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Lattice Strain and Defects Analysis in Nanostructured
Semiconductor Materials and Devices by High-Resolution
X-Ray Diffraction: Theoretical and Practical Aspects
Simone Dolabella, Aurelio Borzì, Alex Dommann, and Antonia Neels*
this phenomenon has found of interest in
various applications such as piezoelectric
resistors[3] and strained metal–oxide–
semiconductor
field-effect
transistor
(MOSFET).[4] The reliability of semiconductor materials and devices’ functioning is
closely connected to the introduction of lattice defects.[5–9] Their presence and mobility
decrease the performance and favor failure
after a certain period of application.[10–13]
Epitaxial growth of semiconductor materials is a well-established manufacturing
method, but it is also well known for introducing edge misfit and screw threading
dislocations.[14–16] Processes such as, wafer
bonding,[17] chemical etching, and e-beam
lithography,[18] can also have detrimental
effects on the crystal structure of semiconductor materials.
The relationship between lattice strain, residual stress, and
defects is fundamental since they are closely connected to each
other. The crystal lattice in the vicinity of a defect (e.g., dislocation) is elastically distorted (or strained).[19] Such elastic fields
cause the broadening of the diffraction peaks. This effect is also
known as microstrain and it depends on the non-uniform lattice distortions. Since the elastic strain field around dislocations
decays very slow from the dislocation core, the entire ensemble
of dislocations contributes to X-ray scattering.[20–22] Conversely,
when a uniform stress extends over the entire lattice, the lattice strain is manifested as a shift of the diffraction peak. In
nanostructured materials, the broadening of diffraction profiles
could have contribution from both small crystalline domains
(size effects) and microstrain. In this regard, there are a
number of analytical methods for separating the two components affecting the X-ray diffraction patterns.[23–27]
High-resolution X-ray diffraction (HRXRD) is an extremely
sensitive and non-destructive technique for determining the
crystal lattice strain,[28–35] in semiconductors materials such
as, silicon, germanium, gallium arsenide, and all elements
belonging to the so-called “metalloid staircase” of the periodic
table. As we will see in the next chapters of this article, lattice deformation is mainly caused by the presence of defects
such as, dislocations and point defects. The advantage of using
X-rays is that we probe the average effect produced by millions
of defects influencing the lattice periodicity. X-ray diffraction
techniques like rocking curves (RCs) and reciprocal space mapping (RSM) enable the correlation of structural properties to
the epitaxial growth processes, to electrical/optical properties,

The reliability of semiconductor materials with electrical and optical properties
are connected to their structures. The elastic strain field and tilt analysis of
the crystal lattice, detectable by the variation in position and shape of the
diffraction peaks, is used to quantify defects and investigate their mobility.
The exploitation of high-resolution X-ray diffraction-based methods for the
evaluation of structural defects in semiconductor materials and devices is
reviewed. An efficient and non-destructive characterization is possible for
structural parameters such as, lattice strain and tilt, layer composition and
thickness, lattice mismatch, and dislocation density. The description of specific
experimental diffraction geometries and scanning methods is provided. Today’s
X-ray diffraction based methods are evaluated and compared, also with respect
to their applicability limits. The goal is to understand the close relationship
between lattice strain and structural defects. For different material systems, the
appropriate analytical methods are highlighted.

1. Introduction
Crystal lattice stress/strain, aging, degradation, and reliability are
very important topics in semiconductor materials and devices.
In new semiconductor materials, stress/strain are often used
as a design parameter for improving the mobility of electrons.[1]
Bardeen and Shockely highlighted first the important role of
mechanical effects in semiconductor physics.[2] Subsequently
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and to device performances.[36] These techniques do not require
a special sample preparation, and the experimental resolution
can be varied based on the crystalline quality that the respective
material exhibits.
Much progress has been made in the field of X-ray diffraction. The achievement of high spatial and high angular
resolution was possible related to the development of specific
optics that allow reducing the beam divergence, and therefore
the uncertainty on the measured data. In particular, stable
nanoscale and submicron hard X-ray beams with high photon
fluxes have been obtained in large-scale facilities (synchrotrons).[37–40] The main advantage of synchrotron sources relies
on the high brilliance of the X-ray beam compared to laboratory
sources. However, the high angular resolution, and the greater
practicality of laboratory diffractometers remain essential.
We have been active for many years in the characterization
of semiconductor materials and devices and above all in the
analysis of failure with respect to defects and deformations and
their mobility for reliability investigations. In our recent work,
we have shown how the combined approach of HRXRD and
X-ray micro-computed tomography (µ-CT) is effective to evaluate an innovative silicon-to-sapphire bonding process.[17] The
conjoint analytical approach enabled the study of volumetric
defects (voids and cracks) on the micrometer scale and strain
on the atomic-level.
The purpose of the present work is to highlight the applicability of the different methods for characterizing the crystal lattice properties of nanostructured semiconductor materials and
devices. Furthermore, we will provide a collection of the most
known analytical methods utilizing HRXRD data sets. Specifically, basic elements of HRXRD techniques for a proper detection of lattice defects, and different analytical methods are discussed in Section 2. A brief description of lattice defects and
their influence on the physical properties of semiconductor
materials is described in Section 3. Next, an overview of nanowire structures and epitaxial layers is given in Section 4, followed
by our recent studies of semiconductor-based devices in Section 5, highlighting the relevance of advanced HRXRD methods
in modern sensor applications. In Section 6, we discuss our conclusions and give an outlook to future developments.

2. Detection of Structural Defects Using
High-Resolution X-Ray Diffraction Methods
2.1. Basic Elements of High-Resolution X-Ray Diffraction
In general, the materials used for optoelectronic devices show
a high degree of crystalline perfection and diffractometers with
a classical set up such as X-ray single crystal (for 3D structure
determination) or powder diffractometers do not provide a
sufficient angular resolution for detecting and quantifying lattice defects. HRXRD allows the separation and observation of
Bragg peaks being very close to each other. This is possible by
integrating specific optics to the incident and diffracted beam
path of the diffractometer system, thus reducing the angular
beam divergence, and reducing the bandwidth of the radiation.
This also allows to differentiate small features in the vicinity of
the Bragg peaks and to evaluate diffused scattering phenomena
provoked by the presence of defects. High angular resolution,
Small Methods 2022, 6, 2100932
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thus high strain sensitivity, is achieved by introducing a doublecrystal or a four-crystal Bartels monochromator in the primary
beam, plus a three-crystal analyzer in front of the detector.
Normally, crystals like silicon and germanium are adopted as
they allow the elimination of the Kβ radiation and the separation of the Kα1 from the Kα2 radiation by the reflection of the
wavelength λ, which obeys the Bragg’s law for a particular
d-spacing of the monochromator. Furthermore, the combination of d-spacing and λ is chosen so that 2θ is small in order
to minimize the intensity loss due to the polarization and the
geometric effects (Lorentz factor).[41] These two crystals optics,
plus the Göbel mirror parallelizing and collimating the primary beam, increase the angular resolution up to ≈1.5 × 10–3.
A simple equation to express the relationship between strain
sensitivity and angular resolution is given by
∆d ∆λ
δ (1)
=
+
d
λ tan θ
where d is the distance between two atomic planes (d-spacing),
Δλ is the bandwidth of the radiation used, and δ is the divergence of the beam.[42] This experimental set-up is called triple
crystal or triple axis geometry (Figure 1).
For not reducing too much the measured intensity, the best
spatial resolution that we can exploit in lab-diffractometers is
in the order of tens of micrometers (slit of 50 microns + some
smearing of the beam on the surface). Depending on the quality
of the sample, the HRXRD configuration can also be achieved
by replacing the analyzer crystal by divergence slits. In this
case, the experimental setup has a slightly lower angular resolution and higher background noise. This configuration is called
double crystal diffraction geometry. The chosen setup defines
the angular resolution and depends on the crystalline perfection of the sample. Based on the reduced angular and energetic
acceptance established by the optics, HRXRD experiments are
accompanied by a reduction in intensity. Therefore, a sample
that generates broad Bragg peaks does not require the exploitation of the highest resolution. In synchrotron accelerators,
based on the higher brilliance, the beam can be reduced to the
nanometer size by keeping at the same time enough intensity
for the respective experiments.[43] The basic rationale is that
numerous materials exhibit heterogeneity on micrometric and
submicrometric scales. These structural features influence
chemical-physical properties and performance of semiconductor
materials. In this regard, a space-resolved approach is needed to
fully characterize such samples. Hence the use of a small X-ray
beam, comparable (or smaller) to the size of the heterogeneities is crucial.[44] This relates to the development of new highresolution diffraction techniques like scanning X-ray diffraction
microscopy,[38,45,46] which have emerged in very recent years.
Considering also the development of diffracting devices such as
Fresnel zone plates, gratings, pine-holes, etc., coherent diffraction imaging,[47,48] Bragg coherent diffraction imaging,[49–51] and
others are in the center of extensive research.[52,53]
Typical experimental setups used in HRXRD are show in
Figure 2. The out-of-plane and in-plane geometries probe the
crystal lattice planes parallel and perpendicular to the sample
surface respectively. They are also known as coplanar- and noncoplanar diffraction geometries. In the first case, the incident
beam (Kin), the diffracted beam (Kout) and the direction normal
© 2021 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 1. a) Triple axis X-ray diffraction geometry: Source (S), Göbel mirror (GB), Sample (SP), and Detector (D). The monochromator (MC) can be
double- or four-crystal type depending on the quality of the sample, as it increases the angular resolution but at the same time, it also decreases the
beam intensity. The same applies for the analyzer crystal (AC). b) Schematic of a four-circle diffractometer (2θ, ω, Φ, χ).

to the sample surface are in the same plane, called scattering
plane. In the second case, the incident and diffracted beam,
and the diffraction vector (Qhkl) are not parallel to the surface
normal.
For investigating (hkl) planes with an angle (χ) to the
sample surface, the experimental setup is called skew geometry (Figure 3a), thus a four-circle diffractometer is required.

In addition to symmetrical scans (out-of-plane, in-plane, and
skew), asymmetrical measurements such as low incidence
(LI), and low exit (LE) can be performed. Asymmetrical scans
are often used to limit the penetration depth of the X-ray
beam into the sample and consequently increase the surface
sensitivity. In particular, for epilayers, it is useful to reveal
the strain field induced by the edge component of threading

Figure 2. Representation of a) the symmetric out-off-plane, and b) in-plane diffraction geometry: The sample is inclined 90° in χ. Qhkl is the diffraction vector, while Kin and Kout are the incident and scattered vectors respectively. The pictures on the right refer to the Bruker DaVinci D8 Discover
instrument.
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Figure 3. Schematic description of three different diffraction geometries: a) Symmetric non-coplanar skew geometry with the crystal inclined as a
function of a specific angle χ, which is the angle between the reflecting plane (hkl) and the sample surface. b) LI diffraction geometry. c) LE diffraction
geometry.

