary for this purpose, the latter should be recorded
in glancing exit reflection geometry, since this is the most sensitive one to
surface corrugation. Apparently, two-dimensional reciprocal space maps offer
similar advantages for the analysis of periodic corrugated surfaces as well as
for periodic semiconductor wires or dots fabricated by deep mesa etching,
as they do for the analysis of epilayers and heterostructures. Gailhanou et
al. [6.173], van der Sluis et al. [6.174] and Holy et al. [6.175] have recently
used this technique for the study of corrugated GaAs, InP, Si substrates as
well as InAs/GaAs quantum wires. Gailhanou has pointed out that surface
gratings act simultaneously as reflection and transmission gratings.

Fukui and Saito [6.176] have in principle made similar observations on
fractional-layer superlattices (AlAs)os/(GaAs)os grown on vicinal (001) sur-
faces which exhibited satellite peaks in X-Ray diffraction due to the lateral
compositional modulation (AlAs rods-GaAs rods). Structural studies on InAs
microclusters (quantum dots) were also performed by Brandt et al. [6.177].
The InAs microclusters were prepared by deposition of fractional monolay-
ers of InAs on terraced (001) GaAs surfaces and subsequent overgrowth of
InAs. An asymmetry of the angular position of the satellite peaks (+1) was
observed when the sample was rotated around the surface normal.

In the following reciprocal space maps of the diffraction pattern of reac-
tive ion etched 150 nm and 175 nm wide GaAs/AlAs periodic quantum wires
and quantum dots, fabricated by electron beam lithography and SiCly/O,
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reactive ion etching, are presented [6.178]. The GaAs/AlAs wires and dots
were realized by nanostructuring a 30 period AlAs-GaAs multiquantum well
grown on a 15nm thick GaAs buffer. The nominally 8 nm thick GaAs wells
are separated by nominally 12nm AlAs barriers resulting in a total thick-
ness of 600 nm. The MQW was capped by a 20nm GaAs layer. Beneath the
GaAs buffer 25 periods of a 5 ML/5 ML short period AlAs-GaAs SL with
a total thickness of approximately 75nm was grown on the GaAs substrate
with a 80nm buffer. The lateral macroperiodicity of the wire and dot ar-
rays gives rise to additional intensity maxima in the diffraction pattern along
gz-direction perpendicular to the growth direction. In Fig. 6.60a reciprocal
space maps around the (004) reciprocal lattice point (RELP) of an unstruc-
tured (as-grown) GaAs/AlAs-reference sample are shown. "S“ denotes the
GaAs-substrate peak, SLy and SL; the zero and first-order MQW peak, re-
spectively. ”A“ is a symbol for an artifact, the analyser streak. Both the
substrate and SLo peak are elongated along the Ewald sphere intersecting
the growth direction with the Bragg angle ©g. Thickness fringes inbetween
the MQW peaks SLo and SL; indicate the good crystalline quality of the
system. Their spacing corresponds to the total thickness of the superlattice
of approximately 640nm. In Fig. 6.60b the diffraction pattern of the peri-
odic wire array is shown. Wire satellites accompanying the SLy peak and the
first-order MQW peak SL; are observed. The wire period determined from
the spacing of the satellites along the g, direction is 303nm. The inset in
Fig. 6.60b defines the diffraction geometry, the arrow is the normal to the
diffraction plane, which is defined by the incident and diffracted (004) X-Ray

Fig. 6.60. Reciprocal space maps of a MQW GaAs/AlAs reference sample (a) and
a MQW GaAs/AlAs wire array (b) on GaAs(001) around the GaAs (004) reflection.
The levels of the isointensity contours are varying between 1.2 to 18000 counts/s
in (a) and between 1.5 and 15000 counts/s in (b)
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wavevectors. The half width of the satellite peaks beside the GaAs substrate
and buffer peak is much larger than that of the actual GaAs/AlAs dot fringes
indicating a corrugation of the GaAs buffer.

In Fig. 6.61 maps for the periodic dot array are shown. The sample was
oriented with the [110]-direction perpendicular to the diffraction plane (g.-
direction coincides with [110], (a) and with [100] perpendicular to the diffrac-
tion plane (g,-direction coincides with [010], (b). Clearly dot satellites are
observable around the SL, satellite RELP. The satellite spacing decreases
by a factor of 1/4/2 when the diffraction plane is rotated by 45° out of the
principal direction of the dot array Fig. 6.61b. After a further rotation of 45°
the original spacing is observed again. From the position of the MQW wire
satellites in Fig. 6.60b it is concluded that the mean lattice constant along
growth direction is larger than in the unpatterned reference sample Fig. 6.60a,
probably due to oxidizing of the AlAs layers upon etching.

Schuller et al. [6.179] investigated GaAs/AlAs short period superlattices
which were grown with individual layer thicknesses which were different from
integral numbers of atomic planes. This can be viewed as the introduction of
controlled interfacial roughness modulation, which caused additional satellite
structure. The non-integral but periodic modulation of the AlAs/GaAs SL
structure can be interpreted as causing a splitting of the satellites. Schuller
et al. interpreted this finding as evidence that controlled interface roughness
induces changes in peak positions and not merely changes in peak intensities

Fig.6.61. Reciprocal space maps of a periodic MQW GaAs/AlAs dot array for
¢ = 0° (a) and ¢ = 45° (b) on GaAs(001). Due to the larger dot period in the
incidence plane of the X-Rays in geometry B the satellite spacing in the reciprocal
plane is reduced by a factor of 1/1/2
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and linewidth, which is the case for random interface roughness. Fullerton
et al. [6.154] derived an expression based on kinematical diffraction theory
that includes random, continuous, and discrete fluctuations from the average
superlattice structure.

