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It is demonstrated that high-resolution energy-dispersive X-ray fluorescence
mapping devices based on a micro-focused beam are not restricted to high-speed
analyses of element distributions or to the detection of different grains, twins
and subgrains in crystalline materials but can also be used for the detection of
dislocations in high-quality single crystals. Si single crystals with low dislocation
densities were selected as model materials to visualize the position of dis-
locations by the spatially resolved measurement of Bragg-peak intensity fluc-
tuations. These originate from the most distorted planes caused by the stress
fields of dislocations. The results obtained by this approach are compared with
laboratory-based Lang X-ray topographs. The presented methodology yields
comparable results and it is of particular interest in the field of crystal growth,
where fast chemical and microstructural characterization feedback loops are
indispensable for short and efficient development times. The beam divergence
was reduced via an aperture management system to facilitate the visualization of
dislocations for virtually as-grown, non-polished and non-planar samples with a
very pronounced surface profile.

1. Introduction

X-ray topography (XRT) is a powerful technique for imaging
defects in single-crystalline materials that are pivotal for
science and technology (Suvorov, 2018; Danilewsky, 2020).
Typically, collimated X-rays (characteristic or white radiation)
impinging on a single-crystalline sample are diffracted, if the
Bragg condition is satisfied, at a specific angle onto a high-
resolution X-ray film or a two-dimensional (e.g. CCD)
detector. An image of the crystal is obtained, given that the
latter exhibits only small lattice inhomogeneities, such that the
diffracted X-rays leaving the crystal are nearly parallel and
hence lead to a one-to-one correspondence of sample position
and detector pixel. Here, the tolerance of the angular variation
is defined by the solid angle of the detector pixels and is
therefore increased by a short sample-to-detector distance.
The imaging of defects in crystals becomes possible due to
the distortion of lattice planes by their stress fields. The X-ray
diffraction process is very sensitive to these distortions,
leading to additional contrast even if the defects are several
orders of magnitude smaller than the spatial resolution of
XRT. On this basis, a variety of experimental XRT techniques
have been developed, as summarized e.g. by Lider (2021).
Recent developments show that a high-resolution 3D view of
the defect distribution can be obtained using a focused sheet-
shaped beam (Yoneyama et al., 2023; Yildirim et al., 2023) or a
rotation about the lattice-plane normal (Héanschke et al.,
2017; Straubinger et al., 2023). Using monochromatic X-rays
furthermore allows a high level of quantification of lattice
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inhomogeneities and characteristic strain fields caused by
these defects (Guguschev et al., 2022; Tran Caliste et al., 2023).

In addition, using the full-field character of 2D XRT
imaging facilitates time-resolved in situ measurements that
allow the study of plasticity or crystallization (Dresselhaus-
Marais et al., 2021; Becker et al., 2019). Although the trans-
mission of X-rays through the crystal under study raises an
important issue for the optimization of XRT measurements,
the technique is universally applied to a wide variety of
materials like silicon (Stockmeier et al., 2017), silicon carbide
(Fujie et al., 2021), group II nitrides (Kirste et al, 2021;
Hartmann et al., 2023), gallium oxide (Yao et al., 2023) and
diamond (Shikata et al., 2021).

In contrast to the full-field imaging techniques discussed
above, scanning of a focused beam across the sample while
picking up the diffraction signal is an alternative approach to
obtaining XRT data. If a polychromatic beam is used, several
Bragg reflections can be detected for each illuminated spot,
giving information about the strain state of the crystal-
lographic unit cell. Such an approach is used in the field of
Laue micro-diffraction (p-Laue) (Robach et al., 2011; Puru-
shottam Raj Purohit ez al., 2022). As an alternative to position-
sensitive detectors, energy-dispersive zero-dimensional (‘point’)
detectors are used to map lattice inhomogeneities and strain at
synchrotron radiation sources [see e.g. Simpson et al. (2019)].
A focused X-ray beam and ‘point’ detectors are nowadays also
implemented in low-cost compact laboratory devices for X-ray
fluorescence (XRF) mapping. However, to the best of our
knowledge, use of these laboratory devices for defect imaging
in single crystals is not yet established.

In this paper, we show that laboratory-based scanning
techniques using polychromatic radiation, focused to spot
sizes in the range of 5-25 pm, are capable of visualizing
individual defects such as dislocations. This is an extension of
the energy-dispersive Laue mapping (EDLM) technique
(Guguschev et al., 2015), which has proven capabilities to
detect low- and high-angle grain boundaries, twins and stria-
tions in crystalline materials (Guguschev et al., 2019; Buegler
et al., 2021; Subramanian et al., 2023).
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Figure 1
A schematic diagram of the p-XRF setup for a planar sample (Guguschev
et al., 2015).

