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Crystallography is extensively employed to solve technological problems and in enriching our understanding
of matter and its interactions with external fields and other perturbations. High-resolution X-ray diffraction
(HRXRD) techniques have played crucial role in understanding real structure of technologically important crystals
and in fundamental understanding of phenomena like dynamical diffraction of X-rays, diffuse X-ray scattering,
and effect of externally applied electric fields on X-ray diffraction. This paper reviews basic principles of HRXRD
and describes a Five Crystal X-ray Diffractometer developed in author’s laboratory. Hlustrative examples include
a positive influence of traces of oxygen on the perfection of silicon crystals and detection and characterization
of very low angle boundaries and dislocations at high resolution. It has been possible to characterize epitaxial
films with thickness of about 40 nm. A finite orientational mismatch between the epitaxial films and their
single crystal substrates has been observed, in addition to the usual lattice mismatch. HRXRD has helped in
identifying principal factors, which influence the biaxial stress in thin film-substrate systems and its value could
be reduced by two orders of magnitude in a few cases. The bending of the starting wafer must be taken into
account otherwise not only the magnitude but also the nature of stress may be wrongly determined. Microstructural
defects generated in silicon, LiF and CdS by externally applied electric fields have been directly observed
and characterized. Remarkable enhancement in diffracted X-ray intensity had been observed when microwave
electric fields were applied to silicon strip lines. A forward diffracted X-ray beam and a loss in absorption
has been observed with ‘thin’ diamond crystals of varying degrees of perfection.
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1 Introduction

Crystallography is generally considered to be concerned
with determination of structure of crystals. However,
it has become an integral part of a large number
of disciplines. Till the availability of powerful
X-ray sources, high quality goniometers, advanced
computing power, modern X-ray detection systems,
automation techniques and advancements in theoretical
understanding, determination of structure was a
challenging task. This is no longer so, particularly,
for crystals of simple compounds. Nevertheless, even
now our knowledge about structure of materials is
limited to some hundred thousand materials or so.
There are a few million materials whose structure
is not well established. The challenge in structure
determination is particularly high in bio-medical field.
Scientists aspire to utilize structure of macromolecules
in understanding the secret of life. Also, to mitigate

human sufferings, one needs deeper knowledge about
health related maladies and their treatment.
Crystallography is a vital tool for understanding
disease and finding cures. In physical and material
sciences crystallographic techniques are indispensable
to understand the behaviour of materials, in particular
the relationship between the real structure and
properties of materials. Crystallography is seamlessly
integrated with modern chemistry, and several applied
disciplines like mineralogy and geology. One of the
most fascinating areas is the fast emerging nano-
science, where dimensions of matter are reaching
nano-meter scale. The quantum phenomena become
manifest in such systems. In microelectronics, there
is an ever-increasing stress to shrink device dimensions.
One needs new approaches to understand real structure
of such systems. Hard core crystallographic tools and
techniques are vital in dealing with such challenges.
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Diffraction of X-rays, neutrons and electrons are
widely employed to reveal the ideal and the real
structures of crystals. Ideally, for X-ray diffraction,
one would like to have plane wave exploring beam
of single wavelength. Under these conditions, the ideal
perfect crystal is expected to yield nearly 100%
reflectivity with certain diffracting planes and the
range of diffraction is expected to be of a few micro
radians'®. In real life, the plane wave condition is
approached in very few experiments. Further, all real
crystals have non-trivial deviations from the ideal
perfect periodic arrangement of constituent atoms,
ions and molecules. It is amazing that most of the
crystallographic experiments aimed at determining the
structure of crystals, deviate by two to three orders
of magnitudes from the ideal experimental conditions.
However, for determination of real structure of
crystals, it is necessary that experimental set-ups
should approach ideal conditions™ . Advancements
in power and brilliance of X-ray sources, particularly
with the establishment of synchrotron radiation
sources, it is possible to achieve high quality exploring
X-ray beams and due to this, several exciting
possibilities in X-ray optics and microscopy of crystal
defects have opened up. By employing high-resolution
X-ray diffraction (HRXRD) techniques it is possible
to characterize all types of crystal defects. Also, non-
localized deformations like biaxial stress in thin film
— single crystal substrate systems can be evaluated.
The real structure of bulk crystals, their surfaces or
thin films with thickness going down to nano-metre
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range can be determined. In this paper, we shall discuss
recent advances in high-resolution X-ray diffraction
techniques and their applications in some areas of
materials science as well as in fundamental research
concerned with interesting diffraction effects observed
with ‘thin’ real crystals.

High Resolution X-ray Diffraction

Asmentioned above, under ideal conditions one would
like to have an absolutely parallel and monochromatic
X-ray beam for high-resolution X-ray diffraction
(HRXRD) experiments. Of course, such abeam cannot
be realized in actual practice and we have to accept
a beam with finite divergence and wavelength spread.
In many experiments, particularly, dealing with the
investigation of low dimensional materials and devices,
the dimensions of the exploring beam are also required
to be small. To achieve a nearly parallel and
monochromatic beam, one employs diffraction from
high quality crystals, which is limited to a narrow
range of angles and there is very high selectivity
in wavelength of X-rays. A variety of multi-crystals
X-ray diffractometers have been developed to meet
different requirements'***. In author’s laboratory, a
series of multi-crystal X-ray diffractometers have been
developed over the years for different experiments.
These include a Five-Crystal X-ray Diffractometer.
A brief description of this system is given in the
following.