Miceli et al. [6.180] measured and modeled both the low angle reflectivity
as well as the Bragg scattering for (001) ErAs/GaAs (Fig. 6.62). X-Ray scat-
tering was performed using Mo-K,, radiation from an 18 kW rotating anode
generator and a triple-axis spectrometer with Ge(111) monochromator and
analyser crystals. They analysed their data in the kinematical approximation
including discrete interface fluctuations and the influence of diffuse scatter-
ing. They were able to fit both the data for the specular reflectivity and in
the region of the (002) Bragg reflection peak with one single set of data. From
their data, the authors concluded that the ErAs films grow with pinholes for
1 or 2 atomic layers of coverage and evolve into continuous films by 5 atomic
layers coverage. It is claimed that the extended range reflectivity method
gives structural details at the sub-monolayer scale and that the growth mor-
phology of epitaxial layers can consequently be followed throughout the entire
growth. Similar experiments were performed by Baribeau [6.181] on nonideal
Si/SiGe superlattices. From the comparison of the conventional large angle
high resolution X-Ray diffraction patterns on the same sample with the X-
Ray reflectivities the interface roughness parameters, thickness fluctuations,
and partial strain relaxation could be determined unambiguously.

In particular the X-Ray spectra of thin pseudomorphic epilayers exhibit
binomial fluctuations for small numbers of atomic layers. This is characteristic
for layer by layer growth. If the number of atomic layers increases Gaussian
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Fig.6.62. Extended range specular reflectivity for 200A a-Si/35A ErAs/
GaAs(001). The whole spectrum is fitted by one single set of parameters (solid
line) both for the specular reflection (000) as well as for the (002) Bragg reflec-
tion [6.180].
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interface fluctuations occur. For sufficiently thick layers, when lattice relax-
ation occurs, the intensity distribution indicates exponential fluctuations. The
line shape of the intensity distribution along the g-direction (in the intensity
contour plots: w-direction) yields information on the lateral disorder corre-
lations. As already shown by Sinha et al. [6.182] the intensity distribution
along q) contains two components. The first one is delta-like and the second
one is a broad background from diffuse scattering which can even exhibit
side peaks. The diffuse scattering originates from lateral fluctuations, usually
mosaic-like, at least for the thicker films. The delta-peak stems from flat-
ness over a correlation range of several um. The intensity of the delta-peak
decreases with increasing film thickness, whereas the diffuse scattering inten-
sity increases, especially with the occurrence of misfit dislocations. Miceli has
shown, that the lineshapes in ¢ geometry change considerably as ¢, is varied
from a grazing angle condition to Bragg angle geometry.

Recently, Yasuami et al. [6.183] investigated by diffuse X-Ray scatter-
ing the sublattice ordering among group III atoms in IngsGagsP and in
Ing5AlpsP. They determined the Warren-Cowley [6.184] short-range parame-
ters and found excellent agreement with structure models from high resolution
transmission electron microscopy.

6.8.2 Real Time X-Ray Diffraction

In-situ HRXRD has been recently applied by Tsuchiya et al. [6.185] for growth
monitoring of InGaAs on InP using X-Ray diffraction data as an input for a
feedback for the control of the metal organic sources. For that purpose the
MOVPE reactor was equipped with Be-windows for the incident radiation,
which passed through a Bartels monochromator and for the scattered radia-
tion. A precise control of the lattice mismatch of the growing InGaAs layer
was achieved.

Fast structural X-Ray diffraction methods have become possible through
the use of synchrotron sources, angular dispersive methods and position-
sensitive detectors. Using these advanced methods, problems like the strain
relaxation dynamics in epitaxial layers can be addressed as shown by Lowe
et al. [6.186]. In a recent study on SiGe films grown on Si substrates in a
metastable region close to the critical thickness for misfit dislocation produc-
tion, evidence was found for the coexistence of different strain states. During
rapid thermal treatment the change of the strain status can be followed with
a temporal resolution of about 1s. The results indicate that the interface re-
laxation process is not dominated by the kinetics of single misfit dislocations
but is rather a cooperative phenomenon.
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6.9 Grazing-Incidence X-Ray Techniques

So far, the application of different X-Ray diffraction techniques for the char-
acterisation of advanced epitaxial layers has been described. Measurements
of the lattice mismatch and — in the case of alloy compounds — compo-
sition of epitaxial semiconductor structures are nowadays well established.
In recent years ultrathin and thin layers, meaning a few tens to a few hun-
dred A, as well as multilayer structures are of increasing importance in science
and technology. Although high resolution X-Ray techniques are now available,
measurements on such structures are complicated because the relatively large
penetration depth of X-Rays (typically some pm) leads to a poor surface layer
to substrate scattering ratio. Nevertheless, for the past 10 years surface X-
ray diffraction has become an important tool to solve various problems in
surface and interface science. This development is strongly connected with
the rapidly increasing number of high intensity synchrotron X-Ray sources
because the diffracted waves are usually of very low intensity. Different tech-
niques like crystal truncation rod analysis, two-dimensional crystallography,
three-dimensional structure analysis and the evanescent wave method have
been successfully applied. Previous reviews to this field of scattering tech-
niques in surface science were made by Feidenhans’l [6.187], Fuoss and Bren-
nan [6.188] and Robinson and Tweet [6.189]. The surface sensitivity of all
widely used X-Ray techniques (diffraction, fluorescence analysis, X-Ray ab-
sorption, topography, ...) can be considerably enhanced when the X-Ray
beam meets the surface at a glancing angle (a few milliradians) below the
critical angle for which total external reflection occurs and an evanescent
wave propagating parallel to the surface is created. In the last few years there
has been a remarkable increase of the number of experimental and theoretical
reports concerning grazing-incidence techniques for probing surfaces, surface
layers and internal interfaces (see e.g. [6.190,6.191]).

In the next subsections a discussion of the applications and capabilities
of these techniques is presented. First we shall briefly review the basic con-
cepts of the propagation of X-Ray radiation crossing interfaces. In particular,
we shall consider refraction and total reflection of an incident wave at glanc-
ing angle. Next the methods of Grazing-Incidence Diffraction (GID) will be
discussed.