2. Experimental

The investigations were performed at Leibniz-Institut fiir
Kiristallziichtung (IKZ) using a p-XRF spectrometer proto-
type M4 TORNADO PLUS with an aperture management
system (AMS) provided by Bruker Nano GmbH, Berlin,
Germany. The measurement system was equipped with a Rh
X-ray source operated at 50 kV and 600 pA. The primary
radiation was focused on the sample surface by a polycapillary
X-ray lens at an angle of 50° (« in Fig. 1).

The minor axis of the elliptical measurement spot was about
17 pm at 17.4 keV (Mo Koa) and 31 um at 2.3 keV (Mo La).
This was determined from a mapping over the edge of a
molybdenum foil, where the spot size was defined as the
measured distance between 80 and 20% of the intensity of
characteristic X-rays from Mo. The X-ray spectrum of fluor-
escence and diffracted peaks was detected using a circular
silicon drift detector (SDD) with high energy resolution
[<145eV at 5893 keV (Mn Ka)] and a detection area of
30 mm?. The detector was also tilted by 50° and rotated by 90°
around the normal of the surface (angle g in Fig. 1).

In an additional EDLM mapping, the AMS was used to
place an aperture of 1000 pm diameter between the tube and
the lens to reduce the divergence of the beam. Without the
AMS, the minor axis of the measurement spot at 17.4 keV
increases on average by 100 pm mm ' for the first 3 mm of
movement away from the horizontal focal plane (see Fig. 2).
With the 1000 pm aperture in place, this decreases to
66 um mm ™', while the intensity of the measured spectrum is
also decreased.

The p-XRF system was used to map the surface of Si
crystals (see Table 1 for measurement conditions). For each
spot on the surface, the measurement yields a spectrum of
emitted X-rays in the range 0.2-40 keV. A longitudinal section
chemo-mechanically polished on both sides (sample Si-1) was
prepared from a Dash neck grown from the melt using the
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Figure 2

Minor axis of the spot as a function of the vertical distance between the
horizontal focal plane of the beam and the measurement plane. Positive
distances indicate increasing distance to the polycapillary lens. AMS1000
indicates that a 1000 pm aperture was used.
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Table 1
Measurement conditions for high-resolution Bragg-peak mapping at a
pressure of 20 mbar.

Si-1 Si-2 Si-3
Sample (polished)  (polished) (etched)
Surface orientation (100) (100) (100)
Mapping area (mm) 254 x 457 3771 x 39.14 15.6 x 5.09
AMS in use No No Yes (1000 pm

aperture)

Data points (No. of pixels) 3629 x 653 2746 x 3008 2229 x 727
Distance between spots (um) 7 13 7
Spot size (um) ~25 ~25 ~25

Cycles 1 1 1

Dwell time per point (ms) 70 14 40
Linear speed (um's ') 100 929 175
Total measuring time (h:min) 47:00 33:43 18:40

silicon granulate crucible (Si-GC) technique (Dadzis et al.,
2020). The thickness of the sample was about 500 um and
Lang topography images were available for a direct compar-
ison. The Lang method (Lang, 1959) in transmission geometry
is one of the most widely used techniques to visualize dis-
locations and other defects.

The residual part of the Dash neck (sample Si-3) next to the
polished sample was subjected to an acid mixture of HF (40%)
and HNO; (69%) in a ratio of 1:3 at room temperature for
2 min to remove about 200 um of the periphery of the sample.
As a final step, the sample was rinsed with ultrapure water.
The main part of this sample (where most of the dislocations
are expected) was measured with the cut surface placed on the
stage and an aperture of 1000 pm to compensate for the
pronounced surface profile by lowering the beam divergence
(Fig. 2).

A longitudinal section of crystal, chemo-mechanically
polished on both sides (sample Si-2) with a thickness of 2 mm,
was prepared from the shoulder part of a float-zone grown Si
crystal, where the growth conditions were not optimized,
leading to dislocation generation at an early stage in the
process. This sample was prepared to demonstrate the
potential of the presented technique for larger sample
dimensions.