Fig. 1 shows a schematic diagram of the Five-
Crystal X-ray Diffractometer designed, developed and
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Fig. 1 A schematic line diagram of the Five Crystal X-ray Diffractometer designed, developed and fabricated at author’s laboratory
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fabricated at author’s laboratory™'’. The essential
design features of this diffractometer are: (i) a fine
focus or micro-focus X-ray source; (ii) a long
collimating tube (30-50 cm) fitted with a pair of fine
slits; (iii) a set of three plane silicon monochromator-
collimators; (iv) versatile goniometers for orientation
of crystals for diffraction experiments; and (v) an
analyzer crystal stage. The collimator is generally
oriented for a small angle of foreshortening (~ 3°).
The combination of an X-ray source of small size,
a long collimator and fine slits gives an X-ray beam
whose divergence in the plane of diffraction is typically
about 80 arc sec. The first two monochromators are
of Bonse-Hart type'' with diffracting surfaces along
(111) planes. The X-ray beam diffracted from these
crystals consists of well-resolved Ko, and Ko, beams
when a fine focus source is used and either Ka or
Ka, component is obtained, if a source with small
size [~0.Imm or less] is employed. The Ko, beam
is isolated with the help of another slit and is diffracted
from the third crystal, whichis setin ahighly dispersive
mode. Even though, the configuration of the three
monochromator-collimators is (+, —, +), the diffracting
planes of the third monochromator are (800), which
leads to high dispersion. Diffraction from third crystal
leads to a high reduction in the wavelength and
direction spreads of the X-ray beam. Both the spreads
together add up to much less than 0.3 arc sec. The
third crystal, the fourth crystal and the fifth crystal
stages have provisions for tilting, translation and 6
(glancing angle) rotations. A vertical circle goniometer
allows full circle azimuthal rotations of specimens.
Scintillation counters are used as X-ray detectors.
The output of these detectors is fed to counting
systems, which can be connected to a PC. Also, the
glancing angle 0 can be adjusted by stepping motors,
which are controlled by the PC. The diffractometry
experiments can be performed either manually or
automatically with the help of the PC. The diffractometer
can be used for performing the following experiments:
(i) diffractometry; (ii) topography, (iii) diffuse X-ray
scattering measurements; (iv) curvature measurements,
(v) determination of crystallographic orientation;
(vi) measurement of lattice parameters of single
crystals; (vii) determination of lattice and orientational
mismatches between epitaxial films and substrate
single crystals; and (viii) measurement of absorption
of crystals for X-rays.

Fig. 2 (a) shows a typical diffraction curve of
a nearly perfect (111) silicon single crystal recorded

with (111) diffraction planes and MoKa, radiation
by using (+, -, +, -, +) geometry of the Five-Crystal
X-ray Diffractometer™'’. This curve shows as recorded
experimental data without any corrections. The
theoretical diffraction curve obtained by using plane
wave dynamical theory for the same experimental
conditions is shown in Fig. 2 (b)’. A comparison
of the two curves shows that the experimental curve
is very close to the theoretical curve. The half width
of the experimental curve is larger than that of the
theoretical curve by only ~ 0.3 arc sec. This deviation
covers the instrumental part, the residual defects in
the specimen and the wavelength and direction spreads
of the exploring X-ray beam. If we record diffraction
curve of a higher order reflection like (400) without
changing the monochromators, the dispersion
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Fig. 2 (a) A high resolution X-ray diffraction curve of a (111)
silicon single crystal recorded on the Five Crystal
X-ray Diffractometer in symmetrical Bragg geometry
and (+, -, +, -, +) configuration of the diffractometer
Mo Ka, exploring beam was employed. The points
represent the as measured data without any correction
being applied.
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(b) A theoretical diffraction curve calculated on the basis
of plane wave dynamical theory for an ideally perfect
silicon crystal for experimental conditions of (a).
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broadening still remains negligible. For example, the
typical observed half width of a (400) diffraction curve
is ~1.7 arc sec, as compared to the theoretical expected
value of ~ 1.4 arc sec. This indicates the high resolution
available with this system. The author and his
colleagues have employed this and the other
diffractometers for a variety of fundamental and
applied research. Some important results are described
in the following,

Characterization of Defects in
Nearly Perfect Crystals

Single crystals are building blocks of several important
technologies such as microelectronics, lasers and
several crucial components of telecommunications.
Single crystals for device fabrication have to conform
to very strict specifications in terms of impurity content
as well as real structure. Also, while processing the
crystals for device fabrication, the real structure of
crystals is required to be controlled within narrow
tolerances. High-resolution X-ray diffraction techniques
have the advantage of direct observation of most of
the important defects like boundaries and dislocations
in a non-destructive manner. Even point defects and
their clusters can be detected and studied by employing
high-resolution diffuse X-ray scattering measurements.
Some recent interesting results on defect studies are
described in the following.

Generally, a low angle boundary is expected to
separate two regions of a single crystal, which have
an angular tilt of ~ 1 arc min or more. Recently,
we have observed low angle boundaries, which have
much smaller tilt angles. These have been observed
and characterized in single crystals of bismuth
germanate (BGO) '*™, cadmium telluride and mercury
cadmium telluride. These boundaries have been termed
as very low angle boundaries.

Fig. 3 shows a typical diffraction curve of aregion
near the periphery of a BGO crystal, which contains
a very low angle boundary'*". This curve consists
of two well-resolved peaks, which are separated by
an angle of 33 arc sec. Each one of the curves is
quite sharp with half width of ~8 arc sec, which
is not far from the theoretical value of the half width
of 3.8 arc sec. High-resolution X-ray diffraction
traverse topographs were recorded after orienting the
specimen at peaks 1 and 2 in Fig. 3 and these are
respectively shown in Figs. 4 (a) and (b)'*". It is
clearly observed that complementary areas of the

crystal are diffracting in Figs. 4 (a) and (b). We have
investigated very low angle boundaries in BGO
crystals of varying degrees of perfection'>', It has
been observed that the perfection of a crystal
containing several low angle boundaries improves

7.6 arc sec

Diffracted X-ray Intensity, kc/s
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Fig. 3 A high resolution X-ray diffraction curve recorded with
(400) planes of a (100) bismuth germanate (BGO) crystal
insymmetrical Bragg geometry and Mo Ko, radiation. The
area of the crystal under investigation was close 1o its
periphery, where presence of a low angle boundary was
indicated by topographic examination of the crystal.
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Fig. 4 (a) A HRXRD traverse topograph of the specimen of
Fig 3. It was recorded by orienting the specimen on
the more intense peak in Fig 3. Other experimental
conditions were the same as in Fig 3.