Figure 6.63 illustrates a typical glancing-angle geometry. Let us consider
a plane wave

E = Egexp[i(k-r — wt)] (6.82)

with wavevector k; impinging on a sharp interface which separates two differ-
ent media (e.g. a single-crystal surface in vacuum). The angle of incidence ¥; is
measured from the plane of the surface. Under suitable conditions, which will
be explained below, the incoming wave splits into a reflected (wavevector k)
and a refracted one (not shown) and also a diffracted wave (wavevector k;)
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Fig. 6.63. Grazing-incidence geometry. The X-Rays meet the surface at an angle
¥i; the beam is diffracted through an angle 20 and leaves the surface at an angle
¥s. 20 is the angle between the projection of the specularly reflected X-Ray on the
surface and the projection of the diffracted one

in the case of obeying the Bragg condition for a lattice plane nearly perpen-
dicular to the surface. The situation for the reflected and refracted wave k;
is shown separately in Fig. 6.64. For simplicity all angles are assumed to be
small (usually ¥ < 1°) so that the small-angle approximation [sin(") & 1] can
be used.

6.10 Reflection of X-Rays at Grazing Incidence

Refraction and reflection are well-known optical phenomena and are described
by Snell’s law and the Fresnel equations (see also Chapter 5 on FIR spectro-
scopy in this textbook) [6.193]. The index of refraction is the fundamental
quantity for the description of wave propagation in any media. In the X-Ray
range it can be written as [6.194,6.77]:

n=1-6—1p0 (6.83)
with the dispersive term

5= NoreX? Z+ f

o P A (6.84)
and the absorptive term
2 n
g = NareX” pf" _ 1A (6.85)

2 A 4rx

[N, : Avogadro’s number, 7, : classical electron radius, X : wavelength of
X-Rays, p : mass density, Z : atomic number, f’, f” : real (dispersion) and
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imaginary (absorption) part of the dispersion corrections [6.195], respectively,
A : mass number, p : linear absorption coefficient [6.196]]

For a multielement specimen in (6.84) and (6.85) the sum is to be taken
over the weighted fractions of each element within the compound, respectively.
The real part of n, 1 — §, is connected to the phase-lag of the propagating
wave, the imaginary part, (3, corresponds to the decrease of the wave ampli-
tude. § and (3 are small positive quantities of order 105 to 10~7 for X-Ray
wavelengths at about 1.5A (Tab. 6.2). Consequently, the refractive index is
slightly less than 1 and the transmitted wave will be refracted from the normal
(Fig. 6.64) according to Snell’s law :

n; cosV; = ny cos VY, (6.86)

It is widely known that the effect of refraction must to be taken into
account for precise lattice constant determination from measured Bragg an-
gles [6.34]. On the other hand the deviation from Bragg’s law has been used
to determine the refractive index of crystals for X-Rays [6.77]. It was Comp-
ton [6.197] who first pointed out as early as 1923 that since the refractive
index of matter is less than unity for X-Rays it ought to be possible to ob-
tain external total reflection from a smooth surface. He verified his predic-
tion experimentally determining the critical angle 9. for the tungsten L line
(A = 1.28 A) being totally reflected from a glass surface. Neglecting absorp-
tion (B = 0), the X-Ray critical angle 9. is given by

cosV¥, = ng (6.87)

which leads, on expansion of the cosine for small angles, to

e /26, ~ \[p(Z + f)A (6.88)

Values of 8§, 8 and 9, (calculated for CuK, radiation (A = 1.54 A)) for three
different materials are listed in Table 6.2. External total reflection typically
takes place for glancing angles below 0.7° for X-Ray wavelengths at about
1.5 A (CuK, radiation).

It is well known from optical theory [6.193] that if the second medium is
absorbing, Snell’s law (6.86) is only true in a generalised form with a complex

Table 6.2. Comparison of the calculated dispersive term §, the absorptive term (3
and the critical angle 9, (A = 1.54 A)

) B Ve
Si 7.47107° 0.18'107 0.22°
GaAs 14.79-107 0.461076 0.31°

Au 49.78:1076 4.591076 0.57°
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Fig. 6.64. Reflection and refraction of X-Rays incident upon a plane boundary
between vacuum (n; = 1) and a medium whose refractive index ns is for X-Rays
always less then 1
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angle of refraction. This means that the planes of constant amplitude in the
medium differ from the planes of constant phase. The refracted wave is con-
veniently called an inhomogeneous “plane” wave. From (6.86), reformulated
in terms of Y. such that

92 = 92 — 2, (6.89)

we note that the internal angle ¥, is obviously always imaginary for ¥; < 9.
This means that the amplitude of the transmitted wave field drops off expo-
nentially

Ei(r') x exp[i - Re(ke) - '] exp[—z/ 20] (6.90)
with a damping constant 2z [6.198]

-1
2

20 = % {\/(19,2 —265)2 + 433 — (92 — 262)] (6.91)

as the wave penetrates the less dense medium propagating parallel to the
surface (y-direction in Fig. 6.64). Figure 6.65 shows the damping constant 2
as a function of glancing angle ;. Note that for angles below 9. the amplitude
of the so-called evanescent wave decays at a short distance into the solid

10000 ¢ ? : :
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Fig.6.65. Damping constant

2o (1/e depth of the transmit-

v ted wave amplitude) for CuK,
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(typically 50 A). This fact makes grazing-incidence X-Ray techniques surface
sensitive since the signal originates from a short depth below the surface. On
the other hand the penetration of the wave into the bulk can be controlled by
increasing the angle of incidence providing precise information on the electron
density depth profile.