2.1. Composition of X-ray spectra

The measurements were conducted according to the
following procedure utilizing the above-mentioned p-XRF
system. Point spectra were measured as a function of the
rotation about the sample surface to find a suitable orientation
that leads to a spectrum containing several intense diffraction
maxima. This was done at ambient pressure using a custom
stepper motor driven sample stage [Guguschev et al. (2020),
Fig. 6] with a step size of 10° and a range of 360°.

In general, the spectra contain maxima due to characteristic
X-ray fluorescence, Compton scattering and X-ray diffraction.
For silicon, the characteristic emission is found at a rather low
energy (around 1.8keV and its pile-up at 3.6 keV) and
therefore does not produce any features in the hard X-ray
parts of the spectra [see Fig. 3(a)]. Diffraction maxima can
occur for Bragg reflections that have lattice planes perpendi-
cular to the bisector of the angle formed by the X-ray source,
sample and detector. Therefore, in principle, only higher
orders of the same fundamental reflection may be observed,
which all have parallel lattice planes. However, due to the
significant divergence of the beam (compare Fig. 2) and the
large solid angle of the detector (0.075 sr), reflections from
nearly parallel net planes can contribute. The diffraction
maxima can be easily identified, as they change intensity when
the crystal orientation is changed. The spectra in Fig. 3 also
feature strong maxima at Rh emission and Compton peaks,
which are due to the X-ray source being a Rh target and the
Compton counterparts being shifted to lower energies because
of inelastic scattering from the sample.

The simplified calculation in Fig. 3(a) is based on the exci-
tation spectrum /y(E) of the X-ray source and the calculated
positions of diffraction maxima. Considering the low angular
resolution of the measurement, dynamic diffraction effects are
neglected. The positions and intensities of the Bragg peaks
were calculated using the Python package xrayutilities
(Kriegner et al., 2013), where the decay in intensity when
deviating from the Bragg condition was taken into account
according to Weckert & Hiimmer (1997). The spectra are thus
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Figure 3
(a) A comparison between the measured and calculated spectra. (b) The probing depth in silicon based on the geometry (see Fig. 1) plotted as a function
of energy.
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obtained by summing over all Bragg reflections ikl weighted
by their structure amplitudes Fj,; as follows:

2
I(E) & I(E) ) _|Fyy(E) Ry ()], €]
k.l
with the resonance term
k3
Ryy(E) = ————— —[1 — x(0, E)], ()
|K(E, ghkl)\

and K = Ko(E) + g,y = 2nE/hc)ng + g, Here, ng is the
direction of the incoming beam and K, and K are the wave-
vectors of the incoming and diffracted beams, respectively (see
Fig. 1). The summation over the reciprocal-lattice vectors gz;
needs to be limited such that the resulting diffracted beam K
deviates by less than 17° from the direction of the detector, as
defined by the solid angle of the latter, which amounts to
0.075 sr. An angular spread of K, according to the incoming
beam divergence (see Fig. 2) also needs to be considered. The
term [1 — x], where x(0) is the zeroth Fourier component of
the susceptibility, takes account of refraction and attenuation
of the beam. Extinction and the finite intrinsic Darwin width
of the reflections are neglected for simplicity. Since the scat-
tering angle 26 is fixed for all energies, we neglect the Lorentz
and polarization factors.

The crystal orientation, which is needed for the calculation,
was taken from a previously measured miscut of sample Si-1 of
approximately 1° and refined regarding the rotation about the

surface normal in order to reproduce the measurement. Not
aiming at a quantitative fitting of the measurement, the
calculation neglects factors such as the absorption by X-ray
windows, the detector efficiency, the energy dependence of the
efficiency of the optics and multiple scattering effects. This
may be the reason why the predicted 5 5 11 reflection was not
observed in the present experimental configuration. The
probing depth for a specific reflection [Fig. 3(b)] equates to the
projected attenuation length A of the fluorescent X-rays that
leave the sample under the glancing angle « (Fig. 1) and is thus
calculated via Asin(«). Since A depends on the X-ray energy,
so does the penetration depth, as shown in Fig. 3(b). The 224
reflection is connected to a probing depth of approximately
30 pum, which roughly corresponds to the lateral resolution of
the measurement. Structure deformations (bending or strain
due to defects or compositional changes) within the probing
depth are expected to change the intensities or positions of the
diffraction maxima.