dislocations.[31,54–57] Other authors used asymmetric scans to
study the composition of graded layers (e.g., Ge-Si),[58,59] while
others studied the bending of perfect monochromator crystals
to improve the strain resolution of diffractometers.[60]
2.2. The Mosaicity Model and Rocking Curves
The concept of mosaicity dates back to the beginning of the
last century, first introduced by Darwin in 1922 and then by
Hamilton in 1957 with the description of the microstructure
in single crystals. This theory assumes that a crystal is made
up of smaller blocks, also known as sub-grains or crystalline
domains, which exhibit small variations in orientation with
respect to each other and to the sample reference frame (e.g.,
substrate). In general, a mosaic structure is present in almost
all crystalline materials. However, in materials in which layers
are deposited on top of each other, the degree of mosaicity is
usually higher as reflected in the peak width of the rocking
curve (RC). Beside the crystal growth and the manufacturing
process, the device application itself and its working conditions introduce stress and deformation states into the material,
so inducing crystalline defects and increasing the degree of
mosaicity. A high degree of mosaicity is undesirable as it can
have deleterious effects on the optical and electrical properties
of semiconductor materials. The mosaic blocks of an epitaxial
film can be described by two main parameters: the vertical and
the lateral dimension, called respectively vertical and lateral
coherent lengths since the domains coherently scatter X-rays.
The terms vertical and lateral refer to the directions perpendicular and parallel to the growth plane respectively (Figure 4).
It is clear that the angle of tilt with respect to the substrate
normal (out-of-plane rotation Δω), and twist about the substrate normal (in-plane rotation ΔΦ) are the crystallographic
parameters characterizing these domains, and that can be
measured in specific geometric conditions. Furthermore, the
boundaries separating the mosaic blocks are considered as
screw threading dislocations. As stress release progresses, the
degree of mosaicity could increase tremendously, showing as
a consequence more than one peak in the diffraction pattern.
This may indicate the generation of 3D defects such as cracks.[61]
Nevertheless, dislocations may also be present inside the mosaic
blocks. The main effect of dislocations is introduced by their
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non-uniform strain field around the core of the defect. On diffraction profiles, such effect is translated in a broadening of
Bragg peaks, and this can occur in two ways: 1) Dislocations
introduce a tilt in the crystal lattice, thus broadening the rocking
curve and 2) the dislocation core is surrounded by a strain field
that modifies the position of the 2θB angle. In particular, screwthreading dislocations are formed to reduce the strain and thus
may also shift the Bragg peak. Misfit dislocations, which mainly
occur in heteroepitaxial layers due to lattice mismatch and relaxation, cause greater peak broadening than threading dislocations. The rest of the relaxation is due to edge dislocations that
can arrange themselves in periodic arrays at the interface and
cause no broadening of the Bragg peak.[62] For the determination of the dislocation density, the point number one (i.e., the
mosaicity model) seems to be preferred, as it is computationally less demanding than the methods based on the analysis of
local strain fields. The omega scan, also commonly known as
rocking curve (RC), is a method in which the detector is fixed
at a precise 2θ angle of a particular Bragg reflection, while the
sample is oscillated (rocked) in omega. This technique offers
the possibility to investigate the misorientation of atomic planes
perpendicular and parallel to the surface normal, thus allowing

Figure 4. Sketch of a mosaic layer structure with the four characteristic
parameters: Vertical and lateral coherence length, tilt, and twist. Reproduced under terms of the CC-BY license.[23] Copyright 2020, the Authors.
Published by Elsevier.
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the determination of tilt and twist of mosaic blocks. The twist
of mosaic domains can also be analyzed through inclined Bragg
planes by means of asymmetric or skew symmetric diffraction
geometries (i.e., diffraction vector and surface normal are not
parallel). For the latter, the sample is tilted by an angle χ, which
depends on the Miller indices of the chosen asymmetric Bragg
reflection. Furthermore, this method allows extracting additional
information such as, composition of graded layers (e.g., Si-Ge/
Si), depth profiles, and dislocation densities.[63] Essentially, the
full-width at half maximum (FWHM) of RCs is considered as a
figure of merit for the crystalline perfection; the dislocation density (ρ) is directly proportional to the square of the peaks width
(W). Instrumental broadening also contributes to the FWHM,
which becomes decisive for low defect concentrations. For a
more accurate determination of the dislocation density, instead
of using the FWHM, the following equations use the β2 (integral
breadth), which also includes the contribution of the diffraction
peak tails. The latter, also known as the diffuse scattering region,
is the region where the dislocations are strongly correlated.

ρE =

FWHM2 (2)
2π ln 2 bE2

ρS =

FWHM2
(2a)
2π ln 2 bS2

The Burgers vector (b) in the denominator indicates the
magnitude of the slip system, and E and S stand for edge
and screw dislocation respectively. Several authors replaced
the FWHM with α2[56] indicating a Gaussian distribution
describing the misorientation of mosaic blocks. Other authors
determined the average misorientation of mosaic blocks from
the distances between the diffraction peaks stemming from
individual crystalline domains (C. G. Dunn and E. F. Koch
1957), (P. Gay et al. 1953).[61] Metzger et al. and Chierchia et al.
gained the information from the broadening of reciprocal
lattice points (RLPs) measured in appropriate crystal directions.[64,65] The degree of correlation between dislocations and
the way they are arranged has been shown to affect the shape
of diffraction peaks. Kaganer et al. showed that the contribution of threading dislocations to the X-ray scattering is basically hidden in the diffuse part of the XRD patterns, which
means mostly in the shape of the measured RCs rather than
in their width only.[66–68] Kopp et al. and Barchuk et al. showed
that the shape of a RC changes from a Lorentz-like to a Gausslike shape when the mean distance between dislocations
increases.[56,57] In other words, as the mean distance between
dislocations decreases, the degree of dislocation bunching
increases, and such contribution is mainly visible in the tails
of the RCs. Conversely, as the mean distance between dislocations increases, the degree of bunching decreases. Purely
random distribution of dislocations, characterized by a certain
distance, will mainly contribute to the Gaussian width of the
peak. Is important to point out that this is an effect predominantly associated to epitaxial thin films having a large lattice
mismatch, where the probability to have particular arrangements and the occurrence in interactions between dislocations is very high. It often happens that RCs show one or
more peaks (satellite peaks) close to the main one. The latter’s
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contribution comes from the main crystalline block, while the
satellites correspond to different crystalline domains whose tilt
angles define their orientation. Broadening of a RC without the
presence of any satellite peak can be attributed to a wide range
of defects, such as, randomly oriented mosaic blocks (mosaicity), line and point defects, etc. The situation changes when
the diffraction pattern shows one single asymmetrical peak.
This happens either because of a preferred orientation of crystalline domains (domains randomly distributed will not give
any asymmetry), or due to the presence of point defects, and
particular arrangements of line defects. To solve this problem,
one can collect an additional RC after rotating the sample by
180° in the azimuthal plane. In case of a preferred orientation
of the mosaic blocks, the asymmetries in the RCs are opposite to each other, with a mirror symmetry. The presence of
point defects will introduce an asymmetry always on the same
side of the RC, regardless if the crystal is rotated in the plane
(Phi rotation) or not. For example, crystals containing defects
induced by ion implantation show a simultaneous existence
of vacancies and interstitial hosts. Nevertheless, depending
on the nature of the asymmetry, one can expect a predominant occupation of vacancies or interstitial defects. Vacancies
induce tensile stress around them widening the curve toward
lower incident angles, as d (interplanar d-spacing) and sinθB
are inversely proportional to each other in the Bragg equation:
nλ = 2d sin θ B(3)
Conversely, when the scattered intensities are greater in the
positive direction (i.e., higher glancing angles), it is an indication of the presence of interstitial-type defects, which exert a
compressive stress around them, thus inducing a reduction in
d-spacing. The observed scattering due to interstitial defects is
of a short-range order, since the strain due to these tiny defects
is limited to the radius of the host, thus to the core of the defect.
In other words, since strain (Δd/d) is related to the position of
the diffraction peak, point defects will not cause any significant
shift of the Bragg peak position. Therefore, it is easy to understand that the quantification of such small deviations in the d
value is not an easy task. Nevertheless, in highly doped crystals (from 1013 atom/cm3 up to the saturation concentration),
such small deviations can be seen in the width of the peak,
mainly along the tails of the RCs very close to the main Bragg
peak position.[69,70] The approach to an interpretation related
to point and/or linear defects essentially depends on whether
the materials system is epitaxial or a bulky single crystal with
implantation. In epitaxial layers, we have a higher density of
misfit and threading dislocations, while in implanted single
crystals higher concentrations of interstitial defects and vacancies are observed. Nevertheless, there are multilayer structures
made up of alternating undoped and heavily doped regions.
In these systems, the interpretation of the data becomes more
complex as a very high dopant concentration and high implant
energy can generate low angle grain boundaries (inclination
angle of less than one degree visible in the profile as distinguished satellite peaks). However, it remains possible to separate the contribution of dislocations from that of point defects,
following the shape changes of RCs associated with different
steps of the manufacturing process that the sample undergoes.
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Figure 5. Illustration of scan types and directions in reciprocal space:
ω-scan is an arc centered on the origin, 2θ-scan or detector scan is an
arc along the Ewald’s sphere circumference, while the 2θ/ω-scan is a
straight line pointing away from the origin of the reciprocal space and
toward the RLP.

Understanding whether the dislocations, or the grain boundaries, come from excessive stress due to a particular step of the
manufacturing process, or derive from an excessive accumulation of point defects, is almost impossible unless the RC analysis is performed every time a step of the sample fabrication
process is concluded.

the interpretation of the micro- and macro-structure of a material. Once the distribution of the diffracted intensities is collected, the data can be visualized in real- and reciprocal space.
The transformations that relate the instrumental (2θ and ω) to
the reciprocal coordinates follow as
Qx = K [ cos (θ B − ω ) − cos (θ B + ω )](4)

2.3. Reciprocal Space Mapping
RSM is a method for collecting diffraction data of the crystal
lattice in reciprocal space. The principle is to extract as much
information from the diffraction pattern as possible by choosing
the most adequate instrumental resolution and to observe 2D
RLPs including their surroundings with optimal details.[36]
Each RLP on the Ewald sphere (Figure 5) represents the orientation and spacing of a set of lattice planes with respect to the
incident and diffracted wave vectors, and the Bragg angle for a
particular reflection.[71,72]
The center of the semi-sphere represents the crystal position and the origin in real space. The length of the incident
wave vector Ki = Kout = 2π/λ gives the radius of the sphere;
therefore the size of the sphere depends on the wavelength.
The diffraction vector is represented by Q = 1/d = 4πsin θ/λ.
Essentially, the diffraction spots, which may result in a diffraction signal, must lie on the Ewald’s sphere. Rather than
single scans, typical measurement to map the strain gradient
and misorientation of a specific set of lattice planes in reciprocal space is the 2θ/ω scan type. The experimental data is
presented in a 2D “ω relative versus 2θ/ω” plot since for each
omega position of the sample, a 2θ/ω scan is performed. This
technique allows visualizing the 2D distribution of the diffracted intensities and separating the lattice tilt represented
on the ω-axis and the strain contribution on the 2θ/ω axis
(Figure 6).
Besides the intense Bragg specular reflections, the surrounding diffuse scattering of the RSM gives access to the information on dislocations, point defects, and mosaicity. In other
words, the mapping around RLPs can reveal additional information beyond that provided by single scans, thus facilitating
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Qz = K [ sin (θ B − ω ) + sin (θ B + ω )](5)
where K = 2π/λ is the magnitude of the X-ray wave vector. We
can visualize the momentum transfer by the in-plane component Qx and the out-of-plane component Qz. In this case,
according to the equations, rocking curve scans transform
from a horizontal line to a circular one, and this is evident,
as the magnitude of momentum transfer Qhkl remains constant. Otherwise, in the 2θ/ω scan the Qhkl wave vector has the
same inclination during the whole measurement, whereas the
module of the scattering vector vary. This scanning technique
is also called radial scan (Figure 5). It is worth mentioning
that the broadening of a lattice point in reciprocal space is the
result of different contributions. In the radial direction (i.e.,
2θ/ω), the broadening depends upon the finite size of crystalline domains, the uniform and/or non-uniform strain, and
the instrumental broadening. In the angular direction (i.e.,
ω), the RLP broadening is mainly due to the tilt distribution
of crystalline domains (mosaicity), together to the apparatus
contribution. Since the crystal lattice strain (εhkl) is related to
the variation of the interplanar atomic distance (d-spacing),
the expansion or contraction of the lattice (Δd) can be seen
as the projection and variation of the diffraction vector Qxyz
on the scattering plane. The deviation of the diffraction vector
Qhkl in reciprocal space is indicated with q. Therefore, the
measured interplanar distance for cubic systems can be estimated with Equation (6):
dmeas =