In order to derive expressions for the reflected and transmitted wave fields
one has to apply the boundary conditions found from Maxwell’s equations like
in optical theory [6.193]. This leads to the Fresnel equations (see also Chap-
ter on FIR spectroscopy) defining the amplitude reflection and transmission
coefficients 7 and t, which are given by

9 —
29;
=5y (6.93)

In the small angle limit considered here, the reflectance R = r-7* and the
transmittance T' = t - t* are independent of polarisation of the incident wave.
A detailed discussion of R and T for X-Ray wavelengths is given by Par-
rat [6.199] and by Vineyard [6.200]. A theoretical reflection curve for GaAs is
shown in Fig. 6.66. For angles well below 9., R becomes nearly unity. When
9; exceeds the critical angle 9., R drops off rapidly as 9~*. But there is obvi-
ously no sharp limit of total reflection. The reflectivity is significantly reduced
in a range close to ¥.. This is due to photoelectric absorption of GaAs which
was included in the calculation. It has first been verified by Prins [6.201] and
Kiessig [6.202] in a series of experiments, that when X-Ray wavelengths ap-
proach the absorption edge of an element, then the sharpness of the limit
of total reflection is much affected by the absorption. Their results gave for
the first time definite evidence of the existence of anomalous dispersion of
X-Rays. Measurements of reflectivity, carried out with synchrotron radiation,
have recently been used for the determination of the energy dependence of the

10°
L
07
5 107
=
107+ Fig.6.66. Calculated reflectiv-
ity of GaAs (CuK, radiation)
1074 i | as a function of glancing angles
0 1.0 20 30 ¢¥; where the surface is perfectly

ﬂi/ﬂc, smooth. ¥, is 0.31°
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anomalous scattering factor f’ (6.84) [6.203]. The knowledge of this quantity
is quite important for the interpretation of many X-Ray experiments. We have
to keep in mind that the critical angle as well as the shape of the Fresnel re-
flectivity curve (Fig. 6.66) depends on some characteristic material properties
only, such as electron density, atomic form factor and absorption coefficient.
They are independent of the crystalline structure or the orientation of crys-
tallites on (or in) the surface. However, the measured reflectivity from a real
surface departs from the predicted Fresnel reflectivity because in reality a
surface is never ideally flat [6.199]. This problem will be discussed in the next
Section.

6.11 Specular Reflection and Non-Specular Scattering
of X-Rays from Layered Structures

Let us now consider a thin film on a substrate (Fig. 6.67). When the incident
angle 9J; of the incoming X-Ray wave exceeds 9, for the layer, the reflectivity
will show oscillations as a function of ¥; due to interferences of waves reflected
from the top surface and waves reflected from the interface (Fig. 6.68).

These phase-sensitive structures are geometric resonances known in optics
as Fabry-Perot interferences. The angular spacing of the intensity maxima
of specularly reflected X-Rays was first measured by Kiessig [6.204] from
which he determined the thickness of thin films. For the situation depicted
in Figs. 6.67, 6.68, respectively, ny < ms, the thickness d is related to the
maxima positions ¥,, by

1
5(@m+ DA =24 \/92, - 2 (6.94)

Fig. 6.67. X-Ray reflection at grazing incidence from a layer of thickness d on
a substrate (ny < ng). The incident beam is partially transmitted. This beam is
reflected then back from the layer/substrate interface. The resulting path-length
difference determines the interference pattern of the two beams
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where m is an integer, A is the wavelength of the incident radiation. This
leads to a linear relationship if the square of the angular position of the max-
ima, ¥2,, is plotted versus (m + 1/2)%. The slope gives the layer thickness d
and intercepts the critical angle for the layer. While the oscillations in the
reflectivity profile result from the thickness of the specimen, the amplitude
of the oscillations depends upon the contrast at both interfaces, that is the
difference of the dispersive term 6 (6.84) at the film-to-substrate interface.
Consequently, the greater the refractive index difference at the two inter-
faces, the more pronounced will be the oscillations. For layered structures the
analysis of the reflected intensity requires a calculation of the fringe pattern
based for example on the recursion formulae given by Parrat [6.199] following
from the Fresnel formalism of optical reflection and refraction in a multi-
layer with smooth interfaces. But in reality, the surface and the interfaces
are not atomically sharp, therefore the calculated reflectivity on the basis of
the simple model of ideal layers is often in substantial disagreement with the
measured data. The interfacial roughness and its correlation from interface
to interface in multilayer thin films devices influences also their novel optical,
electrical, magnetic, mechanical and superconducting properties. Therefore
the knowledge and control of the quality of the interfaces is of both practical
and fundamental interest. In several theoretical approaches concerning the X-
Ray scattering from non-ideal interfaces (e.g. [6.182,6.205,6.206,6.207]) the
rough surface is characterized by the root mean square (rms) roughness o,
the height-height correlation length £ and an exponent h (0 < h < 1) which
determines the texture of the roughness. The scattering from such rough sur-
faces is split into specular reflection and diffuse scattering terms which can be
calculated on the basis of the distorted-wave Born approximation. In many
cases a Debye-Waller type roughness factor is successfully incorporated in the
Fresnel reflectivity model calculations in order to deduce the rms roughness
o. In the method applied by Vidal and Vincent [6.208] the Fresnel amplitude
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coefficients rr; at each interface j is corrected by
T =TFj - €Xp (—Qk? Y59 4+1)i 012-) (6.95)

where o0; is the rms value of roughness for layer j. The surface roughness
determines the decay near 9. while interfacial roughness leads, for layered
structures, to progressive damping of the oscillations with increasing angle ;.
But from reflectivity experiments no information on the in-plane correlation
length € can be obtained. This incoherent contribution affects the scattering
of X-Rays into non-specular directions which are observed in a wide angu-
lar range around the speculary reflected beam. A typical feature of the dif-
fusely scattered intensity is a maximum if either the angle of incidence or
the detection angle equals the critical angle of total reflection. Yoneda [6.209]
was the first who observed this anomalous surface reflection for glancing an-
gles. Warren and Clark [6.210] and Guentert [6.211] interpreted the effect
in terms of small-angle scattering of surface or interface irregularities. The
diffuse scattering technique has proved to be a useful tool for the deter-
mination of surface quality and surface contaminants on the atomic scale.
In combination with measurements of the reflectivity it is possible to sepa-
rate the roughness of external and internal interfaces and its correlation in
multilayer films as well as to investigate the fractal dimension of the inter-
face [6.206,6.212,6.175,6.213,6.214].