(b) A HRXRD traverse topograph of the specimen of
Figs 3 and 4 (a) recorded by orienting the specimen
atthe peak position of the weaker diffraction maximum
in Fig 3.
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significantly on thermal annealing and the boundaries
can be moved outside the crystal. However, often,
it was observed that a few very low angle boundaries
could not be annealed out even when the crystal was
heated at temperatures that were very close to its
melting point. An examination by Secondary Ion Mass
Spectrometery (SIMS) revealed that the region of the
immovable very low angle boundary had high
concentration of impurities like silicon'’. Apparently,
the impurities decorate the defect and do not allow
it to move out on annealing.

X-ray diffraction topography is widely employed
as a non-destructive direct method for imaging
dislocations in nearly perfect crystals”. When multi-
crystals X-ray diffractometers are employed, the
sensitivity to the strain field around dislocations is
enhanced significantly. This makes it possible toimage
a large region of strain field around the dislocation.
Fig. 5 shows a high-resolution traverse topograph of
a GaAs crystal grown by horizontal Bridgman
method'”. In this topograph, only three dislocations
are observed. The size of each image is about a
millimeter, showing the high sensitivity of HRXRD.
It may be mentioned that the half width of the
diffraction curve of this specimen was ~10 arc sec
and the specimen was required to be maintained at
the peak of the diffraction curve while it was traversed
across the exploring X-ray beam. Similar results have
been observed with a variety of crystals like those
of lithium niobate, sapphire, diamond, garnets and
others. In the case of silicon, it 1s very rare to find
a dislocation. In the case of natural diamond crystals,
dislocation crops sometimes separate different growth
sectors, which have planar interface'®.

Fig. 5 A HRXRD traverse topograph of a nearly perfect gallium
arsenide crystal recorded in symmetrical Laue geometry
withMo Ko, radiation. Only three dislocations are observed
in the entire volume of the wafer.

Single crystals, which are free from boundaries
and dislocations, cannot be considered as ideally
perfect as these contain varying degrees of point
defects and their clusters. The author and his
co-workers have employed high-resolution diffuse
X-ray scattering (DXS)} measurements to study
point defects and their clusters in nearly perfect
crystals' "' In the first phase, a systematic study
was carried out to understand the origin of diffuse
X-ray scattering from crystals'™"****' Till early
seventies it was believed that elastic thermal waves
or phonons are primarily responsible for diffuse
X-ray scattering around diffraction maxima™. The
technique of making DXS measurements was improved
substantially by employing a highly collimated and
Ko, X-ray beam for exploring reciprocal space very
close to the reciprocal lattice points and at high
resolution'™", Diffuse X-ray scattering measurements
were made on a variety of crystals having different
Debye temperatures and around different reciprocal
lattice points. Experiments were also performed at
elevated temperatures. The results of this study showcu
that at and near room temperature, the diffuse
X-ray scattering is primarily due to defects and not
due to thermal vibrations of the crystal lattice. DXS
measurements have been employed to investigate point
defects and their clusters in a variety of as grown
crystals. In particular, detailed studies have been
carried out on device quality silicon single crystals
grown by Czchoralski (CZ) as well as Float-zone
(FZ) methods®***?*** The purity of these crystals
has also been varied. The effect of thermal annealing
under controlled conditions has also been studied®*.

Also, study of process induced defects like those
due to ion implantation in silicon have yielded very
interesting results concerning segregation of implanted
impurity”?*'. Studies on BGO crystals have yielded
interesting results™°. This technique has beenenlarged
in recent years and is sometimes referred to as
reciprocal lattice mapping. Here, we shall describe
some interesting results on point defects and their
clusters in silicon crystals and the changes in the
same due to annealing under oxygen at different
temperatures.

Point defects and their clusters in silicon crystals
of varying degrees of purities and grown by Czchoralski
(CZ) and Float-zone (FZ) methods had yielded several
interesting results. It has been observed that vacancy
type defects give dominant contributions to DXS in
the case of crystals grown by the FZ method®**?.
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In the CZ crystals, the dominant defects are of
interstitial type. In both the cases, isolated as well
as the agglomerated point defects have been observed.
The experimental data could be analyzed to deduce
important parameters of defects like cluster radius
by using a phenomenological model proposed by
Dederichs® for crystals containing low density of
dislocations loops formed by loosely clustered point
defects. It was found that the radii of the clusters
were slightly different in the FZ and CZ grown crystals.
Typical values are ~0.6 um for the vacancy clusters
and 0.8 um for the interstitial clusters®?. It has been
observed that the DXS distribution is very sensitive
to the processing of crystals and their thermal history.
In particular, DXS intensity from regions very close
tothereciprocal lattice pointis a very sensitive function
of the real structure of crystals. We shall consider
a recent interesting example of DXS investigations
in the following™?.

As mentioned above, there is a significant
difference between the point defects and their clusters,
which produce diffuse X-ray scattering around
diffraction maxima of FZ and CZ grown silicon
crystals. It was also observed that in general, the
overall degree of perfection of the CZ crystals was
slightly better than that of the FZ crystals®"***%,
The half width of the diffraction curves of the CZ
crystals was smaller by a few arc sec or so in
comparison to that for the FZ crystals. Also, the
absolute DXS intensity was higher for FZ crystals
at all values of K* in comparison to that of the CZ
crystals. K* is a vector, which joins the elemental
volume of reciprocal space under investigation to the
nearest reciprocal lattice point. DXS intensity is a
good indication of the overall degree of perfection
of the crystals. This result essentially means that
relatively oxygen free FZ silicon crystals have lower
degree of perfection in comparison to the CZ grown
silicon crystals, which have appreciably higher
concentration of oxygen. In the case of natural
diamond crystals also, it is known that small
concentration of nitrogen has a strong influence on
the degree of perfection of these crystals. The
Type 1 diamond crystals, which contain appreciable
amount of nitrogen are generally more perfect than
the Type Il variety, which are relatively free of
nitrogen**’. We have investigated systematically the
influence of oxygen on the degree of perfection of
silicon crystals®?®. For these experiments, we had

taken high purity silicon crystals characterized by
electrical resistivity of ~10 kQ cm. These had low
concentration of oxygen. Oxygen was gradually
introduced by heating the specimen under oxygen
at different temperatures in the range: 573 K -
1373 K. The annealing at each tempes:ture was carried
out for 8 h. After each annealing step the specimens
were slowly brought to room temperature in ~15 h.