(Q

2π
2
x

+Q +Q
2
y

)

2 1/2
z

=

2π
(6)
Q xyz
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where dmeas can be used to determine the deformation of the
distance between atomic planes (hkl) along specific crystal
directions (4):

ε hkl =

∆d hkl dmeas − dref
q
=
=−
(7)
Q hkl cosθ
d hkl
dref

dref is the reference d-spacing of the unstrained sample (or
theoretical value), while q = Q – Q0 is the deviation of the diffraction vector (Qhkl) in reciprocal space with respect to its
original position. Similarly, for the out-of-plane (6) and inplane (7) lattice mismatch in epilayers, one can use the following equations, and by using reciprocal coordinates it reads:
m⊥ =

m =

L
S
− Q xyz
Q xyz
cos α
S
Q xyz
cos α

Q xL − Q xS
Q xS

=

(8)

∆Q xL −S
Q xS

(9)

where Q xL and Q xS are the modulus of the diffraction vector
for the layer and the substrate, respectively. Considering the
theory of rigid bodies and by using reciprocal space coordinates, it is possible to determine the misorientation of a set of
lattice planes, with the diffraction vector (Q) parallel (tilt) and
perpendicular (twist) with respect to the surface normal vector.
Knowing that the resultant vector Qxyz = Q x2 + Q y2 + Q z2 , the tilt
angle (α) (8), (9) can be determined as follow:

  180 
 Qz 
Qz
180 
arccos 
arccos 
α =
(10)
 =
2
2
2
 π 

π
 Q xyz 
+
+
Q
Q
Q
x
y
z 


or
 Qx 
α = tan −1 
(11)
 Qz 
while the twist angle is
 Qy 
180 
arctan 
φ=
(12)
 π 
 Q x 
For crystalline samples showing only one single out-ofplane reflection, it is rather difficult to identify and separate
the tilt and strain gradients from the vertical coherence length
of the crystalline domains. Normally, lattices showing lower
symmetries are more suitable for this type of analysis as they
offer the possibility to investigate different Bragg reflections
(i.e., 001, 002, 003, 004, etc.). Regarding the lateral coherence
length, the analysis of asymmetrical scans can help to overcome the problem since lateral coherence length and microscopic tilt broaden the RLP of inclined planes with respect
to the sample surface along different directions. A simple
illustration is given in Figure 7, where the superposition of
contributions of finite size and tilt broadening will cause an
inclination of the RLP with respect to the Qx direction.[64] The
direction of the broadening can also change according to the
inclination of the Bragg plan. This is a very useful method
for determining the tilt between layers and substrate, keeping
separate the contribution of the finite size of crystalline
domains. Furthermore, it allows defining whether the crystal
lattice of the deposited layers tend to relax rather than to be
strained.
It is evident from Figure 7 that the correlation length and the
tilt contribution overlap for symmetric RLPs, while for asymmetric RLPs both parameters spread out in different directions.

Figure 7. Schematic representation of the lateral coherence length (blue ellipse) and tilt domain (orange ellipse). The inset shows the vectors L1, L2,
and L3 to define and correlate both parameters to reciprocal lattice point.

Small Methods 2022, 6, 2100932

2100932 (7 of 31)

© 2021 The Authors. Small Methods published by Wiley-VCH GmbH

23669608, 2022, 2, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/smtd.202100932 by Schweizerische Akademie Der, Wiley Online Library on [08/12/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

www.advancedsciencenews.com

www.small-methods.com

From a simple geometrical construction, the correlation
between the parameters can be express as follow:
L3 = ∆Q x2 + ∆Q z2 (13)
L2
cos ξ
(14)
=−
L1
cos (α + ξ )
L3 sin α (15)
=
L2 cos ξ
and

α=

ξ=

1
 Qx 
tan 

 Qz 

(16)

1
(17)
 ∆Qx 
tan 

 ∆Qz 

where ξ and α are the angular coordinates of a specific RLP,
Qx, and Qz are the coordinates of the reciprocal lattice node,
and ΔQx and ΔQz are the FWHMs of the node. After the determination of vectors L1 and L2, the lateral correlation length (L∥)
can be calculated with Equation (18):
L =

1
(18)
L1

and the tilt domain (β) is given from Equation (19):

β=

L2
Q + Q z2
2
x

(19)

Consequently, it is possible to monitor and quantify the
strain of a deposited layer on a substrate along one specific
direction by simply calculating Δd/d from each peak position
and determine if the crystal layer is predominantly influenced
by strain or relaxation. This is depicted in Figure 8, where
micro pillars of graded Ge-Si deposited on a Si substrate shows
a complete relaxation of the Ge phase, and a negligible residual
in-plane strain. Furthermore, for the Si pillar, the stress relaxation mechanism has completely changed from plastic to elastic,
thus indicating the presence of dislocations. It is important to
remember that the dislocations are formed by the release of
stress and a decrease in the enthalpy of the system with consequent plastic deformation, but the strain field surrounding the
core of the defect is of the elastic type.
Another interesting case is monitoring the reciprocal space
in dependence of the crystal deformation by applying mechanical forces.
The features in the maps (Figure 9) indicate the presence
of two regions differently strained, and parallel oriented with
an appreciable inclination, especially in the mid-part of the
sample.[12] With the increase of the applied tensile force, the
separation of the two regions becomes more evident which
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Figure 8. RSMs around the a) 004 reflection and b) asymmetrical
224 reflection of a SiGe micropillar deposited on 2 × 2 µm2 Si pillar.
Courtesy of Hans von Känel.

clearly indicates a combined presence of lattice strain and tilt.
Furthermore, the authors have coupled HRXRD measurements
with finite element (FE) simulations for both mechanical
behavior and multidimensional pattern reconstruction in order
to provide a better understanding of the microwire behavior
under load, which is essential for micro electro-mechanical systems (MEMS) operation.
2.4. Other Methods for Monitoring the Influence of Defects
on the X-Ray Line Profile
We have mentioned in the previous chapter how it is possible to monitor the effects of point and linear defects in the
X-ray line profile. There are several additional methods for the
analysis of lattice defects. However, they are mainly applied to
powders, bulk materials but in any case to polycrystalline materials, that is, where the multi-grains are randomly oriented.
In samples with a preferred orientation, such methods can be
applied only under specific circumstances. In some other cases,
the detection for specific Bragg reflections is not possible due
to space group symmetry and systematic absences.[73,74] In this
review, we will show that in specific cases such data evaluation methods can also be applied to semiconductor materials
like epitaxial thin films and single crystal nanowires. Even
if the crystallographic orientation is not random and shows
a preferred orientation, these methods can still be applied
under certain conditions. In particular, the following analytical
approaches work correctly if: a) The diffractometer has to be
versatile in order to switch between lower to higher resolution
so that samples with different levels of lattice imperfections can
be measured with the proper experimental resolution. b) There
are enough available reflections to measure (at least three), in
order to obtain gradients of strain, tilt and twist, separated from
the size effects of crystalline domains, which also contribute to
the peak broadening. For instance, structures with the space
group Fd3m cannot always be evaluated using these methods
due to the systematic absences of Bragg reflections. c) The size
of crystalline domains is defined in terms of vertical and lateral
coherence length.
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Figure 9. RSMs of the 004 silicon reflection with increasing mechanical load. Reproduced under terms of the CC-BY license.[12] Copyright 2017, the
Authors. Published by IOP Publishing.

from the grain size contribution in the Scherrer’s equation, is
given by Equation (21):

2.4.1. Scherrer and Modified-Scherrer
After collecting (2θ/ω) scans, the average crystalline domain
size (D) can be calculated from the well-known Scherrer’s
equation.[23,75,76]
Kλ
(20)
D=
β cosθ
where λ is the X-ray wavelength, K is a constant frequently
referred to the crystallite-shape factor.[127] A value of 0.9 is
used assuming spherical crystallites with cubic unit cells.
βhkl is the integral breadth that is the sum of contributions
from the residual strain (βε), the crystalline domains size (βD)
and the instrumental contribution (βi): (βhkl = βε + βD + βi).
The latter can be excluded by subtracting from the measured
curve of a specific reflection (e.g., Si 004), the same curve
obtained for a reference material, such as silicon or any other
well-known standard material. Besides the optics mounted on
the experimental setup, the curve width of a given reflection
depends on the angle of incidence, therefore the subtraction
of the curve must be done using the same reflection. Line
broadening due to lattice strain only, which is not separated
Small Methods 2022, 6, 2100932
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βhkl = 4ε tan θ (21)
from which strain (ε) Equation (22) can be determined, and it
reads

ε=

βhkl
(22)
4 tan θ

Essentially, one can derive Equation (20) by taking d as the
smallest variation in the thickness (t), and θ, from the Bragg’s
law nλ = 2d sinθ . By multiplying both sides by an integer m
such that md = t, we obtain:
mλ = 2 md sin θ (23)
mλ = 2 t sin θ (24)
Now the equation can be interpreted as the mth order reflection from a set of planes with an interplanar distance t. Differentiate both sides remembering that mλ is a constant:
© 2021 The Authors. Small Methods published by Wiley-VCH GmbH
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0 = 2 Δtsin θ + 2 tcos θ Δθ, and that Δθ can be either positive or
negative. Therefore, it leads to:
t=

∆t sin θ
(25)
cosθ ∆θ

Since the smallest variation in t is d, using Δt = d, and substituting λ/2 with d sinθ (from the Bragg equation) we get,
t≈

λ
(26)
2 cosθ ∆θ

Finally, by replacing β with 2Δθ, and by applying the shape
factor K with a value of 0.9, we obtain the Scherrer’s equation:
t=

0.9 λ
(27)
βhkl cosθ

This equation has similar principles to those of the kinematic theory of X-ray diffraction, that is, when the incident and
outgoing radiation has the same energy and therefore wavelength (Kin = Kout). In other words, the incoming radiation scattered by an atomic plane does not interact with other planes.
Scherrer’s equation works properly only for crystallite sizes
up to 200 nm.[77] Despite all these simplifications, the Scherrer’s equation can provide acceptable results when compared
with other techniques such as small-angle X-ray scattering or
high-resolution transmission electron microscopy.[78] To obtain
a reduction of errors in the calculated values, the logarithm of
both sides of Equation (20) is applied. Therefore, Equation (20)
evolves to the modified-Scherrer Equation (28).
ln βhkl

Kλ
1
= ln
+ ln
(28)
D
cosθ

1 
By plotting (ln βhkl) against  ln
, we obtain a trend
 cosθ 
which in good probability can be fitted by a straight line,
(y = mx + c), where the intercept to the y-axis corresponds to
 Kλ  , from which the average size of crystalline domains
 ln

D
(D) can be calculated (Figure 10).

2.4.2. Williamson-Hall and Modified Williamson-Hall Method
In 1953, G. K. Williamson and W. H. Hall developed the Williamson-Hall (W-H) method[79] to combine the domain size and
lattice micro-strain contribution on line broadening, when both
are present and effective. The method allows the separation
of these two contributions. This approach, also known as the
classical-Williamson-Hall method (cWH), works for materials
having isotropic behaviors meaning that the strain broadening
is identical in all directions, thus independent from the crystal
plane.[31] The mathematical relationship governing the physics
behind this approach is described by Equation (29):

βε =

Kλ
+ 4 ε tan θ (29)
D cosθ
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Figure 10. Plot of the modified Scherrer equation. Reproduced under
terms of the CC-BY license.[76] Copyright 2012, the Authors. Published
by SciRes.