Furthermore it has been demonstrated that the nonspecular scattering
is affected in particular by the vertical roughness correlation [6.215]. These
theoretical results have been used for the analysis of specular and nonspec-
ular X-Ray reflectivity experiments on a 20 period MBE-grown AlAs/GaAs
SL performed whith a synchrotron source using various scans and reciprocal
space mapping around (000).

Some of the principles of specular reflection given in the previous sections
will now be illustrated. The characterisation of thin films by means of X-Ray
reflectivity measurements under grazing incidence conditions is not restricted
to single-crystal samples like in the case of diffraction techniques. One can
obtain information on electron density and thickness of single-crystal, poly-
crystal as well as amorphous films. But also surface and interface roughness
on an atomic scale can be analysed. While the reflectivity profile of a single-
layer sample often exhibits simple oscillations which can easily be evaluated,
in case of multilayer structures the interpretation is not that straightforward.
Because of recent improvements of deposition techniques multilayer structures
of stratified and periodic media have been produced, which found a wide inter-
est in basic research as well as in applications to the design of electronic and
optoelectronic devices, soft X-Ray mirror structures, etc.. X-Ray scattering at
small angle has proved to be useful for their characterisation [6.216,6.217]. A
typical situation of a semiconductor superlattice with large period thickness
is shown in Fig. 6.69. The sample was nominally 10 * (60 nm GaAs, 20nm
AlAs) grown by MBE on a GaAs substrate. Beyond the critical angle at 0.31°,
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Fig.6.69. Grazing incidence X-ray reflectivity of a 10 period GaAs/AlAs
(da = 60nm, dg = 200 nm) superlattice grown on (100) GaAs (The sample was
grown by A. Forster, ISI, KFA Jiilich, the reflectivity measurement was carried out
by U. Klemradt, IFF, KFA Jiilich)

which corresponds to the value for GaAs, the reflectivity curve exhibits a se-
ries of peaks in reflection. A full analysis of the data requires a calculation
of the reflected intensity and adjustment of the parameters until a good fit is
obtained. For this purpose least-squares curve fitting procedures [6.218] and
Fourier analysis [6.219] have been employed.

An good example for the interface characterisation by means of X-Ray
total reflection was given by Krol et al. [6.220]. For thin epitaxial In,Ga;_,As
layers (z = 0.53 and 0.60) on InP and GaAs substrates they determined the
roughness of the interfaces, and epilayer thickness by fitting the soft X-Ray
reflectivities (used X-Ray energies 550. .. 700 eV), assuming a model with un-
correlated interfacial roughness. The surface roughness parameters of all in-
vestigated samples were always smaller than interfacial roughness and did not
depend on the type of the substrate or presence of stress in the epilayer. They
concluded that the surface quality of the substrate and the MBE growth con-
ditions influence more strongly the morphologic structure than strain or lat-
tice mismatch. Slijkerman et al. [6.221] demonstrated that grazing-incidence
X-Ray reflection technique is sensitive enough to detect even a delta-doping
profile at a depth of a few nanometers below the surface. They characterised
samples with a very narrow distribution of Sb dopant atoms capped, after
deposition on a Si (001) crystal, with an ultrathin (a few nm) Si overlayer by
analysing the reflectivity profiles. A schematic representation of the sample
geometry is shown in Fig. 6.70. In the right-hand part, the depth profile of the
electron density used in their model calculations is illustrated. The param-
eters they used to adjust their data (Fig. 6.71) indicate that the Sb doping
profile drops off abruptly towards the substrate and more smoothly towards
the surface with a 1/e decay length of 1.01 & 0.37 nm.
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Fig.6.70. Schematic illustration of a reflectance experiment from a buried
delta-doping layer of Sb on Si. The corresponding density depth profile is given
in the right-hand part [6.221]

Fig. 6.71. Measured normalised reflectivities R(¢9;)/Rr(¥9;) as a function glancing
angle ¥;/9.. a Reflectivity data for a sample without Sb. The solid line was simu-
lated for a model with only oxide on top of the sample surface, b the reflectivity
curve for a Sb delta-doping layer on Si with c-Si cap. The calculated profile (solid
line) to the measured data is given by the density profile with exponential Sb de-
cay towards the surface in Fig. 6.70, c reflectivity data and fit obtained from a Sb
doping profile with an a-Si overlayer [6.221]
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Grazing X-Ray reflection was also applied by Baribeau [6.222] to study
monolayer-thick buried Ge layers on Si. He measured and analysed strong
oscillations, arising from the reflected X-Rays at the Ge/Si interface and
the surface of the Si capping layer, for Ge film thicknesses down to one
monolayer. The X-Ray data which are in agreement with additional trans-
mission electron microscope studies of the samples, suggest a transition from
a two-dimensional to three-dimensional growth mode at Ge coverage of about
6 monolayers. Similar results were obtained from the analysis of X-Ray reflec-
tivity curves from various short-period (Si,,Ge,), superlattices [6.223]. Sharp
interfaces (half a monolayer wide) were found only for samples grown on Si
with n < 4. Structures with larger n had rough interfaces owing to three-
dimensional growth phenomena. The great sensitivity of X-Ray reflectometry
to thickness variations and interfacial roughness makes this technique a pow-
erful tool also for the characterisation of non-ideal multilayer structures. Re-
cently it was demonstrated [6.181], how X-Ray reflectometry can complement
double-crystal diffractometry analysis of non-ideal Si/Si;_, superlattices that
contain thickness fluctuations or in which partial strain relaxation is present.

These examples clearly demonstrate the capacity of this X-Ray technique
for nondestructive charaterisation of thin films and interfaces. In addition
it has been successfully applied to study a wide variety of interesting prob-
lems in surface and interface physics and chemistry and also in epitaxial
growth. Examples include: average composition determination in multilayer
structures [6.224], oxidation of metal and semiconductor surfaces [6.42], struc-
ture of Langmuir-Blodgett films [6.225], capillary waves on the surface of lig-
uids [6.226], liquid organic monolayers on water and spreading of polymer
micro-droplets on solid surfaces [6.227]. Combined X-Ray fluorescence and
reflectivity measurements turned out to be very promising for depth profile
element analysis of surface and layer structures [6.228,6.229,6.217].