The concentration of oxygen in the silicon
specimens was monitored by measuring infrared
absorption at 1105 cm™ ***”. When the concentration
of interstitial oxygen increased, there is a shift in
the absorption peak from 1105 cm” to 1070 cm
suggesting precipitation of oxygen. A band at
470 cm” also appears when SiO, precipitates are
present in appreciable concentration. The oxygen
concentration increases from 1.3 x 10" cm” in the
as grown crystals to 3.6 x 10" cin” after annealing
at 1073 K. Good quality CZ grown crystals generally
have this level of oxygen. After annealing at elevated
temperatures, the oxygen concentration increased
substantially. In the specimen annealed at 1373 K,

the concentration was 1.7 x 10" c¢m™.

High-resolution X-ray diffractometry, absolute
integrated intensity p measurements and DXS
measurement experiments were performed after each
annealing step. The half widths of the diffraction
curves of the specimen were typically ~11 arc sec
before any heating treatment. No significant change
in the real structure or degree of perfection was
observed upto annealing temperatures of 873 K.
Between 873 K and 1073 K, remarkable changes
were observed in diffraction curves as well as in the
DXS intensity distribution. Fig. 6 shows three
diffraction curves of this crystal. These curves were
recorded before annealing, after annealing at 1073
K and after annealing at 1373 K. It is found that
there is a remarkable decrease in the half width of
the diffraction curve to 7 arc sec after annealing at
1073 K. However, it again increases to 10.5 arc sec
after annealing at 1373 K. The oxygen concentration
at 1073 K was 3.6x10"7 atoms cm’, which is nearly
the same as that observed in good quality CZ grown
crystals. After annealing at 1373 K the oxygen content
increases substantially.

The results of absolute integrated intensity p
measurements also support conclusions of
diffractometry experiments. The value of p decreases
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Fig. 6 Typical diffraction curves of a nearly perfect single crystal
of silicon Mo Ka. radiation. symmetrical Bragg geometry
and (+, -, +, -) configuration of the diffractometer were
employed. (a), (b) and (c) were recorded after annealing
at 873 K, 1073 K and 1373 K, respectively.

from 3.5x10° rad (before treatment) to 2.4x10°
rad after annealing at 1073 K. However, it increases
to 4.3 x 107 rad after annealing at 1373 K. This
experiment indicates a direct correlation between the
concentration of oxygen in these crystals and their
degree of perfection. The degree of perfection is
highest at oxygen levels of ~4 x 10" cm™.

Fig. 7 shows a typical set of four DXS intensity
versus K* plots recorded with a specimen at the
following stages: (i) before annealing; (ii) after
annealing at 873 K; (iii) after annealing at 1073 K;
and (iv) after annealing at 1373 K. In Fig 7 we show
only those plots in which K* was along the reciprocal
lattice vector R* for (111) planes. Measurements had
been made with the K¥ along [ 1 1 1], [111],
[110]and [ 110]directions. The defects, particularly
the clusters could be modelled as platelets lying on
(111) planes. Therefore, for the sake of clarity, only
data with K* along [1 11 ] {curve (a), vacancy type
defects} and[ 11 1] {curves (b), (c) and (d), interstitial
type defects} is shown in this figure. The points in
these plots represent the experimental data. The data
was analyzed with the help of a phenomenological
model developed by Dederichs® and full lines were
obtained by this modelling exercise. It can be seen
that the fit between the experimental data points and

the theoretical curves is quite good. It may be
mentioned that no significant change in diffuse
X-ray scattering was observed upto annealing
temperature of 723 K. In the as grown state, the DXS
data showed the dominance of isolated vacancies and
their clusters. The cluster radius was ~ 0.2 um. A
comparison of curves (a) and (b) clearly shows that
there is an overall decrease in DXS intensities at
all values of K*. It may be mentioned that while
computing theoretical intensity a scaling factor C has
tobeused. C depends upon the experimental conditions
such as wavelength, direction and spatial spreads of
the exploring beam, the width of the slit in front
of the detector and the density of defects in the crystal.
The value of C was smaller for curve (b) in comparison
to that for curve (a) by ~ 20%. Since the experimental
conditions were identical, the decrease in the
magnitude of the scaling factor is essentially due to
corresponding decrease in the defect density. A small
decrease in the size of the clusters has also taken
place (from 0.24 pm to 0.22 pwm). Most remarkable
changes take place after annealing the crystals at 1673
K {curve (c)}. The sign of anisotropy of the DXS
distribution changes from negative to positive,
indicating that the main source of diffuse X-ray
scattering is now defects of interstitial type and not
vacancies. The curve (c) is essentially a single
straight line with slope of -2 throughout the observed
K* region. This shows the vacancy clusters present
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Fig. 7 A set of typical log [ DXS intensity I/I ] vs. log K* plots
for a silicon crystal grown by the FZ method. (a), (b), (c)
and (d) are respectively for as grown state and after
annealing at873 K, 1073 K and 1373 K. Other experimental
conditions were the same as in Fig 6.
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in the as grown crystals have dissociated and the
dominant contribution is from the isolated interstitials,
which could be oxygen impurity atoms. In curve (d),
we again see two well defined regions in the plot
with slope of -2 in the smaller value range of
K* and slope of —4 in the higher K* value region.
This indicates clustering of interstitials, whose size
has been deduced as ~ 0.8 um. The value of the
scaling factor C has also increased by ~ 30% in
comparison to that obtained with this crystal before
annealing.

The combination of the results obtained by
diffractometry, measurement of absolute integrated
intensity and analysis DXS measurements clearly
indicates that the perfection of the specimen is
dependent on concentration of oxygen in silicon
crystals. An oxygen concentration of ~4 x 10
cm™ without significant segregation is optimum for
high degree of perfection of silicon crystals.