The second term of the sum in Equation (29) is the strain contribution, which can be derived from Bragg’s law Equation (28)

λ = 2d sin θ (30)
With respect to θ follows:
∆θ = −

∆d
tan θ = − ε tan θ (31)
d

while the first term of the sum in Equation (29) is the Scherrer
equation. Multiplying both sides of Equation (29) by cosθ, we obtain

β cosθ =

Kλ
+ 4 ε sin θ (32)
D

In many polycrystalline materials (both randomly and preferentially oriented) the crystalline domains are also rich in dislocations, which anisotropically affects the line broadening.
Remember that in the presence of a uniform strain, the peak will
shift (positively or negatively) from its original position. In contrast, if the sample exhibits a non-uniform strain, the diffraction
will occur from all imperfections interacting with one another,
causing an increase in the width of the Bragg peaks.[80] C (dislocation contrast factor) in Equation (33) is a constant depending
on the nature of the inhomogeneous strain with values between
0 and 5.[81–83] Tamas Ungár was one of the first to consider the
dislocation contrast factor for the (W-H) method, and consequently the method developed to the modified-W-H (m-WH)
method.[84] C can be calculate numerically based on the diffraction vector orientation, the elastic properties of the material and
the dislocation character. In randomly oriented polycrystals, this
value can be averaged over the permutations of hkl reflections
(e.g., 200, 020, 002), whereas in single crystals the C factor has to
be calculated for each individual hkl reflection but without averaging due to the high texture of single crystals.[85]

β cosθ =

Kλ
+ Cε sin θ (33)
D
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λ is the wavelength of the X-ray. If βcos θ/λ is plotted versus
4 sin θ
( with C = 4), the microstrain and size contributions can
λ
be determined separately. The equation results in a straight line
(y = mx + c), where the strain component (33) is obtained from
the slope and the size component (32) from the intercept with
the y-axis (Figure 11).
D=

ε=

kλ
= y _ intercept (34)
y0

β cosθ

( 4 ε sin θ )

= slope (35)

For an elastic system that follows Hook’s law, σ = Eε, the
residual stress and strain keep a linear proportionality; σ is
the residual stress of the crystal and E the Young’s modulus in
the direction perpendicular to the set of crystal lattice planes
(hkl). This equation is an approximation that works correctly
for small strains. If we replace the value of ε in Equation (33)
with = σ /E hkl , we obtain:

β cosθ =

kλ 4σ sin θ
+
(36)
D
E hkl

 4σ sin θ 
, the stress
Again, if we plot (β cos θ) against 
 E hkl 
is extracted from the slope and the crystalline size from the
y-intercept of the fit. However, for the stress analysis of polycrystalline materials (exclusively randomly oriented) exists
more than one method (e.g., 2θ/sin2 ψ etc.). We recommend
the following publications to the reader for a more in-depth
study of X-ray stress analysis.[86–88]
The two contributions (mosaicity and size of crystalline
domains (L)) acting on the broadening of RCs can be determined and separated. In this case, Equation (33) becomes:

β sin θ =

Kλ
+ α sin θ (37)
2L

Figure 11. Williamson-Hall plot for uniform strain, or uniform deformation
model (UDM). Reproduced with permission.[75] Copyright 2020, Elsevier.

mode). This approach assumes that the XRD peak profile is a
combination of Gaussian and Lorentzian functions, where the
broadening caused by crystallite size refers to the Lorentzian function while the strain gradient is associated to the Gaussian function. Thus, the total broadening can be expressed as follow:

βhkl = β L + β G (38)
where βL and βG are the peak broadening due to Lorentz and
Gaussian function respectively. The SSP calculation is performed using Equation (39),

(dhkl βhkl cosθ )2 =

kλ 2
ε2
dhkl βhkl cosθ ) + (39)
(
D
4

where dhkl is the lattice spacing between the (hkl) planes. Now, by
2
plotting (dhkl
βhkl cosθ ) on the x-axis and (dhkl βhklcos θ)2 along the
y-axis, the slope of the straight line gives the average size, whereas
the intercept provides the microstrain gradient (Figure 13).[80]

Kλ
. β and θ are the FWHM
2y 0
and the Bragg angles associated with the RCs measured at least
for three reflections (e.g., (002), (004), (006)). The plot of βsin θ/λ
versus sin θ/λ is fitted with a straight line where the slope gives
the distribution of the tilt angle (α), and the intercept of the line
with y-axis the correlation length L, which can be either vertical
or lateral based on the orientation of the scattering vector (q) and
the burgers vector (b) with respect to the surface normal. Using
the values of (α) as numerator in Equations (2) and (2a), the dislocation density can be estimated (Figure 12).[23]
where the correlation length is L =

2.4.3. Size–Strain Plot Method
In case of isotropic line broadening, the size–strain plot (SSP) is
a method that provides a better estimation of the crystallites size
and microstrain with respect to the W-H method, giving a more
reliable trend for low-angle reflections where the precision is usually lower (in the case of high-resolution diffraction in reflection
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Figure 12. Williamson-Hall plot for angular scans. Reproduced under
terms of the CC-BY license.[23] Copyright 2020, the Authors. Published
by Elsevier.
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Fourier coefficients (AL) as the product of size (ALS)and distortion (ALD).[91]
AL = ALS ALD (41)
L is the Fourier length (distance along a column of cells),
defined in terms of the harmonic number (n) as L = n dhkl,
where dhkl is the interplanar spacing in the direction of the
scattering vector (q = 1/dhkl). Now, the size and lattice strain
contribution can be separated by writing the above equation in
logarithmic form:
2
ln AL (dhkl ) = ln ALS − 2π 2 ε L2 L2/dhkl
(42)

(

)

2
ln ALD = exp −2π 2L2dhkl
εL2 (43)

Figure 13. Size–strain plot. Reproduced with
2018, IOP Publishing Ltd.

permission.[80]

Copyright

2.4.4. Warren-Averbach Method
Another method for the interpretation of X-ray diffraction
profiles is the Warren-Averbach method, which gives information on the non-uniform strains (in the form of mean
squared strain) as a function of the correlation length (L).[89]
This method was developed originally for plastically deformed
metals, but it found successful applications for many other
materials (Figure 14). It is assumed that each crystalline domain
is represented by columns of cells along the a3 direction being
perpendicular to the diffracting plane (00l).[90]
Specifically,
n
(40)
a3 =
2 ( sin θ 2 − sin θ 1 )
is denoted as the unit of the Fourier length in the direction
of the diffraction vector. Essentially this method takes the real

Figure 14. Schematic of the crystal in terms of cells and columns along
the a3 direction. Reproduced under terms of the Public Domain Mark 1.0
License.[90] Copyright 1993, NIST.
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If a set of multiple reflection orders is available, the nonuniform deformation ε L2 present in the crystal can be cal2
culated by plotting ln AL(dhkl) as a function of 1 / dhkl
. Note
that the expression (q = 1/dhkl) is very often replaced with
(g or K = 2 sinθ/λ), which represents the diffraction vector
deviation in reciprocal space. Regarding the size coefficients,
instead, an average domain size along the diffraction vector can
1
be obtained as ALS = −
, where 〈D〉s is the averaged size of
Ds
crystalline domains (Figure 15).[92]
Like for the m-WH, when considering the presence of
defects, especially dislocations, the method takes the name of
modified-Warren-Averbach method (m-WA):
 ρCb2   D 
εL2  
 ln   (44)
 4π   L 
where ρ, C, and b2 are the density, the contrast and the Burgers
vector of dislocations respectively, and D is the crystal size. This
relationship is logarithmically singular when increasing the
crystal size at constant ρ, and is only valid for small L values. In
other words, if we use this formula in the whole range from L0
to L to D, the calculated structure factor S(q) reveals unphysical
oscillations due to the an abrupt truncation of the integrand.

Figure 15. The Warren-Averbach plot. Reproduced with permission.[92]
Copyright 2015, Springer Nature.
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Assuming that the Gaussian and Lorentzian components of
β* are only due to the size and strain effects, β* and d* can be
expressed by the following equations:

β∗ =

β cosθ
(50)
λ

d∗ =

2sin θ
(51)
λ

In this manner, Equation (49) can be modified in Equation (52):
2

Kλ
β
 β 
+ 16ε 2 (52)

 =
D tan θ cosθ
tan θ

Figure 16. The modified Warren-Averbach plot. Reproduced with permission.[92] Copyright 2015, Springer Nature.

Wilkens corrected the expression by replacing the crystal size
with the effective cut-off radius of dislocations (Re), calculating
the mean-square strain in the entire L range:
 ρCb2 
εL2  
 f (η ) (45)
 4π 
L
. This Wilkens function is logarithmic at small L
Re
values and hyperbolic at large L values. Therefore, it becomes:
where η =

 ρCb2   Re 
εL2  
 ln   (46)
 4π   L 
Combining now the Equation (42) with Equation (46), we
obtain the modified-Warren-Averbach equation (Figure 16):
2
R
2
2
ln AL ( dhkl ) = ln ALS − ρBL2 ln  e  g hkl
C ) (47)
C + ( g hkl
 L

where
B=

π b2
(48)
2

2.4.5. Halder-Wagner Method
An alternative method related to SSP is the one provided by
Halder-Wagner.[75,93] In this case the equation contains the integral breadth of the RLP (β*) and the lattice plane d-spacing for
the reciprocal cell (d*), providing simultaneously the average
crystalline size (D) and the strain gradient (ε). The relation reads:
2

Kβ ∗
 β∗ 
2
2 + ( 2ε ) (49)
 d ∗  =
D (d ∗ )
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Rearranging the form multiplying both sides of Equation
(52) by cosθ, it yields:
2

Kλ β cosθ
 β cosθ 
+ 16ε 2 (53)

 =
sin θ
D sin 2 θ
From the linear fit of Equation (52), the slope provides the
size of the crystalline domains while the intercept gives the
strain gradient.
2.4.6. Srikant Method
An efficient method to determine the twist angle of crystalline domains is performing ω-scans and/or Φ-scans on off-axis
reflections (i.e., surface normal and diffraction vector are not
parallel) while the sample is rotated with respect to the sample
surface along the χ angle (angle between the diffractive lattice plane and sample surface, see Figure 3). Both scans can
be performed by asymmetric scans and by symmetric skew
diffraction geometry. The twist distribution is observed for
reflections being either perpendicular or tilted to the sample
surface. Ideally, one would use one of the in-plane reflections
(at χ = 90°), but those often exhibit very low intensities and
are generally difficult to measure with lab-diffractometers.
Using the Srikant method, the misorientation in-plane of crystalline domains (twist) is obtained by plotting the FWHM of
ω- or Φ-scans against the inclination angle χ. Both symmetric
ω-scans widths and asymmetric Φ-scans widths can be plotted
versus the χ angle, since both should lead to the same value
at χ = 90°. In this case, the theory of rigid body is taken into
account for the fitting.[94]

α tilt [ χ ] = cos−1 cos2 ( χ ) cos(Wz ) + sin 2 ( χ ) (54)
α twist [ χ ] = cos−1 sin 2 ( χ ) cos(Wy ) + cos2 ( χ )  (55)
where Wz and Wy are the FWHM of the out-of-plane RC (tilt
angle) and the in-plane or skew RC (twist angle), respectively.
If the distributions are independent (i.e., when tilt and twist of
domains do not influence each other), the resultant is simply
the convolution of the two distributions.
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This is certainly not true since besides the dislocation density and
its arrangement, also the correlation between dislocations has a
significant impact on the peak shape. For a better estimation of
the dislocation density in materials with a high concentration
of defects, we report below the method suggested by Krivoglaz
and Ryaboshapka (M. A. Krivoglaz and K. P. Ryboshapka, 1963),
subsequently revised by Kaganer et al.[57,66–68] The assumption of
the following method takes into account the so-called Wilkens
parameter (M), a dimensionless parameter to describe the
arrangement and correlation of dislocations:[21]
M =L ρ =