6.12 Grazing-Incidence X-Ray Diffraction

Marra et al. [6.230] demonstrated for the first time that X-Rays striking a
sample at a glancing angle can be Bragg scattered from lattice planes normal
to the surface of ordered-layered structures. Studying the interface structure
of epitaxial Al films on a GaAs single crystal, they achieved an consider-
ably enhanced surface sensitivity under external total reflection conditions.
Because of the improved signal-to-noise ratio they were able to measure the
lattice spacing parallel to the interface in the Al layer as a function of layer
thickness from 1000 down to 35 atomic layers (202nm to 7.5nm). Since this
first experimental report grazing-incidence X-Ray scattering techniques with
simultaneous total external reflection have been rapidly developed and suc-
cessfully applied to study different aspects of surface and interfaces struc-
tures. A general survey of the current state of art is given by the recent
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conference proceedings [6.190,6.191]. But the first theoretical concept deal-
ing with this subject has already been treated in the early paper by Farwig
and Schirmann [6.231]. Meanwhile the grazing-incidence X-Ray scattering
theory has been studied in detail by Vineyard [6.200], Dietrich and Wag-
ner [6.232,6.233], Afanas’ev and Melkonyan [6.234] and Cowan [6.235]. These
approaches range from semikinematic to dynamic scattering theory. The ex-
perimental progress in this new and promising research area are stimulated by
advanced surface- and thin-film-preparation techniques in combination with
the availability of X-Ray facilities like high intensity synchrotron sources.
But also laboratory high-resolution X-Ray diffractometers have proved to be
useful. The ideas of glancing angles reflectivity and surface diffraction have
also been extended to other forms of radiation, particularly thermal neu-
trons [6.236,6.237).

A typical scattering geometry is sketched in Fig. 6.72. The X-Ray beam
strikes the sample surface at an angle ¥; (< 9.) and is specular reflected
as described in the previous sections. Bragg diffraction occurs from planes
perpendicular to the surface. The scattered X-rays leave the surface at an
angle 26 about the surface normal at a takeoff angle ¥, (typically equal to
9;). Conventional Bragg diffraction monitors the structural properties per-
pendicular to the interface or close to it, in Grazing-Incidence Diffraction
(GID) the diffraction vector kj is parallel or nearly parallel to the surface.
The small perpendicular momentum transfer k, (6.98) depending on ¥; and
¥ has to be carefully considered [6.238,6.237], too. In many cases the sam-
ples of interest exhibit a certain mosaic structure; therefore a semikinematic
approach is adequate for the description of the scattering phenomena. The
concept is known as “Distorted Wave Born Approximation” (DWBA). The

Crystal Plane

Fig. 6.72. Diffraction geometry under grazing incidence conditions showing inci-
dent (k;), scattered (ks) wavevectors as well as the components of the scattering
vector. The speculary reflected beam is not shown
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DWBA was first conceived by Vineyard [6.200] who treated only one grazing
angle. Later this approach was extended to an arbitrary scattering geome-
try by Dietrich and Wagner [6.232,6.233] and put into practice by Dosch et
al. [6.238]. Within the framework of DWBA, the evanescent wave field inside
the medium (“distorted wave”) instead of the wave field in vacuum is consid-
ered to illuminate the crystal. The scattering intensity near the conditions of
total external reflection is then given by [6.239]

I(kH’ kz) ~ |"'i|2 : S(klh kz) ) |ts|2 (6.96)

with the structure factor S(kj, k,) for the momentum transfer components
k; parallel and k, perpendicular to the surface. Furthermore, the Fresnel
transmission coefficients ¢; ; are associated with the angles 9; s
29 s
bis = 2 2\1
7'91',3 + (ﬁi,s - 1'90) 2

(6.97)

which are related to the amplitude of transmitted wave of the incident and
diffracted beams. The ¥-dependence of t; ; features an interesting phenomenon
for ¥; = Y. (Fig. 6.73).

Here, the amplitude inside the medium is twice that of the incident wave
(neglecting absorption) because of the phase matching of the two external
waves that form a standing wave in front of the surface. It should be noted
that grazing incidence (¥;) and grazing exit (¥;) are equivalent in case of

c

Fig. 6.73. Magnitude of the Fresnel transmission coefficient as a function of ¥;/9,.
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evanescent X-Ray waves. This interesting property has been experimentally
verified by Becker et al. [6.240] detecting absorption (external incidence) and
emission (internal excitation in the vicinity of a surface) of X-Ray waves in
the total reflection region. Taking into account the refraction correction, k,
is given inside the solid by [6.233]:

k, = ki; — Koz = 27” [(sin® 9; — 26 — i2B)% + (sin” ¥, — 26 — i26)*] (6.98)

Whenever both angles ¥; and ¥, are less than 9. (sin?9, = 26), Re(k,)
vanishes in the case of no absorption, although the vacuum value may be
unequal zero. The consequences for Bragg scattering are that ¥; s can be
controlled independently within the total reflection regime without affecting
the Bragg condition which has to be fulfilled inside the crystal. The associated
scattering depth A for which the scattered intensity is reduced by 1/e is
defined as [6.238]:

A= |Im(k,)| ™ (6.99)

This length has to be distinguished from the penetration depth 2z, (6.91)
of the evanescent wave which depends only on the the incidence angle «;.
Because of (6.98) A is symmetrically dependent on ¥; and 9. Fixing one of
the angles, ¥; or ¥, at a value below 9, the other one can be chosen freely,
providing a variation of A between a minimum value of typically 20...50 A
and a maximum which is independent on the scanning angle (Fig. 6.74).
The situation is qualitatively different when the fixed angle ¥; in Fig. 6.74,
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Fig. 6.74. Calculated scattering depth A for GaAs as a function of ¥s/9, for dif-
ferent incident angles 9;/9,
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exceeds ¥.. Although for ¥,/9. < 1 there still exists an evanescent wave
(“grazing exit diffraction”) in this case the upper limit of A is determined by
photoabsorption and increases continuously with ;.