Structural Characterization of Thin Epitaxial
Films and Determination of Biaxial Stress in
Thin Film - Single Crystal Substrate Systems

Thin films of a wide variety of materials are extensively
employed in almost all devices. It is a challenge to
unravel real structure of these films when one or more
dimensions are restricted to very small values,
sometimes in nano-meter range. X-ray diffractometry,
particularly in the grazing incidence mode has been
quite effectively used™. Even normal high resolution
X-ray diffractometry gives very valuable information
about epitaxial films regarding crystallinity, structural
quality, lattice mismatch between the films and the
substrates and composition of films as deduced from
lattice mismatch. In addition, biaxial stress in thin
film — single crystal substrate systems strongly
influence their properties and affect their long-term
mechanical stability. Biaxial stress is produced due
to dissimilar lattice parameters of the films and the
substrates and due to difference in thermal coefficients
of expansion of the thin film and the substrate material.
The later is an important reason as the films are
generally deposited at elevated temperatures and
cooled to room temperature. The value of stress has
to be controlled to ensure a control on physical
properties as well as for long-term stability of the
thin film-substrate system. If the stress is very high,
the films simply peel off. Therefore, it is important
to be able to measure the stress accurately, understand

the key parameters that control stress level and to
optimize experimental conditions to minimize stress.
A wide variety of thin films had been investigated
in author’s laboratory. These include: MBE grown
structures of InAlAs, InGaAs, SiGe, CdTe, GaSb and
films grown by other techniques like those of silicon
oxide, silicon nitride, polysilicon, silicon oxynitride
and molybdenum silicide on silicon and multi-level
metallizations on gallium arsenide. Some typical
results of structural characterization and biaxial stress
determination are described in the following.

Strained layers of SiGe on silicon have been
investigated extensively because of their exciting
properties like optical absorption and their possible
use as radiation detectors**’. Molecular Beam Epitaxy
(MBE) under ultra high vacuum conditions has been
widely used to prepare SiGe epitaxial films. The film
thicknesses are quite small, of the order of 30-50
nm. These are generally grown on (001) silicon
substrates. High resolution X-ray diffractometry could
be successfully employed to investigate the structural
quality of SiGe films**’. Fig. 8 shows a typical
diffraction curve of a 40 nm thick SiGe film. It is
observed that a well-defined peak is obtained by
employing normal incidence diffraction even though
the film thickness is quite small. From the experimental
value of angular separation between the film and the
substrate peaks, the value of Ad/d was determined
as 0.0103. The concentration of germanium could
be determined from this value as 17.6%. Therefore,
the composition of the film was determined as
Si,, ,G3,, .. It may be mentioned that lattice mismatch
is not the only mismatch between the film and the
substrate. In general, there is an additional mismatch
due to a finite angle between the lattice planes of
the substrate and those of the epitaxial film. By
employing the fifth crystal (analyzer) of the
diffractometer, it can be determined quantitatively.
When the analyzer crystal is employed, the separation
between the film and substrate peaks is only due
to the lattice mismatch. However, without the analyzer
crystal, the observed mismatch is both due to the
usual lattice mismatch as well as due to the orientational
mismatch. By combining two sets of measurement,
with and without the analyzer crystal, it is possible
to determine the value of both the mismatches
accurately. Recently, we have observed interesting
results while investigating highly mismatched gallium
antimonide films on GaAs crystals®. In this case,
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Fig. 8 A typical high resolution X-ray diffraction curve of a 40
nm thick silicon-germanium film grown by molecular
beam epitaxy on a (100) silicon substrate. Mo Ka, radiation,
(+, -, +, -) configuration of the diffractometer and
symmetrical Bragg geometry were employed.

the lattice mismatch between the films and the
substrates is very high (~ 3600 arc sec). Therefore,
it is not feasible to use the analyzer crystal. Variations
in peak separations due to azimuthal rotations to the
specimen in its own plane, which is perpendicular
to the plane of diffraction were used to determine
the values of both the mismatches. If the orientational
mismatch is not taken into account, there can be a
serious error in the determined value of chemical
composition of the film.

Determination of Biaxial Stress

High-resolution X-ray diffraction techniques have
been widely used to determine biaxial stress in thin
film — substrate single crystal systems™>***. In author’s
laboratory, a variety of specimens have been
investigated. These include: (i) SiO, on Si; (ii) SiO,
+ Si.N, on Si*; (iii) Si oxynitride on Si*’; (iv) LTO
+ polysilicon on Si*; (v) MoSi, on Si*; and (vi)
multi-level metallizations on GaAs"*. This work has
led to interesting new results.

It is well known that when the film-substrate
system is stressed it leads to the bending of the system.
The biaxial stress o is related to the radius of curvature
R, the thicknesses of the film ¢, and the substrate
t, and the elastic modulus E and the Poisson ratio
v of the substrate by the following expression**:

[E/6(1-v)](t52/tf)(1/R) . (1)
If one can measure the value of R the value ©
can be determined from eq. (1). We had employed

high-resolution X-ray diffraction techniques to measure
the curvature of the substrate crystal. Since the

g =

diffraction curves of the semiconductor crystal
substrates are quite sharp, the radii of curvature of
several tens of kilometers can be measured accurately.

Systematic study of biaxial stress in a number
of systems had revealed that the relation given in
eq. (1) is not adequate to express the relationship
between the stress and other parameters. This relation
assumes that the starting wafer or the substrate is
absolutely flat. No real substrate is flat. These have
varying degrees of bending and can have in-built
tensile orcompressive stresses. In general, the situation
is like that shown in Figs. 9 (a) and (b). In
Fig. 9 -(a), the starting wafer is concave in shape
when viewed from the polished side on which the
film is deposited. If the film produces a tensile stress,
the wafer will remain concave but its radius of
curvature will decrease or it’s bending will increase.
If the stress is compressive and small in value, the
wafer will still remain concave but its radius of
curvature will increase. If the compressive stress is
quite high, it will change its shape and it will become
convex as shown in the figure. We can see that if
the initial bending of the wafer is not taken into
consideration, the value of stress deduced from the
radius of curvature will be in error. Also, the nature
of the stress may be wrongly inferred. Similarly, if
the starting wafer is convex in shape, the possible
shapes of the wafer due to compressive and tensile
stresses are shown in Fig. 9 (b). To take into account
the initial bending of the wafer, we have employed
the following relation*’:

6 = [E6 (1-W)] (P /1) {(I/R) - (I/IR)} ... (2)