Figure 17. Srikant plot. Reproduced under terms of the CC-BY license.[95]
Copyright 2020, National Academy of Sciences of Ukraine - Institute of
Semiconductor Physics. Peak widths of Φ and ω scans for a series of
reflections varying with the inclination angle. The solid lines are the least
square fits for extrapolating the twist angle using Equations (54)–(56).
n
n
α result = (α tilt ) + (α twist )  (56)


1/n

in which αresult is the fit result for FWHMs of this method, and
n is a parameter that can be determined from n = 1 + (1 − f)2; f
is the parameter obtained from the Pseudo-Voigt function (PV)
fit defined as:
PV( x ) = (1 − f ) G( x ) + fL( x ) (57)
where G(x) and L(x) represent the Gaussian and Lorentz function respectively (Figure 17).[95]
2.4.7. Full Peak and Tail Profile Analysis

where (ρ) is the dislocation density and L the crystal size,
very often replaced by the “cut-off distance” (Re), which is
the radius of the region considered in the sample with a certain number of dislocations. Rd = ρ−1/2 is the mean distance
between dislocations within the region (Re) (Figure 18). The
(M) parameter represents dislocation dipole character, therefore a way to evaluate the degree of correlation between dislocations located in the same group.[68,96] For large values
of M >> 1, the dislocations are uncorrelated and randomly
distributed and the related strain fields are of long-range
character. On the contrary, M is small when opposite-sign
dislocations are in strong correlation close to each other, and
their strain fields, due to cut-off distance, are of short-range
character. Therefore, a strong correlated distribution of dislocations has also a strong dipolar character while a random
distribution has a weak dipolar character. Romanitan et al.
proposed an alternative empirical approximation to determine
the correlation parameter (S) based on the Gauss fit analysis
by the following relation:[54]
S=

We have seen how the dislocation density is determined
through the width of the RCs, which provides a valid procedure
for a quantitative assessment of crystal quality. Most of the
above-mentioned methods rely solely on the FWHM of the
Gaussian or Lorentzian distribution of the diffracted intensity.

Re
(58)
Rd

1
(59)
IG

where IG is the integral area under the Gauss fit where the RC
profile is consistent with the Gauss plot. This method takes
into account only the peaks of RCs, and it is easily accessible
with respect to the Wilkens parameter (M).

Figure 18. Schematic illustration of correlation and arrangement of dislocations, where Re is the radius of the region considered, and Rd is the mean
distance between a) uncorrelated dislocations or b) a pair of correlated dislocations.
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f =

γ cos2Φ (63)
4π cos2θ B

where ω is the angular deviation from the center of the peak,
while the power is the slope of the experimental RC profile. This
is a reliable way to analyze separately the tails region deviating
from the Gaussian shape avoiding the influence of the longrange strain character of correlated dislocations. Full peak and
tail profile analysis are two powerful methods especially when
supported with SEM and transmission electron microscopy
(TEM) analysis and simulations such as Monte Carlo. These
approaches have been shown in previous studies providing
very reliable values of dislocation density for GaN,[31,54,55,57,97]
SiGe,[98,99] and III-nitrides,[100–102] We mentioned in chapter 2.2.
that Equations (2) and (2a) are valid for mosaic crystals in which
the dislocations are randomly oriented, therefore the terms in
the equations lose their meaning when applied to layers having
particular dislocations arrangements as the broadening is the
result of a combination of lattice plane tilts and the change of
interplanar distances (Δd/d, strain). In the case of a random
distribution, the dislocation density (ρ) is still inversely proportional to the square of the Burgers vector (b) and proportional to
the square of the peak width, while the coefficient in the denominator needs to be modified taking into account the correlation
parameter (M) and the diffraction geometry parameter (f).

g=

2π cosθ B
(64)
cos Φ sin Ψ

ρ=

The next step is to perform a numerical integration of the
correlation function:
I(ω ) =

I0
π

∞



∫ exp  − Ax
0

2

ln

B+x
cos (ω x ) dx + I backgr (60)
x 

where I0 and Ibackgr are the integrated peak intensity and background intensity, respectively. This equation can be used to fit
RCs in order to obtain the dislocation density and the correlation factor considered in the following parameters:
A = fρ b 2 (61)
gM
(62)
b

B=

Here f and g are dimensionless quantities given by the diffraction geometry:

With Ψ = χ (for edge dislocations, sinΨ should be replaced
by cosΨ). Φ is the angle between the diffracted vector and the
sample surface, and θB the Bragg angle. For symmetric reflections Φ = θB, while for the in-plane reflections, Φ = 0. Therefore, the Equation (63) becomes:
f (004 ) =

γs
(65)
4π

f ( 400 ) =

γe
(66)
4π cos2θ B

γ is the contrast factor parameter depending on the dislocation
type. For screw dislocations it reads:

γs =

1
sin 2 Ψ(67)
2

while for edge and edge components of mixed-type dislocations
a
(with Burgers vector be = 110 ) yields:
2

γe =

9 − 8ν + 8ν 2 − 2 (3 − 4ν ) cos2α
cos2Ψ (68)
2
16 (1 − ν )

For highly mismatched epilayers, the intensity corresponding to diffuse scattering has been shown to obey a power
law dependence, and reads:
I(ω ) = A( ρ )

I0
+ I backgr (69)
ω3
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∆ω 2

(

)

2

2.4 + ln g f M  fb 2



(70)

3. Structural Defects
3.1. The Influence of Structural Defects on Physical Properties
of Semiconductors
Crystal lattice defects are interruptions of the periodicity of the
spatial arrangements of atoms. The introduction of defects in
crystals is inevitable since they are already formed during the
crystal growth phase. Furthermore, particular steps of the manufacturing process such as doping, thermal annealing, coating,
packaging, lithography and deep reactive ion etching increase
the density of defects (Masataka Ito, 2003).[103,104] Therefore, the
requirements for the production devices are crystal growth with
the lowest defects density and uniform distribution of doping
and background impurities. In this regard, due to the possibility
to grow high-quality crystals, silicon-based semiconductors are
the basis of the electronic industry. Electrical and mechanical
properties are very sensitive to dislocations, as well as to point
defects. Hence, the investigation of defects with the necessary
properties, both in the crystal growth and in the manufacturing
of the device, is the main way to control the properties of solidstate devices.[105] It is well known that the efficiency, yield, reliability, and failure behaviors of charge carriers in semiconductor
devices are influenced by the presence of structural defects
within the material.[106–108] Crystal lattice defects are generally
divided into three types: 0D defects (point defects), 1D (dislocations or line defects), 2D (stacking faults, grain boundaries),
and 3D (volume defects like voids, bubbles, and cracks). Each
type of defect can differently influence the electrical and optical
properties, as well as, the interconnection among defects,
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which may modify the physical and chemical properties. The
crystal structure and eventual structural changes under device
operation directly affect semiconductors functional properties.
Consequently, knowing the crystal structure is fundamentally
important for the application of devices.

number of references.[116–120] A direct way to qualitatively assess
the possible prevalence of a particular type of point defect is
looking at the asymmetry of the diffraction patterns,[69,70] which
is also explained at the end of Section 2.2.
3.1.2. Line Defects

3.1.1. Point Defects
The emergence of point defects can occur mainly in four different ways: a) Following thermal fluctuations, an atom can be
removed from its initial position, thus creating a space (vacancy).
When more excited atoms leave their position, thus creating
vacancies, this type of defect is known as a Schottky defect, and
for instance in silicon, it is associated to an energy generation
between 2 and 4.8 eV, depending on method used (e.g., direct
and indirect method).[109] This is the energy required to move an
atom from its lattice site within the crystal to another lattice site
on its surface. The energy of migration, on the other hand, is
around 0.18 eV. b) By directly replacing one type of atom with
another one having a different charge (substitution). In silicon
structures for instance, when a vacancy is formed, one of the
atoms from the crystal interior moves toward the surface, generating four unpaired electrons (i.e., dangling bonds), that impart
electronic properties to vacancies. As a result, vacancies tend to
exhibit acceptor-like behavior, associated with the coupling of
each of the four unpaired electrons. Consequently, a vacancy in
silicon can have four different energy levels associated with it.[110]
c) By introducing a different atom in one of the many available
voids within the crystal structure, or involving the migration of
the ions within the crystal. Such elementary 0D defect that may
be present in the structure is known as interstitial or Frenkel. In
elemental systems, they can be generated during particle irradiation, or in compound solids (e.g., GaAs) an antisite exists when
an atom of one of the elements is located at the site normally
occupied by that of another element. d) Poorly positioned structural atoms (misplaced framework atoms) may also occur during
the crystal growth phase as well as during the several steps of
the fabrication process. Furthermore, a significant accumulation
of these defects could trigger the exceeding of the elastic regime
threshold, thus leading to the formation of 1D defects such as
dislocations.
Changes in the lattice parameters due to point defects can
be detected when their density is sufficiently high within the
crystal, and when they are reorganized in clusters having
diameters not less than few tens of nanometers.[111–113] This
phenomenon can occur in irradiated and post thermal annealed
samples.[114,115] The effects induced by point defects on the
crystal lattice can be appreciated along the tails of the X-ray line
profiles in the form of diffuse scattering. In RSMs, the diffuse
X-ray scattering (DXS) intensities are distributed in the vicinity
of the RLP (see Figure 6). Such a small effect in the diffraction
patterns is due to the short-range scattering of point defects.
The induced lattice deformation by these small defects is limited to the radius of the defect, and therefore to their core. DXS
is an important topic for defects analysis in non-ideal crystals.
In this regard, one may find different quantitative analytical
approaches to work on this topic. Although, we have not delved
into this specific topic in this article, we do recommend a
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The generation of a sliding plane in which two blocks move
relative to each other requires the right energy to overcome the
elasticity threshold of the material. This depends on the species of atoms present in the structure, how they are ordered
and repeated in space (crystallography) and, by the presence
of the right amount of stress. Such dislocations may occur in
several conditions, during the crystal growth as well as during
the fabrication processes. Two important features characterize a
dislocation: the Burgers vector b that is the magnitude of the displacement; therefore, it represents the slip direction of the dislocation, and the dislocation line u that indicates the boundary
between the slipped and unslipped portions in a crystal.[121]
Commonly, we classify dislocations in two main types: edge
misfit and the screw dislocations. Most dislocations are a mix of
the edge and screw forms, as described later. In particular, edge
misfit dislocations can be seen as an extra half-plane of atoms
within the crystal lattice, where the Burgers vector is perpendicular to the dislocation line. On the contrary, screw dislocations
have the Burgers vector parallel to the dislocation line; both dislocations types are the result of a shear stress. However, a slide
plane may also occur with a certain inclination with respect to
its normal, at 30°, 45°, and 60° for instance. In reality, the dislocation line lies at an arbitrary angle to its Burgers vector and
the dislocation line has a mixed edge and screw character as
already mentioned. In addition, the Burgers vector of a single
dislocation has a fixed length and direction, and it is independent from the position and orientation of the dislocation
line.[122] For a full and detailed description of many other possible combinations of dislocations, as well as, for the motion of
dislocations, the reader can refer to the volume: Introduction to
Dislocations by D. Hull and D. J. Bacon 2011. The introduction
of a point defect within a crystal lattice generates a deformation field around the defect core. When such field interacts with
the strain field of the dislocation, the elastic strain energy of
the crystal may raise or lower. Therefore, the residual strain and
energy of crystals could return a fundamental aspect for studying the structural condition of a material. Vacancy and interstitial type defects, depending on the concentration, were found
to serve as pinning obstacles to dislocations motion and, in the
short-range collisions, to be partially or completely absorbed or
transformed.[123] These defects offer quite resistance to dislocation motion and are thought to harden or even shut down
dislocation multiplication leading to a characteristic upper
yield behavior followed by a sharp stress decrease at the lower
yield point.[124,125] Important progress to understand the mechanisms between defects interactions at the atomic level has been
achieved by molecular dynamics simulations,[126–128] which, is
not the topic of the present review. In this paper, we will see
how to analyze defects and how they are related with physical
properties. The detectability and separation of screw and edge
misfit dislocations through HRXRD analysis depends upon
© 2021 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 19. Schematic picture of a hexagonal-shaped dislocation loop on
the (111) slip plane in Si crystal. Image source. Reproduced with permission.[130] Copyright 1999, Springer Nature.

specific diffraction geometries (see Section 2.2). According to
the theory of mosaicity, screw dislocations travel perpendicular
to the sample surface, tilting the crystalline domains in different directions of the reciprocal space. In this case, the outof-plane geometry is appropriate since we are investigating the
lattice planes having the diffraction vector Q perpendicular to
the surface. Otherwise, edge dislocations can be detected by
measuring the in-plane rotation (twist) of the lattice planes with
Q parallel to the surface. This is done by adopting the in-plane
diffraction geometry. Both effects, tilt and twist, on the lattice
planes influence the width of the RCs, which will then be used
to quantify the dislocation density.