The behavior of A in the vicinity of total reflection has to be carefully con-
sidered when discussing surface Bragg scattering [6.238]. Figure 6.75 shows
the results for the measured intensity distributions of the (222) reflection from
a FegAl (110) surface for different incident and exit angles [6.238]. The Bragg
maximum is displaced from its bulk position (9; s = 0) by an amount compa-
rable to .. These results can be qualitatively understood as follows. At small
angles A is also small and so is the effective number of layers participating
in the diffraction, thereby reducing the scattered intensity. The maximum in
the diffracted intensity appears near 9; ; = ¥, because at larger angles Re(k,)
becomes finite and the Bragg condition is no longer obeyed. This effect over-
compensates the increase of the scattering depth A. Similar scattering studies
were carried out at highly perfect single crystals in order to get data for a
detailed comparison with dynamical scattering theory (see e.g. [6.241,6.242]).
Because of the properties of X-Ray waves outside and inside a perfect crys-
tal, the calculated profiles of the specular reflected and diffracted beam show
interesting features which are not described by the kinematical approxima-
tion [6.234,6.235].

High angular resolution measurements were achieved with synchrotron
radiation revealing some of these features. Although effects of natural ox-
ide layers [6.243] and of a tilt angle between the scattering lattice planes
and surface normal has been carefully considered in the interpretation of the
experimental data systematic deviations are still observed [6.241]. Recently

INTENSITY [a.u.]

8 /8

C

Fig. 6.75. Intensity profiles of an in-plane Bragg reflection from FezAl (100) as a
function of the take off angle ¥5/9, at three different glancing angles 9;/9. [6.238]
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Stepanov [6.244] proposed an explanation of the disagreements giving cor-
rections for the angular dependence of the parameter o which describes the
deviation from the Bragg condition. He also outlined ideas for further experi-
mental tests which should to be taken on very clean crystal surfaces utilizing
back diffraction conditions (©p = 90°).

The high angular resolution which is required in probing near surface
profiles leads to very low intensity of the diffracted waves, so this kind of
measurements are commonly performed with synchrotron radiation. A differ-
ent diffraction scheme, for which a conventional X-Ray source is sufficient, has
been proposed by Golovin and Imamov [6.245]. Instead of measuring the an-
gular dependence of the intensity of the diffracted beam the whole diffracted
cone is recorded with an open detector for varied angle of incidence of a
well collimated X-Ray beam. Rahn and Pietsch [6.246,6.247] demonstrated
the application of the so-called “integral mode” for the characterisation of
nanometer heterostructure layers. In their experimental setup they measured
both the GID and the grazing-incidence reflectivity simultaneously. From the
analysis of the profiles it was possible to separate the contributions of crys-
talline and amorphous part of the layer to the signals.

In order to determine both crystallite size and strains parallel to the
interface also “© — 20@” scans are performed as in conventional diffraction.
The direction of the scattering vector kj remains fixed, but the magnitude
changes.

The interpretation of the data is straightforward and the structural prop-
erties are obtained from the formalism described in the previous passages of
this Chapter. Segmiiller et al. [6.3] applied this GID technique to characterise
very different kinds of epitaxial films with thicknesses down to a few atomic
layers. Although with their scattering arrangement depth profiling cannot
be done, nor are the intensity calculation feasible, the measurements per-
formed with a laboratory rotating anode X-Ray generator demonstrate the
great application potential of GID in laboratory environment for thin film
characterisation. Complementary results are obtained by symmetric Bragg
diffraction along the direction parallel to the surface normal. In thin epitaxial
InAs layers on GaAs (001) substrates Munekata et al. [6.248] detected for
example by GID two domains with different strain distribution (Fig. 6.76).
Conventional Bragg scattering only gives the domain with the relatively low
strain.

Taking advantage of synchrotron sources, which provide high intensity in
combination with small beam divergence, complex dynamic surface processes
of scientific and technological importance can be characterised by high reso-
lution surface scattering. The first in-situ grazing-incidence X-Ray scattering
studies of a chemical vapor deposition process were presented by Fuoss et
al. [6.249]. The authors directly observed the Organometallic Vapour-Phase
Epitaxial (OMVPE) growth of ZnSe on GaAs(001). While the characteristic
p(2 x 4) reconstruction was monitored from a clean GaAs surface, after an
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Fig. 6.76. (220) reflections of thin epitaxial InAs layers on GaAs (001) of different
thicknesses obtained by X-Ray grazing-incidence diffraction. Two InAs domains
with different strains are evident: a weekly strained InAs-I and a strongly strained
InAs-II [6.248]

initial transient, a very well defined (2 x 1) ZnSe reconstruction was found in-
dependent of growth conditions. In a further experiment, they observed cyclic
changes in X-Ray reflectivity of growing ZnSe films during alternating source
epitaxy (Fig. 6.77). These oscillations are believed to characterise the kinet-
ics of the decomposition of the selenium source compound [6.250]. Further
interesting applications of grazing-incidence scattering for the atomic scale
characterisation of OMVPE growth have recently been reported by Kisker et
al. [6.251] and Lamelas et al. [6.252]. Several surface reconstructions were un-
ambiguously determined for the growth of GaAs under OMVPE conditions.
The nucleation of islands, their growth and finally, coalescence was observed
by monitoring the surface sensitive crystal truncation rods. In addition, the
average island spacing, its temperature dependence, and the anisotropy of
the islands shape has been estimated from the diffuse scattering near the
truncation rods. These are a particularly interesting example of the capacity
of X-Ray techniques for surface studies so far thought to be the domain of
electron diffraction techniques (e.g. RHEED, LEED).