Here, R is the radius of curvature of the blank wafer.
By recording diffraction curves at different points
of the specimen and by using X-ray diffraction
topography, one can directly observe the effect of
stress on crystalline perfection and distribution of
stress in the substrate crystal>*,

We describe here an interesting result obtained
with MoSi, films on Si substrates®. Molybdenum
silicide films (100 nm thick) with tetrahedral structure
were deposited by cosputtering followed by rapid
thermal annealing. The substrates were (100) silicon
wafers with thickness of 300 um. In this study, not
only the value of stress was determined but also the
effect of initial bending of the substrate on the final
stress value was studied. Also, the effect of thermal
annealing on the stress was studied to optimize
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Fig. 9(a) A schematic line diagram showing bending produced by deposition of a thin film on a concave shaped substrate.
(b) The bending of the substrate due to stress produced by a thin film when the wafer was convex shaped to begin with.

annealing conditions. Fig. 10 shows three curvature
plots. The specimen substrate crystal was oriented
for diffraction in symmetrical Laue geometry. It was
traversed across the X-ray beam in small steps. If
the specimen is absolutely flat, it will remain on the
peak of the diffraction maximum at all linear positions.
However, all real crystals are bent and as these are
moved across the X-ray beam, these need to be
reoriented to attain the diffraction peak position. The
rotation provided after each translation is measured

experimentally and is plotted as a function of the

linear position, as in Fig. 10. These plots, termed
as curvature plots have a positive slope if the substrate
is convex in shape. The slope is negative if the substrate
shape is concave. The value of radius of curvature
R is determined from the slope of the curvature plot.
It can be seen from Fig. 10 that the blank wafer
was convex in shape when looked from the polished
side. It had rather low value of radius of curvature
(62 m) showing a high level of bending. After the
deposition of the film, the shape of the substrate
changes and it becomes concave in shape with a radius
of curvature of ~58 m. After rapid thermal annealing

—0— CURVE 1

—o— CURVE 2
—5H— CURVE3

180 |~

ORIENTATION OF g, ARC SEC

0 ] ] ]
0 8 16 24
LINEAR POSITION OF THE SPECIMEN, mm

Fig. 10 Typical curvature plots for a silicon substrate on which
a 100 nm thick MoSi, film was deposited by co-sputtering.
The results are for the blank specimen, just after deposition
of the film ang after annealing the crystal with film.
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at 1273 K, the shape the substrate changes again
and it regains its original convex contour. However,
its radius of curvature increases to 156 m. The value
of stress was found to be -9.04 x 10°* Nm (tensile)
in the as deposited system. After annealing, the stress
reduced substantially to -2.63 x 10* Nm™ We had
investigated the effect of initial bending of wafers
on the final value of stress. In this investigation, highly
bent wafers with very small value of radius of curvature
of 33m, as well as wafers with low level of bending
wafers (radius of curvature ~ 250 m) were selected.
Wafers with radii of curvature similar to that whose
results are reported above, were also investigated.
It was found that the initial bending had a very strong
influence on the final value of biaxial stress. The
results of this study are given in Table I

It is seen from Table I that the value of stress
may range from—13.73 x 10*Nm™ (for the as deposited
wafer with R = 33 m) to — 0.10 x 10°Nm? (for
the wafer with R = 250 m after annealing). Hence,
we see the stress can be reduced by more than 100
times by proper selection of the starting wafer and
subjecting the wafers to annealing at optimized
temperatures. In the case of GaAs crystals, we have
seen that even surface preparation affects the final
value of stress. In this case also the stress could be
reduced by more than a factor of hundred" .

Recently, we had employed HRXRD techniques
for structural characterization of micro-machined
coiled membrane sensors’ . This has helped to
evaluate perfection of the different segments of the
coil and relative tilts between these. The morphology
of the cavity below the sensor could be determined
in a non-destructive manner. Such investigations help
in understanding the long-term stability of such
devices.

Table 1

Some typical values of radii of curvature and biaxial stress in
three specimens of MoSi, films on silicon substrate

Sample Radii of Curvature (m) Biaxial Stress
(10° Nm?)
Blank As- Annealed As- Annealed
wafer  deposited wafer  deposited  wafer
wafer wafer
3 33 -49 114 -13.73 -5.83
62 -58 156 -9.04 -2.63
250 -121 275 -3.31 -0.10

Microstructural Changes in Semiconductor and
Insulating Single Crystals induced by External
Electric Fields

Diffraction of X-rays from crystals is understood in
terms of the interaction of the electric wave field
of the X-rays with the electrons of the atoms/ions
constituting the crystal'®. The response is quantified
in terms of a periodic dielectric constant of the crystal.
It is, therefore, to be expected that externally applied
electric and magnetic fields may produce appreciable
changes in diffracted X-ray intensities. For a long
time attempts had been made to observe these
changes™. However, no success was reported™>.
HRXRD experiments were successful to demonstrate
remarkable microstructural changes in crystals having
band gap in a wide range: silicon, cadmium sulphide
and lithium fluoride®*®'. One of the applied motives
behind these studies was as follows. It was known
experimentally that when high electric fields are
applied to semiconductors and insulators the dielectric
loss is not stable with time and fluctuations are
observed®®. These fluctuations have been attributed
to residual inhomogeneities in the specimen. Attempts
to correlate these fluctuations with simultaneous
structural changes have been successful’’. Some
measurable changes in diffracted intensities were
observed when devices like MOSFETs were switched
on showing a coupling between the charge carriers
and the crystal lattice®. Recently, a new approach
has been suggested for on-chip evaluation of integrated
circuits of small dimensions by measurement of charge
transfer by high resolution X-ray diffraction®. A brief
description of the essential results obtained in these
investigations is given in the following.

High-resolution X-ray diffraction experiments
have been performed on silicon crystals, which were
subjected to electric fields of different frequen-
cies®'. The frequencies were changed in the range:
0Hz(DC)to 2.45 GHz. The geometry of the electrodes
had to be optimized for different frequencies. At low.
frequencies (up to a few MHz) circular aluminum
electrodes were deposited on both surfaces of the
specimen. At microwave frequencies an aluminum
strip line was deposited on one side of the silicon
crystal, whereas the other side was entirely covered
with electrode. The electrodes were connected to the
power supplies with the help of silver paint. High-
resolution X-ray diffractometry and topography
experiments were carried out while the crystals were
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subjected to electric field. The specimens had been
rigorously characterized before the application of
electric field. It was ensured that the silicon specimens
were nearly perfect crystals.