For the sake of simplicity, let us consider the most common
and studied crystal structure in semiconductor materials, that
is, the cubic symmetry belonging to the space group Fd-3m.
Within this category, one can find silicon, germanium, and
diamond. These structures are characterized by two interpenetrating f.c.c. sublattices in which the set of planes[61] offers
the most favorable energy condition for the generation of dislocations as the atoms are the most closely and packed in that
direction.[129] In this regard, it is easy to understand that a stable
dislocation lying in the (111) plane is either a 60° dislocation or
a screw dislocation.[130] Under moderate stress and temperature
conditions the dislocations in silicon and other semiconductors
are generally stretched along the <110> directions creating hexagon-shaped loops on the (111) glide plane (Figure 19).
Observations via TEM show a certain extension (from tens of
nm to hundreds of nm) of such glide dislocations (Figure 20).[131]
Namely, any dislocations dissociate into two Shockley partial dislocations having Burgers vectors of the type (a/6) <112>,
and (a/6) <2-1-1> with 30° or 90° with respect to their dislocation lines.[123] The latter have Burger vectors perpendicular to
the dislocation line introducing normal strain, which is compressive above and tensile below the glide plane.[132] The dissociation reaction can be written as (a/2) <110> = (a/6) <112> +
(a/6) <2-1-1>. These resulting partial dislocations mutually repel
each other and glide apart on the (-11-1) plane. This generates
a ribbon of stacking faults between them and, the extra energy
of the stacking fault balances the interaction energy of the two
partials. In unstressed silicon and germanium, these partial dislocations are of the order of few nanometers, implying stacking
fault energies of the order 50 to 80 mJ m–2.[133] The deformational state induced by the dislocation is very important because

Figure 20. a) TEM image showing a region with dislocations in silicon single crystal (SiSC). b–d) Zoomed image of specific regions within (a). The
circles, namely ABCA, represent the typical sequence of atoms in diamond structure. In (c) the regular stacked condition changes to ACBA. Reproduced
with permission.[131] Copyright 2020, Springer Nature.
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it is connected to the conduction band of the material. In silicon for example, the depth of the defect bands increases as the
tensile strain increases, while compressive strain results in a
dominant shift of the lowest conduction band. This induces a
1D defect band about 300 meV below the conduction band at
moderate compressive strain (ε ≤ −0.04). Further increase in
the dislocation-induced strain (compressive) shifts the lowest
conduction band ( ∆EC∆ ) and causes the formation of a 1D defect
band close to the valence band if ε is below −0.08.[132] A similar
behavior has been noticed also in silicon nanowires with [100]
and [110] crystallographic growth direction, where the bandgap
decreases linearly with increasing tensile strain. In the compressive region, instead, the bandgap increases by about 1%. This
rate of change in the bandgap is independent of nanowire size
and depends only on the growth direction. More importantly,
the nature of the bandgap can reversibly change from indirect to direct as a function of strain. It is also observed that for
larger diameter nanowires, the indirect-to-direct band gap transition occurs at smaller compressive strain.[134] To summarize,
harmful effects on electronic properties have been claimed for
dislocations if they are randomly placed in active areas of semiconductor devices. On the other hand, if pure dislocations are
located in MOSFET channel and directly connected to the source
and drain, there is an exceptional increase in the current flow
close to the supermetallic conductivity. For instance in p-type
thin silicon layers, dislocations form channels having higher
conductance with eight orders of magnitude higher than of the
surrounding silicon matrix.[135] However, to achieve such results,
the application of silicon-based CMOS needs to be below 10 nm
feature size and without additional non-silicon materials.[136]
There are different ways to generate dislocation in a controlled manner and in well-defined places. One of them is the
direct bonding of Si wafers that allows the generation of regular
dislocation networks.[137] Another way is to use ion implantations and subsequent thermal annealing to create dislocation
loops.[138] Otherwise, Akashi et al. have shown that the influence from threading dislocations on diamond Schottky barrier diodes have an unfavorable influence on the current flow.
Devices fabricated on [001] threading dislocation and threading
dislocation with stacking faults (SFs) areas showed very large
leakage current compared to the device without dislocations.[139]
In addition, the temperature dependence of the leakage current was high for the device with threading dislocations with
SFs. Therefore, threading dislocations are detrimental for such
devices, regardless of their directions, types, and counts.
In the field of semiconductor devices, the crystallographic
study of specific misfit dislocations located at heteroepitaxial
interfaces is fundamental. For the [100] orientation, the glide
planes intersect the (100) interface along orthogonal in the
plane [0-1-1] and [110] and, for the given glide plane exist three
Burgers vectors: b = a/2[101], b = a/2[110], and b = a/2[011]
(Figure 21).
Between them, the last is the screw dislocations and
it is not involved in the lattice mismatch stress. The first
two instead, are of mixed edge and screw character and, as
already defined, are 60° dislocations, which present the angle
between u and b.[133] These planes are 50% involved in the
lattice mismatch since part of their character is screw. The
planes 100% involved in the lattice mismatch are those planes
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Figure 21. Cubic unit cell with (111) glide plane having two perfect 60°
dislocations along the [101] and [011] directions.

having Burgers vectors lying within the interfacial plane, that
is, the b = a/2[110]. Usually, when the defect density is high,
misfit dislocations interact with each other through threading
dislocations that cross the epitaxial layers between interfaces
(Figure 22).
Moreover, when the dislocation density is high, every misfit
dislocation is associated to a threading defect unless the length
of the misfit dislocation grows sufficiently that it can end at the
wafer edge or at a node of another defect. This suggests that the
propagation of misfit dislocations occurs by lateral movements
of the threading arms. Such propagation can be seen as a caterpillar-like motion and their velocity depends on several factors
like the applied shear stress, the crystal nature, the purity of the
crystal and temperature.[140] In particular, the described interactions often occur in materials like GexSi1–x/Si(100) at interfaces
where the combination between linear defects generates arrays
in the orthogonal direction.[141] Figure 23 shows a representative
example of multiple dislocation in Ge micropillars grown on Si.
Here, the authors show that the generation of dislocation can be
reduced by controlling size and morphology of the Ge towers.
R. Hull et al. have shown that implantation of boron (B)
(100 kV, 1 × 1015 cm–2) into the buried GeSi/Si heterostructure reduces dislocation propagation velocities, although the
overall strain relaxation rates are increased due to enhanced
dislocation nucleation. The precise dependence of misfit
dislocation propagation velocity upon implant conditions is
very complex and includes dependencies upon implant species, energy dose, dose rate, and epilayer strain. Stach et al.
give a good description about these phenomena.[142] The effect
of the surface structure upon dislocation motion, where the
presence of native oxide increases the velocity of dislocation
propagation is described. Major concerns in epitaxial heterostructures arise from the applied growing technology related
to the large discrepancy in lattice parameters between the
substrate and the different thin layers. III-nitride semiconductors such as AlN, GaN, InN, and their alloys are used as
materials for the production of electronic and optoelectronic
devices. Having the wide direct bandgap, high conductivity,
and growth at high temperature, GaN and InGaN materials
have been not only employed for electronic components
such as, MOSFET, hetero-junction field-effect transistor,
Schottky diode, p–n junction diode. They are also applied in
photodetectors such as photodiodes and light emitting diodes
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Figure 22. (Left) Schematic representation of the formation of misfit dislocations and stacking faults in a tensile strained layer. (Right) Cross-section
TEM image showing systems of dislocations in a Si-Ge layer. Adapted with permission.[195] Copyright 2001, American Institute of Physics.

(LED).[143–147] However, regardless the crystal system, the presence of linear and point defects can improve or worsen the
physical properties of the material. The presence and influence of structural defects mainly depends on the final design
of the solid-state semiconductor devices. The position of the
dislocations will therefore be of decisive importance. The
concentration of defects and their interaction will also play
an essential role. According to the application, for relatively
large single crystals this is not a big issue; but for thin layers
growth on substrates exhibiting different crystal systems, and
different crystallographic directions, the control of dislocations is of extreme importance.

4. Nanotechnology of Semiconductors
Nanotechnology is the science of studying matter on a scale
from 1 nm up to a few hundreds of nanometers. The possibility of working at the nanoscale was first introduced by
Richard Feynman with his famous phrase “there’s plenty of
room at the bottom”, enunciated during the annual American Physical Society meeting at Caltech on December 29,

1959, and since that moment, a lot of interest has arisen in
the global scientific community. However, the investigation
of matter at the nanoscale has been made possible based on
the development of analytical tools such as, the scanning tunneling microscope and the atomic force microscope.[148–152]
Nanotechnology as a branch of materials science and engineering is a highly multidisciplinary field bringing together
many domains of science including electrical, mechanical,
and aerospatial engineering, physics, chemistry, geosciences,
and biosciences. The semiconductor industry has boosted the
development of nanotechnologies, since in semiconductor
materials lies the possibility of carrying out all the aforementioned fields of application with a large variety of devices
different in design, size, and potentially applicable as sensors, resonators or as parts of more complex systems such
as nano and microelectromechanical systems (NEMS and
MEMS).[153,154] Furthermore, the improvement of growth techniques (e.g., molecular-beam epitaxy and metal-organic chemical vapor deposition and their variations), and the decreasing
costs of manufacturing processes make universal applications
possible. Figure 24 shows examples of how semiconductors
materials can be adopted for different purposes.

Figure 23. (Left) STEM images (scale: 2 µm) of dislocations in 8 µm Ge pillars on Si [155]. (Right) X-ray detector concept with the integration of
Ge pillars like-type-layer. The thick Ge layer (50–150 µm) is directly grown on the backside of a CMOS wafer, without resorting to bump bonding.
Figures reproduced with courtesy of Hans Von Känel.
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Figure 24. Examples of different applications for semiconductors materials: a) 2D RSM of a silicon-based MEMS-resonator. b) 3D RSM of Ge
micropillars adopted in X-ray detectors. c) 2D and 3D RSM of a suspended silicon nanowire for sensing applications.