In this short review only the basic aspects of X-Ray surface scattering
techniques could be summarised. Its importance for nondestructive surface
sensitive characterisation of epitaxial thin films has been demonstrated at sev-
eral examples. Since X-Ray reflection does not depend on strain distribution
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Fig. 6.77. Intensity oscillations from the specularly reflected X-Ray beam during
alternating source epitaxial growth of ZnSe at 450 °C. For this study the film grew
while the gas flow of the Se and Zn source was abruptly switched on and off [6.250]

or defects within a microstructure it allows the study also of heavily-defected
structures or even amorphous materials. The reflectivity data can be used
to determine the thickness of layers, the depth profiles of the electron den-
sity as well as interface and surface roughness. Simultaneous measurements
of the X-Ray fluorescence which is excited by the standing wave formed at
total reflection give information on the compositional properties of thin films
and surfaces. This combination appears to be a promising new technique for
non-destructive near-surface analysis. In case of crystalline samples Bragg
diffraction under total external reflection conditions can be studied. Taking
advantage of the reduced penetration depth crystallite size, strain, lateral
lattice mismatch as well as mosaic spread in very thin epitaxial layers are
determined. Although the available high intense synchrotron sources offer
the suitable experimental conditions to perform all kind of grazing incidence
measurements with variable X-Ray energies, conventional X-Ray sources have
also proved to be applicable. For a more extensive treatment to this subject,
we refer to the numerous original papers and recent reviews.

6.13 Summary

High-resolution X-Ray diffraction has become a standard tool in many labora-
tories where emphasis is on the growth of epitaxial layers and layer systems.
Double-crystal diffractometry has been recently in widespread use and the
introduction of commercially available instrumentation, especially the four-
crystal monochromator has opened a wide field of applications. Through its
non-destructive nature it is ideal for the determination of composition of
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heteroepitaxial layers, of their thicknesses, of strains and of interdiffusion
at heterointerfaces. Through careful analysis strain relaxation in layers with
thicknesses beyond the critical thickness for misfit dislocation can also be ob-
tained. Lattice mismatch can be measured with an accuracy of 1.4-107° (!).
The tilt of epilayers with respect to their substrates can be determined as
well.

The instrumentation has been further developed and nowadays triple-
axis spectrometers or double-crystal diffractometers equipped with position-
sensitive detectors allow one to perform a mapping of the reciprocal space.
These maps are particulary advantageous for the analysis of not so perfect
heterosystems or superlattices or of epilayers which show even some mosaicity.
Further recent developments are the combination of high resolution X-Ray
diffraction with X-Ray topography which is useful for producing maps of
lattice strains with lateral resolutions down to 1 micrometer. Standard semi-
conductor wafers (thicknesses of 0.5mm) can be used for this technique in
transmission.

Structuring heteroepitaxial layers laterally has become quite important
in order to realise 1-dimensional or O-dimensional electronic systems. X-Ray
diffraction techniques can be succesfully employed in order to determine the
lateral periodicity of quantum wires or dots.

The use of synchrotron sources has permitted a real-time analysis of strain
relaxation in heteroepitaxial layers and in-situ analysis during growth.

Grazing incidence diffraction has become a versatile technique for the
characterisation of epitaxial layers during the past ten years. Since in this
technique the diffraction vector is parallel to the surface, this method is quite
sensitive to all properties which have to be probed in regions close to the
surface or interface. In particular strains, crystallographic orientation and
crystallite size, or domains within very thin epitaxial films can be determined
by this technique. With rotating anodes or synchrotron radiation sources even
monolayers are accessible.

6.14 Concluding Remarks

Due to the vast interest in epitaxial thin films (not necessarily semiconduct-
ing layers) there has been a rapid development in several X-Ray diffraction
methods. Since the films are usually deposited on rather thick substrates
with conventional laboratory instrumentation only the Bragg case reflection
is accessible. Double crystal diffraction has become a general tool, usual in
conjunction with several epitaxial techniques for immediate feedback of struc-
tural qualities of heterostructures, multilayers and superlattices for the crystal
grower.

The use of an analyser crystal between the sample and the detector has
become popular. Reciprocal space maps provide much more information than
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rocking-curve modelling alone. Whereas for the latter extensive software is
generally available for the former such kind of analysis programs are right
now under development. Since the reciprocal space maps provide information
on the films both in the direction of the surface normal as well as parallel
to it, it is forseeable that triple-crystal techniques will become as important
as double-crystal techniques are nowadays. Together with further develop-
ments in grazing incidence techniques which yield some new complementary
information, X-Ray techniques provide a wealth of structural information on
heteroepitaxial systems which range from crystallography, also for layers cov-
ered by others, as well as surface and interface morphology.

New directions are:

— in-situ growth control using Bragg diffraction of growing films, for a feed-
back to influence the growth process directly. This technique has so far
been realised for MOVPE using DCD (with a Bartels type of monochro-
mator [6.185]).

— Observation of in-situ growth with grazing incidence techniques relying
on high intensity X-Ray sources such as a synchrotron [6.250].

— Observation of in-situ strain relaxation in Si/Ge growth, again using syn-
chrotron radiation [6.186].

— extended range specular reflectivity [6.180] which starts at grazing angle
incidence and extends to Bragg scattering at higher angles in a single
experiment (using a rotating anode generator as a source). This technique
seems to provide unique information on specular and diffuse scattering
which combined in the analysis yields information on atomically discrete
interface fluctuations.

In our opinion it is just a matter of time until also in-situ X-Ray diffrac-
tion will be used in conjunction with molecular beam growth technology.
In-situ X-Ray scattering provides important additional information which is
not easily or not at all obtainable with in-situ reflection high energy electron
diffraction which is so far used as a standard probe in MBE growth:

— n-situ control of layer uniformity, chemical composition, and thickness.

— in-situ control of interdiffusion,

— n-situ control of structural, chemical, and morphological changes of
buried layers due to subsequent growth process of further layers.

Whereas the use of synchrotron radiation tremendeously increases the
sensitivity of X-Ray scattering due to monolayers and surfaces, standard lab-
oratory instrumentation provides a wealth of the type of information out-
lined above. Due to its non-destructive nature the role of X-Ray diffraction
will likely even increase as an invaluable method for probing the structural
properties of heterostructures in near future.
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