Remarkable microstructural defects could be
directly observed in high-resolution traverse topographs
when electric field was applied to the crystals. Figs.11
(a) and (b) show topographs of a silicon single crystal
recorded before and during the application of a DC
electric field”. A four-crystal X-ray diffractometer
was employed in these investigations. The diffraction
curve half widths for the specimens were ~ 3 arc
sec when these traverse topographs were recorded.
In Fig. 11(a), the X-ray intensity is nearly uniform
showing the high structural perfection of the specimen
crystal. Contours of the circular aluminum electrodes
are clearly seen. A line like feature is observed in
the electrode region. When the specimen was subjected
to electric field significant changes in the topographs
were observed only when the electric power loss
density p was above a threshold value. p is defined
as the electric power loss in a unit volume of the
crystal’®. For the silicon crystals the threshold
value for p was experimentally found to be ~107
Wmm™. Fig. 11(b) was recorded at power density
p = 0.01 Wmm™ . At this p-value, the electric field
strength was ~1400 V cm™ and the electric current
through crystals was a few milliamperes only. It is
clearly seen in Fig. 11(b) that several dot like features
are observed in the area under electrodes. The size
of these dots was in the range: 100 pum-160 um.
A strong black and white dynamical contrast is
observed around the dots. Experiments conducted with
different sets of diffracting planes led to the conclusion
that the volume of the specimen in the dot region
is pushing out the surrounding matrix. These results
indicate that the flow of the electric current through
the specimen is filamentary in nature and is not
homogenously distributed. The dots indicate the
regions of high electric current. The size and the density
of the microstructural features varied from specimen
to specimen. In the same specimen variations were
observed from region to region. These experiments
demonstrated that inhomogeneities in the electric
current flow through the specimen could be directly
observed in topographs. Electric field induced
microstructure shown in Fig. 11(b) was also
accompanied by an increase in the diffracted intensity,
which is observed as a general increase in blackening
in the topographs.

Fig.11 A set of two HRXRD traverse topographs of a silicon
crystal (a) and (b) were recorded before and during the
application of a DC electric field corresponding to a p value
0 and 0.01 W cm™?, respectively.
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The electric field induced microstructure was
foundtobe quite stable. Even when the field is switched
off, the microstructure persists for several days.
Thereafter, it fades slowly and disappears completely
in about 8 weeks’ time. When the electric field is
applied again exactly the same microstructure is
observed in the topographs. These results strongly
suggest that residual inhomogeneities in the specimen
like impurities and point defect clusters are responsible
for a filamentary non-homogeneous flow of electric
current, which is responsible for the observed contrast
in the topographs. Microstructural changes have been
also observed with cadmium sulphide and lithium
fluoride crystal®. However, the shapes of these
features were very different.

A remarkable enhancement in diffracted X-ray
intensity was observed with silicon single crystals
when electric fields of microwave frequency were
applied. Fig. 12 shows a set of two diffraction curves
recorded before and during the application of a
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Fig. 12 A typical set of two high resolution X-ray diffraction
curves of a silicon crystal on which a strip line was
prepared for microwave field (2.45 GHz) experiments.
The outer curve was recorded when a microwave field
[~ 9 W] was applied to the crystal. The inner curve was
recorded after switching off the field. These were recorded
in symmetrical Laue geometry with (220) planes,
Mo Ka, radiation and (+, -, +) configuration of the
diffractometer.

microwave field”™. It is seen that the increase in
diffracted X-ray intensity on application of microwave
field is of more than two times. In this case also.
dot-like microstructure could be clearly observed in
the topographs.

Another remarkable result of this study was
concerned with the excellent correlation observed
between the fluctuations in the electric current through
the crystals and the simultaneous changes in the
intensity of the diffracted X-ray beam. As mentioned
above when the electric current through an insulator
or a semiconductor is increased substantially it
becomes unstable with time®. The electric current
can shoot up by few milliamperes above a base value
of about 10 mA. It remains there at the high value
for several minutes and then decreases to the average
base value. Experiments were performed to observe
possible correlation between the changes in the electric
current and the diffracted X-ray intensity. The electric
current as well as the diffracted X-ray intensity were
recorded on the same strip chart recorder. It was seen
that when the electric current shoots up there is a
simultaneous increase in the diffracted X-ray intensity.
Excellent correlation was observed between the
fluctuations in the electric current and those in the
X-ray intensity. However, there were characteristic
differences also. The increase ordecrease in the electric
current takes place in a short time due to electronic
nature of the electric current. The rate of change in
the X-ray intensity was always much smaller as this
essentially reflects the changes in atomic positions,
which are expected to be slow in nature.

Interesting experimental results were achieved in
experiments performed with silicon MOSFETs®. It
was observed that when the voltage was applied to
the gate of the device in order to deplete the n-layer
a small but measurable change in the diffracted
X-ray intensity from the region was observed.

The changes in diffracted X-ray intensities indicate
a possible change in the distribution of electrons in
the crystals. Normally one considers electronic
distribution through the atomic scattering factors. It
has been shown phenomenologically that there is an
appreciable change in the atomic scattering factor
if the electron distribution in the atom is disturbed®.
Also, it has been shown theoretically that appreciable
variation in the magnitude of atomic scattering factors
is expected if realistic bonding of atoms in crystals
like silicon and diamond is taken into account®.
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Normally, for calculation of atomic scattering functions
one assumes that electronic distribution is spherical.
However, in real crystals there is a bonding between
the adjoining atoms and this disturbs the spherical
distribution.

For determination of low dimensional structures
like quantum wells and high-density integrated circuits,
it will be necessary to improve the experimental
capability of HRXRD experiments substantially.
Dimensions of the X-ray beams have to be reduced
to less than 1 um. However, this will be accompanied
by adrastic loss in X-ray intensity. One has to optimize
the optics of the experiments in such manner that
diffraction experiments are still feasible. A good
possibility is to combine high brilliance X-ray sources
with high quality mechanical collimators fitted with
fine slits and a suitable combination of monochromator—
collimator crystals that have asymmetrically cut
diffracting surfaces. This arrangement can yield highly
collimated and monochromatic X-ray beams of low
dimensions. With such exploring beams and by
employing precision traverse stages one can possibly
investigate individual charge packets on device
surfaces®.