The strength of nanotechnology is the high capacity and sensitivity of involved nanostructured semiconductors in changing
and detecting physical and chemical properties of particular phenomena under different environmental conditions. Furthermore,
the small size ensures that many atoms are located near to interfaces, where properties, such as, energy levels, electronic structure,
and reactivity can be very different from internal states, which in
turn gives rise to modified material properties.[155–157] The development of new manufacturing processes goes hand in hand with the
development of new experimental methods for the characterization
of nanomaterials. For example, the development of new optical
components, detectors and sources gave rise to the development of
a technique that we call today HRXRD. In general, semiconductors
can be classified into two types: elemental and compound semiconductors. Elemental semiconductors contain a single species of elements found in Group IV of the periodic table, such as, silicon (Si)
and germanium (Ge). These materials crystallize in the diamondcubic symmetry (space group: Fd-3m) in which atoms are tetrahedrally coordinated and covalently bonded. On the other hand, most
compound semiconductors are made from two or more elements
of groups III and IV of the periodic table (e.g., GaAs, GaP, InP, and
others). Other compound semiconductors are made from groups
II and VI (e.g., CdTe, ZnSe, etc.), but it is also possible to combine
different elements within the same group such as, SiC.
4.1. Nanowire Structures
Nanowires (NWs) can almost be considered as 1D materials
with dimensions ranging from a few nanometers up to about
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200 nm in width while in length they exhibit usually up to several micrometers. A significant part of NWs is used as sensors,
integrated on MEMS technology, where a seismic mass provides
the interface between the outside world and electronics.[153,158,159]
Semiconductor NWs have also a remarkable potential by serving
for novel nanostructures and optoelectronic devices, such as, hetero-junctions, crystal phase quantum dots, solar cells, LED, and
quantum devices.[160–164] Over the past two decades, NWs semiconductors research helped to reshape our understanding of the
atomic scale of crystal assemblies and uncovered new physical
phenomena. The influence of size effects on materials’ physical
properties is well known since Leonardo Da Vinci realized that
longer iron wires are weaker than shorter ones.[165] However,
over the years, scientists have noticed that the effect of size lies
more in the width or thickness of materials rather than in their
length. When the diameter of an NW gets smaller, there is often
a significant change in the crystal lattice properties. Taylor first
reported an important increase in crystal strength with reduced
size in 1924.[166] By reducing Sb wire diameter from 4 mm to
30 µm, the fracture strength was found to increase by about 30
times with a similar increase obtained later for other single crystalline whiskers.[167] Tasdemir et al. showed that by applying a
gradual force at the center of a silicon nanowire with a 30 nm
width and a length of 1.5 µm, the uniaxial stress reaches the
value of about 18 GPa, surpassing the strength of bulk silicon
(Tasdemir et al., 2018). Esfahani et al. reviewed several contradictions found in the literature, highlighting discrepancies between
the size of NWs and their elastic constants, for different types
of NW (i.e., Cu, Si, Au, etc.).[168] Size effects play a significant
role also on electrical and optical properties. Both the small size
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of nanowires and the anisotropy of crystalline materials make
their optical and electrical properties strongly dependent on
their growth direction, size, morphology, and surface effects.[169]
Normally, two processes can tune all these properties in NWs,
the bottom-up, and the top-down approach.[170,171] The use of
the bottom-up technique is particularly interesting for photonic
devices because the generation of smooth sidewalls allows photons to propagate along the nanowires with only low losses. This
is not the case in top-down methods where the so-called “scallops” are formed on the sidewalls. The performance of NW-based
devices is not only influenced by the effects of decreasing size,
but also by the presence of structural defects introduced during
the manufacturing process. One of the most critical aspects
related to the fabrication process is the dose dopant level and
how it is distributed inside the NWs crystal lattice.[172,173] Doping
is a well-established technique for modulating the optical, electrical, and structural properties by varying the number of electrons and holes in semiconductor materials. It can be achieved
by employing three different methods: doping during growth,
or subsequent doping via either ion implantation or diffusion.
The last method offers the lowest controllability, which depends
on the solubility of the impurities in the matrix. Besides, it
requires suitable precursors and is not very suitable for nanostructures. This is due to the increase of the surface/volume
ratio of nanostructures, leading to lower thermal stability and
the degradation of the nanowires at the required very high diffusion temperatures.[160,174] On the other hand, ion implantation
is a well-established standard and routine procedure used in
the semiconductors industry. In this method, the dopant concentration is distributed within the crystal lattice laterally and
in-depth. However, the major disadvantage of ion-implantation
is the concurrent production of extra defects, which impede the
activation of the implanted dopants impurities.[175,176] Thus, an
annealing procedure post-implantation is necessary to remove
the defects, to recover the materials crystallinity and to activate
dopants. The required annealing conditions for nanomaterials
are different from those required for bulk materials. At low
energies and fluencies (e.g., 40 keV 107 cm–2) of ion-beam
irradiation point defects are induced. At high fluencies (e.g.,
2 MeV 8 × 1016 cm–2), the formation of line defects and defect
clusters occurs which relates directly to the formation of amorphous regions also modifying the crystal lattice, the morphology
and finally also the performance of NWs. Generally, for nanomaterials the fluencies at which damages occur are mostly found to
be higher than bulk materials. Although these small differences
exist, ion-implantation can be successfully applied for electrical
and optical doping of semiconductor NWs. In summary, the
generation of crystalline defects introduced during various steps
of the fabrication process has a fundamental role in the creation
of NWs properties. HRXRD is a suitable technique to support
understanding the fundamental relationship between the crystal
structure of devices and their properties in application. Figure 25
shows a combination of RSMs (2D and 3D) and extracted 1D
profiles collected by measuring a suspended silicon nanowire
of 80 nm width, and 12 µm length using synchrotron radiation.
In this experiment, for an optimized interaction of the sample
with the X-ray beam, a highly collimated, monochromatic, and
focused beam with dimensions in the order of nanometers was
chosen.[18]
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4.2. Epitaxial Layers and Interfaces
The term epitaxy derives from Greek, epi meaning “above,” and
taxis, meaning “an ordered manner.” It is a crystalline status
where layers are crystallographically oriented with respect to
each other. Together with NWs, epitaxial thin films have been
the key technology for developing modern solid-state electronics and photonic. The system can be homogeneous (growth
on a substrate of the same material) or heterogeneous (growth
on a substrate of a different material). In the case of heteroepitaxial growth, when the strain energy stored in the overlayer
exceeds a certain threshold, the film strain tends to generate
misfit dislocations, leading to a thermo-dynamically stable critical thickness.[176] Up to this thickness, the layer is fully pseudomorphic to the substrate, while for thicker layers the lattice
mismatch occurs by misfit dislocations. The latter is particularly desired for the growth of relaxed epitaxial buffer layers
used for tailoring the strain state and band alignments of the
active layers in strain-engineered heterostructures. Monolithic
integration of III–V and III-Nitride compound semiconductors
on silicon has been of great interest in the electronics and photonics communities to compensate for the poor carrier mobility
and light-emitting efficiency of silicon-based integrated circuits.[177] However, such approaches have been adopted only in
a limited way due to the generation of a high density of defects
in the epitaxial heterostructure on silicon due to the large
lattice and thermal expansion coefficient mismatch between
the two materials.[178] For the reduction of lattice defects, several
epitaxial growth methods have been developed: the epitaxial
lateral growth, the domain-matched epitaxy[179] and the integration of buffer layers such as low-temperature buffer layers,
lattice-engineered buffer layers and metamorphic buffer layers.
These methods allow combining a wide variety of different
semiconductors to be grown on lattice-mismatched substrates
by controlling the density of defects such as stacking faults,
misfit, and threading dislocations. Nevertheless, it remains
challenging to achieve a good crystal quality of heteroepitaxial
layers with a large lattice mismatch compared with what can be
achieved with homoepitaxial layers.
As for the electrical and optical properties of thin films, there
has been an increasing interest of using metal oxides due to their
high dielectric constants. In this regard, metal oxides are widely
used as dielectric materials for the complementary metal-oxidesemiconductor (CMOS) technology to replace conventional
SiO2.[180] Attention is paid to replace SiO2 with another oxide
having a high dielectric constant, a wide bandgap, and higher
thermodynamic stability, like for example hafnium dioxide
(HfO2).[181–183] Although materials with a high dielectric constant
are mainly polycrystalline, it has been reported that amorphous
materials are preferably adopted for CMOS devices due to their
smoother surface, which is extremely important during deposition and bonding phases between layers, thus avoiding the
generation of a high defect densities.[184] Furthermore, unlike
polycrystalline layers, amorphous layers are attractive due to the
lack of grain boundaries, which act as preferential parts for the
diffusion of impurities and the dispersion of current, with consequent a low efficiency and reliability of the devices.[184]
In heteroepitaxial layers, the deposition of different crystallographic phases introduce into the system a large number of
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Figure 25. The silicon nanowire system: a) SEM image of the suspended nanowire with the white dot relative to b) 2D RSM and c) 3D RSM of the
044 silicon reflection. Reproduced under terms of the Creative Commons Attribution 4.0 International Public License.[18] Copyright 2020, the Authors.
Published by the International Union of Crystallography.

dislocations, which can interact with each other, annihilating
or reinforcing themselves by clustering, generating loops
and even extended networks of dislocations. This results in
increased strain or strain relaxation. The latter occurs mainly at
the interface regions between two different materials. A reliable
measure for the epitaxy to be expected is the difference in the
unit cell parameter, which is called mismatch (68) and reads
m = (aL − aS )/as(71)

where aL and aS stand for layer and substrate lattice parameter
respectively. It has been observed that epitaxy occurs if cell
edges match with a relative mismatch of less than ≈14%.[42]
Assuming the substrate lattice parameters remain constant in
both directions, in-plane and out-of-plane, the coupling of the
layer’s lattice to that of the substrate causes a tetragonal distortion in the unit cell of the overlying layer.
As shown in Figure 26, the unit cell widens or shrinks with
respect to its original value along the out-of-plane direction,

Figure 26. Schematic illustration of the possible consequences for a layer deposited on a substrate with different lattice parameters. a) Pseudomorphic tensile strain along the [001] direction, b) relaxation strain, and c) relaxation via the generation of misfit dislocation along the in-plane directions.
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according whether aL is smaller or larger than aS. If the layer is
fully strained, the in-plane cell edge perfectly coincide with the
substrate cell and aL∥ = aS∥ holds (pseudomorphic strain). By
adopting a classical formalism, the in-plane parameter is denoted
by a∥, while a⊥ is referred to the out-of-plane. Therefore, the outof-plane and in-plane strain can be written respectively:

ε ⊥ = (a ⊥ − aL )/aL ; ε = (a − aL )/aL(72)
Moreover, it is worth to remember that changes of parallel and orthogonal components of the lattice parameters are
dependent due to the relation between the diagonal components of the deformation tensor in accordance with the elasticity theory. Therefore, for a proper determination of the elastic
distortion of aL it is mandatory to include the Poisson’s ration
of the material into the equation.[185,186]
aL =

 2ν ( a ⊥ − a ) 
a ⊥ 1−

(1+ν )a⊥ 


(73)

For cubic and tetragonal lattices we write:

ε zz = −

2ν
ε xx (74)
1−ν

and, for hexagonal lattices:

ε zz = −ν ε xx (75)
According to these equations, the difference in lattice
spacing causes a splitting of a Bragg reflection hkl, one for the
substrate and the other one for the overlying layer. In a cubic
epitaxial system having orientation (00l), the two 00l reflections (substrate and film) are separated by the scattering angle
difference:
 λ
 λ
∆ 2θ 00 l = 2arcsin  l  − 2arcsin  l  (76)
 a⊥ 
 aS 
The degree of relaxation can be described by the relaxation
parameter:
R=

a − aS
(77)
aL − aS

This represents the transition from a fully strained to a
relaxed state in epitaxial film-substrate systems. Such pheno
menon depends on several factors including, mismatch, elastic
constants, and specifics of the deposition processes. Furthermore, the degree of relaxation R is directly related to the dislocation density and the Equation (76) can be rewritten as:

λ 
 λ
∆ 2θ 00 l (R ) = 2arcsin  l  − 2arcsin  l
(78)
 aS 
 a ⊥ (R ) 
Lattice strain is a very important parameter in epitaxial films,
since fully strained layers may be associated with low dislocation densities. In some cases, like in InGaAs, strain can lift the
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valence band structure causing changes in the carrier mobility.
Hence, controlling the strain state of the crystal structure is
a relevant issue for tailoring the electronic properties.[187] The
dislocation density determination is thus related to the strain
gradient, the Burgers vector and the probed volume. Besides
strain, lattice tilt is very important for a more complete microstructural characterization, including the density of screw
threading dislocation.