Direct Observations of Forward Diffracted
X-ray Beam in Thin Diamond Crystals of
Varying Degrees of Perfection

It is widely known that dynamical diffraction effects
like forward diffracted X-ray beam, pendellosung
fringes and Borrmann effect are observed when thick
(ur 2 10) and nearly perfect crystals are oriented
for Laue diffraction'. In author’s laboratory HRXRD
experiments have been performed with natural diamond
crystals of type I and II varieties, whose thicknesses
corresponded to ‘thin’ crystal case (W << 1). Several
type 1 variety crystals were nearly perfect. Type 1l
crystals were rather imperfect. We had deliberately
selected nearly perfect as well as imperfect crystals
for these experiments. Fig. 13 shows a set of two
diffraction curves recorded with a good quality
diamond crystal of Type I variety®. This specimen
was ‘thin’ with ur sec 6 value of about 0.3. The
outer curve has been recorded with the normal
diffracted beam. The inner curve is for the forward
diffracted beam. It is seen that the peak intensity
of the forward diffracted beam is a substantial fraction
of the intensity at the peak of the normally diffracted
beam. Topographs had been recorded with both the
normal and the forward diffracted beams®.
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Fig. 13 Asetoftwodiffraction curvesof a ‘thin’ and nearly perfect
diamond single crystal. The outer and inner curves are
for the normal diffracted and the forward diffracted
beams. Symmetrical Laue geometry, (220) planes,
Mo Ko, radiation and (+, —, +) configuration of the
diffractometer were employed.

(b)

Fig. 14 (a) and (b) are a stationary topograph and the photograph
of the forward diffracted plus residual direct beams,
respectively of a ‘thin’ [ut sec® = 0.29] and imperfect
diamond crystal. Other experimental conditions were
similar to those in Fig 13.
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We have investigated the effect of the degree of
crystalline perfection of diamond crystals on the
appearance of the forward diffracted X-ray beam. For
this purpose crystals with low degree of perfection
but having approximately the same value of ur sec
0 were selected. The forward diffracted beam could
be observed even with crystals whose diffraction curve
half width was about 200 times that of the theoretically
expected value for an ideal perfect diamond crystal
for these experimental conditions®. The intensity of
the forward diffracted beam was an appreciable
fraction of that of the normally diffracted beam.
Fig. 14 shows a set of two topographs of a ‘thin’
(e secO = 0.29) and imperfect diamond crystal®.
Fig. 14 (a) is a stationary topograph of the crystal.
Images of linear defects are clearly seen in this
topograph. Also, there is a significant variation in
the intensity along the height of the topograph. This
indicates a variation in the crystalline perfection from
region to region in the crystal. This is not surprising
for an imperfect crystal. Further, the crystal is tapered
at its edges, which is clearly seen as the tapered top
and the bottom of the stationary topograph. The value
of ur sec O at the edges is quite small. Fig. 14 (b)
is a composite picture of the residual direct beam
(right hand side) and the topograph of the forward
diffracted beam. The image of the forward diffracted
beam also shows tapered top and bottom. The variation
in intensity along the height of this image also shows
essentially the same trend as that observed in Fig.
14 (a). Recently, we have examined the plane wave
theory for dynamical diffraction of X-rays from perfect
crystals in some detail”’. Fundamental results of the
theory when coupled with physical considerations lead
to the conclusion that a residual direct beam is implicit
in the equations for intensity of the forward diffracted
beam. In thin crystals the residual direct beam has
dominant contribution to intensity in the forward
direction. Therefore, it has to be taken into account.
When the contribution of the residual direct beam
is subtracted from the total intensity in the forward
direction one can expect a forward diffracted beam
of finite intensity even in the case of ‘thin’ crystals.

A systematic investigation of variations in the
absorption of X-rays in ‘thin’ and imperfect diamond
crystals, as these are rocked around Laue diffraction
maxima, has been made’®”. Variations in the total
transmitted intensity L. were measured as a function
of the glancing 6 around different Laue maxima. The

total transmitted intensity I is defined as the sum
of the intensities of the normal diffracted beam, the
forward diffracted beam and the residual direct beam.
To reduce the uncertainty in the experiments the same
X-ray detector was employed to measure intensities
of all the beams. It has been observed that the total
transmitted intensity L shows a substantial increase
at the diffraction peak position. This essentially means
aloss in absorption at the peak position. The maximum
fractional decrease in the absorption coefficient u was
AW/ p = 66%. Therefore, it is seen that an enhanced
transmission of X-rays takes place even when a ‘thin’
and not so perfect crystal is oriented for Laue
diffraction.

Conclusions

In this article several interesting results obtained by
application of HRXRD have been described. The
results of fundamental importance are:

(i) the diffuse X-ray scattering is primarily due to
crystal defects and it can be used to characterize
small changes in point defects and their clusters
in dislocation free crystals;

(ii) microstructural defects and an enhancement in
diffracted X-ray intensity is observed when an
external electric field is applied to semiconducting
(Si and CdS) and insulating (LiF) crystals; and

(iit)a forward diffracted X-ray beam and a loss in
absorption are observed even when ‘thin’ diamond
crystals of varying degrees of perfection are
oriented for Laue diffraction.

The results of notable applied significance are:

(i) very low angle boundaries with very small tilt
angles (<< 1 arc min) have been observed and
characterized;

(ii) the perfection of silicon crystals grown by the
float zone method is slightly lower than that of
the Czochralski grown crystals and the perfection
of the FZ crystals can be improved by increasing
oxygen concentration to that found in CZ
crystals (= 4 x 107 cm™);

(iii)there is an appreciable orientational mismatch
between the epitaxial films and substrate single
crystals in addition to the usual lattice mismatch;
and

(iv) while determining biaxial stress from bending of
thin film-substrate systems, the initial bending
of the substrate must be taken into account.
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