5. Semiconductor-Based Devices: Recent Studies
and Applications
The great advantage of semiconductor materials is that they can
be integrated into more complex systems called devices.[188,189]
Semiconductor devices can be produced both as single discrete devices and as integrated circuits (IC) consisting of two
or more devices. Among many, we find diodes (single p-n
junction), transistors (two p-n junctions), and metal-oxide field
effect transistors (MOSFET). Based on their semiconducting
properties, such devices have the potential to be engineered for
many different purposes.[190] For instance, all types of transistors can be used as building blocks of logic gates that act as
switches (on-off), therefore useful to design digital circuits
like microprocessors. Common analog circuits include amplifiers and oscillators. By far, silicon has been the most studied
and used material in semiconductor devices which is based
on a combination of low raw material cost and unique physical properties (e.g., temperature range). Other materials such
as germanium (Ge), gallium arsenide (GaAs), silicon carbide
(SiC), etc., are also used for different scopes. However, because
of some physical limitations (e.g., thermal sensitivity for Ge,
a large amount of defects production in GaAs), they are often
combined with silicon. From these combinations, silicon also
draws its advantages as the integration of III–V and III-Nitride
compound semiconductors on silicon compensate for the poor
carrier mobility and light-emitting efficiency of silicon-based
integrated circuits.[177]
In order to illustrate recent studies and applications related
to semiconductor-based devices, we report some published
work on the development and characterization of semiconductor devices such as: 1) Sources for terahertz emission;
2) Infrared detectors with integrated germanium photodiodes;
3) Microelectromechanical resonator.
5.1. Si/SiGe Quantum Cascade Superlattice Designs
for Terahertz Emission
Quantum cascade lasers (QCLs) are compact sources that
have demonstrated high output powers at terahertz (THz)
frequencies. In this study, the authors present a quantum
cascade superlattice of Si-Ge grown by two different CVD
approaches.[191] Superlattice systems such as Si/SiGe with a
similar active interwall transition region to those that have
achieved high temperature operation in III-V THz QCLs11 are
investigated with the aim to enhance the quantum cascade electroluminescence. A stack of the Si-Ge heterolayer is depicted in
Figure 27.
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Figure 27. Schematic illustration of the Si/SiGe heterolayer system (left), and the TEM image of five sequences (right). Reproduced with permission.[191]
Copyright 2010, American Institute of Physics.

X-ray diffraction analysis shows a relaxed buffer peak indicating that the virtual substrate has been perfectly designed.
Besides relaxation, the distribution of the diffracted intensities depicted in the RSMs (Figure 28) shows the presence of
a weak lattice strain field visible from the shift of the peak
position toward the vertical direction with respect to the Ge-Si
line. Furthermore, lattice defects, visible through diffuse scattering are mainly located between the silicon substrate peak
and the termination of the Ge-Si buffer layer. From the difference between the measured and the calculated X-ray line
profile (Figure 29), a small shift with respect to the zeroth
order peak is visible. This indicates that the strain through

the complete heterolayer stack results in a non-perfect epitaxy
since the in-plane lattice parameter of the quantum cascade is
not identical to that of the virtual substrate. For more details,
please visit the reference.[191]
5.2. Near Infrared Sensor with Integrated Germanium Photodiodes
In general, the most common image sensors are based on
CMOS or charge coupled devices. Recently, they are covering
more and more the entire spectral range from terahertz waves
to X-rays. In this work, the authors develop and characterize a

Figure 28. RSMs for the 004 and 115 reflections plotted in reciprocal space coordinates (Qx-Qy).
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Figure 29. ω/2θ profile for the 004 reflection combined with dynamical simulations to extract the Ge content, strain state, and superlattice period.
Reproduced with permission.[191] Copyright 2010, American Institute of Physics.

near-infrared sensor with monolithically integrated Ge photodiodes. It has been shown that epitaxial Ge photodiodes grown
by plasma enhanced chemical vapor deposition (LEPECVD) are
CMOS compatible with a tensile strain of 0.17% which is in a
good agreement with the optically measured bandgap absorption edge of 1580 nm (Figure 30).
HRXRD measurements were performed with a PANalytical
X’Pert PRO MRD diffractometer using the Cu Kα1 emission
line, and probing an area of 0.5 × 0.5 mm2. ω/2θ scans, RCs,
and RSMs were carried out in order to investigate the pseudomorphic strain, mosaicity and strain relaxation. Out-off-plane
scans revealed that part of the overall bowing contributed to
increase the FWHM of the Si 004 reflection. Additionally,

asymmetrical scans of the 224 Bragg reflection were exploited
to determine the in-plane strain of the layer and the eventual
tetragonal distortion of the cubic Ge lattice. The authors also
performed optical measurements and determined the quantum
efficiency results for four different area diodes from the same
wafer. For more details, please visit the reference.[147]
5.3. Reliability of Micro Electro-Mechanical Systems Packaging
Packaging or assembly-induced stress in MEMS can be
significantly harmful for the devices performance and
consequently influences their lifetime. This fabrication step

Figure 30. Camera with analog-to-digital converters (left). RSMs of the 004 and 224 reflections for the epitaxial Ge on Si system (Right). Reproduced
with permission.[147] Copyright 2011, American Institute of Physics.
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Figure 31. a) Encapsulated resonator MEMS. b) Schematic view of the diffraction. Reproduced with permission.[13] Copyright 2013, IEEE.

is fundamental since the package must withstand environmental influences like humidity, contamination etc. and at
last but not least tolerate temperature gradients. In this work,
a packaging method based on Au-Sn eutectic bonding was
tested for the encapsulation of a MEMS resonator. Structural analysis for these devices is important because different
stress states are introduced during the bonding process,
which in turn may influence the Q-factor (dimensionless
parameter that describes how underdamped an oscillator
or resonator is). Additionally, residual strain may not cause
instantaneous failure but slowly, through the mobility of
defects, cause a degradation and premature failure of the
device function. For the X-ray diffraction analysis, the authors
adopted a double axis geometry and used RCs and radial
scans for the determination of tilt distribution, residual strain
and stress respectively. Measurements were carried out on a
PANalytical X’Pert PRO MRD instrument using copper Kα1
radiation based on a setup integrating a Göbel mirror, a Bartels 4-crystals monochromator and a xenon point detector,
and for the RSMs an additional triple axis analyzer crystal in
the diffracted beam path (Figure 31).[193]
Figure 32 shows the results of RCs measurements taken at different positions along the device sidewalls. At the bonding interface, between the glass cap and the silicon wafer, a moderate stress
level of 35 MPa was derived, whereas after the bonding the stress

Figure 32. Stress gradient for the encapsulated and open device; X
refers to the distance from the interface. Reproduced with permission.[13]
Copyright 2013, IEEE.

Small Methods 2022, 6, 2100932

2100932 (26 of 31)

value close to the interface reduced to approximately 30 MPa.
Therefore, the residual strain was governed by the residual stress
in the functional layers deposited during manufacturing.
The comparison between the RSMs in Figure 33 shows a
clear separation of the peaks relative to the device layer, and
the interface between the device surface and the buried oxide.
Since no significant changes were observed after packaging,
the applied method (Au-Sn eutectic bond) proved to be suitable
as packaging method. For further details, please refer to the
related published works.[13,193,194]

6. Summary and Outlook
HRXRD is a powerful technique for the accurate analysis of
sometimes very small changes in materials structural properties being related to the generation, propagation, and mobility
of defects such as, dislocations, grain boundaries, etc, within
the crystalline lattice. In this review, we have presented and
discussed the applicability of different methods for characterizing the structural properties of semiconductor materials,
such as, epitaxial layers, NEMS, and MEMS. We explored the
classification of crystalline defects, their origin and evolution,
and the influence on the electrical and optical properties. We
have seen that the distribution and correlation between dislocations either can enhance or weaken the physical properties and performance of semiconductor materials and devices
when located in strategic positions. A random distribution of
different types of dislocations in the active regions of semiconductor devices is detrimental to electronic properties. Conversely, when pure dislocations are localized in the MOSFET
channel and directly connected to the source and drain, there is
an exceptional increase in current flow near the super metallic
conductivity. The monitoring of scattering effects produced by
structural defects depends upon specific experimental setups
taking into account the appropriate diffraction geometry coupled to the adequate instrumental resolution. When the determination of the dislocation density is related to the width of the
RCs (i.e., when considering the mosaicity theory), the instrumental resolution function is crucial for obtaining reliable dislocation density values. Consequently, this method is mostly
effective and reliable when the defect concentration is high (i.e.,
when ρ = ≈1 × 10–8 cm–2 and above). When the width of the
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Figure 33. a) RSMs of the packaged resonator providing information of bonding interfaces. b) RSM of un-packaged resonator. The top peaks (S) are
the diffraction peaks of the handling wafer, while the peaks at lower omega values (DL) indicate the contribution to diffraction by the device layer.
Reproduced with permission.[13] Copyright 2013, IEEE.

RC is comparable to that of the resolution function, (i.e., in the
presence of a low concentration of dislocations) the removal of
the instrumental contribution is of fundamental importance.
In the case of nanometer samples, the size effects have to be
considered in the data analysis as they contribute together with
strain, mosaicity, and the apparatus function to the width of the
peaks in the X-ray diffraction profiles. We have seen that the
sensitivity of lattice deformation is closely related to the angular
resolution of the experiment and, when using the experimental
setup with the highest angular resolution (e.g., triple crystal
diffraction geometry) the detection limit of lattice strain can
reach ε = +/−6 × 10–6 (Δd/d). In this regard, by considering the
generalized Hooke’s law to express the relationship between
stress and strain in a continuous elastic material, the limits of
detectability of the residual stress (e.g., in crystalline silicon) are
of the order of a few MPa. From the mentioned methods, the
RSM is definitely the most effective technique since, with the
acquisition of 2D maps, it is possible to obtain separately the
strain and tilt components along specific crystal directions. By
measuring RSMs for different Bragg reflections, it is possible
to study the diffuse scattering both directly on the map and on
the 1D profiles extracted from the same plot. As shown, other
methods for the X-ray line profiles analysis are available, but the
analytical question to be answered needs to take into account
the limitations of the chosen method. Table 1 reports the relationship between the sensitivity of lattice strain and the angular
resolution achievable according to the optics adopted on the
incident and diffracted beam. When using the highest resolution, that is, Göbel mirror plus a 4xGe (022) monochromator on
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the incident beam, and the 3xGe (022) analyzer crystal on the
diffracted beam, one can achieve 0.0015° in terms of FWHM
for the Si (333). On the other hand, when measuring a thin film
(e.g., 10 nm) characterized by the presence of a high concentration of defects, a lower resolution is chosen, since increasing
the angular resolution also means decreasing both incident and
diffracted intensities.
Table 1. The achievable angular resolutions based on the optics adopted
on the primary and the diffracted beam; The equation in red correlates
the sensitivity of lattice strain with the beam divergence (δ), the glancing
angle (θ), and the wavelength (λ).
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The improvement of laboratory X-ray sources remains a
crucial topic for advanced characterization methods. Modern
microfocus X-ray sources, optimized for diffractometric measurements, enable the collection of high-quality data. Therefore,
a high flux density of the X-ray beam allows not only a higher
spatial resolution but also a time reduction for the respective
materials and device analyses.
HRXRD is becoming more and more widespread as it
finds application on a variety of materials, from single crystals
to polycrystalline rigid systems such as, micro and nanowires,
thin films, superlattices etc. Furthermore, HRXRD methods
are even more efficient when combined with complementary
techniques such as Raman spectroscopy and microscopy techniques (e.g., SEM, TEM, confocal laser scanning microscopy).
In our most recent study in which we combine HRXRD with
micro-CT for a multiscale characterization of the crystal structure, the joint approach proved to be ideal for the validation
and qualification of technological processes.
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