3. Results
3.1. Measurement of polished sections of Si crystals

The samples were investigated according to the measure-
ment conditions shown in Table 1. Figs. 4(b)-4(d) show the
integrated intensities of the 224, 337 and 448 Bragg reflections
[Fig. 3(a)] as a function of sample position in comparison to a
Lang topograph of the 004 reflection [Fig. 4(a)]. It is obvious

<100> >

2 2 4 reflection

3 37 reflection

Figure 4

4 4 8 reflection

Defects in a (001) Si cross-section sample (sample Si-1). (a) A Lang topography image (004 reflection, Mo Ko radiation). Adapted with permission from
Dadzis et al. (2020) under a Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0/. (b)—(d) Maps of the
diffracted intensity measured in the p-XRF system for the selected maxima of the 224, 337 and 448 reflections, respectively. Increased brightness
indicates an increase in the integrated intensity for the energy range corresponding to the indicated reflections.
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Figure 5
A superimposed greyscale-coded 2D intensity plot of the peak flanks and
maxima of the 337 and 448 reflections of sample Si-2.

that most of the line defects (dislocations) that are observed in
the Lang topograph are also reproduced in the EDLM maps
[Figs. 4(b)-4(d)]. Areas of the crystal with high, moderate and
low dislocation density can be clearly distinguished from
dislocation-free parts by both techniques. The locally
deformed structure around defects leads to a broader accep-
tance angle for diffraction in comparison to the intrinsic
Darwin width of the reflection. In conjunction with the broad
bandwidth of the X-ray source, this results in an increase in the
integrated diffracted intensity.

Some differences in the images in Figs. 4(a)-4(d) may be
explained by the choice of reflections and the probing depth of
the method. The Burgers vectors b of dislocations in the
diamond structure of Si are of the kind {110}. The visibility
criterion b-g = 0 [see e.g. Lider (2021)] states that the
diffraction contrast due to dislocations is minimal if the reci-
procal-lattice vector g, corresponding to the observed Bragg
reflection, is perpendicular to the Burgers vectors b. There-
fore, neither the 004 reflection, used in the Lang topograph,
nor the hhl reflections, mapped by EDLM here, will show all
dislocations of the {110} family of Burgers vectors. Hence, a
one-to-one correspondence of dislocations seen in EDLM and
Lang topography is not expected. Nevertheless, many such
cases can be identified where even a single dislocation is
observed in both EDLM and Lang topography (e.g. high-
lighted by the orange circles in Fig. 4).

The dislocations mapped by EDLM exhibit a shorter length
than those in the Lang topography data, which is due to the
lower probing depth [see Fig. 3(b)]. As expected, the apparent
dislocation lengths increase with higher orders of the reflec-

S S - o DR A L

a 3 mm
3 mm

Figure 6

(a) A photograph of the investigated region of sample Si-3 with a similar
viewing direction to the X-ray beam. (b) A superimposed greyscale-
coded 2D intensity plot of the peak flanks and peak maxima of the 337
and 448 reflections of the sample shown in panel (a) with a slight increase
in contrast (Rh source with AMS).

tion, although the difference between the 337 and 448
reflections is marginal. The low probing depth of the 224
reflection makes many dislocations appear as point-like
features. Cases where the features appear elongated could be
explained by a dislocation segment with the line direction
being parallel to the surface, most likely along the predomi-
nant (110) directions.

The presented technique also has potential for larger
samples at reduced measurement times per pixel and larger
distances between the individual measurements, as can be
seen by the mapping result of sample Si-2 in Fig. 5. Here, the
superimposed intensities of peak flanks and peak maxima of
the 337 and 448 reflections are plotted. The left part of the
sample is situated close to the seed and this region has the
lowest dislocation density for this crystal. Nevertheless, it is
important to avoid these initial dislocations, since multi-
plication of dislocations has occurred (visible in the central
part) followed by the formation of subgrains and the
appearance of cellular structures.

3.2. Measurement of a crystal boule with the AMS

Using the AMS in combination with the presented energy-
dispersive p-XRF setup, it was possible to visualize dis-
locations in an etched sample (Si-3) of the small-diameter bulk
part of the boule [Fig. 6(b)]. The sample shape [Fig. 6(a)] was
nearly as-cut, with a radius of curvature between 1.54 and
2.23 mm. The distribution of dislocations in the outer curved
part could be imaged despite a very pronounced surface
profile. The resulting distribution is comparable to that
obtained for the neighbouring sample shown in Fig. 4.

4. Conclusion and outlook

It has been demonstrated that a benchtop p-XRF laboratory
device can be used to image individual line defects in a
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semiconductor material with a relatively high spatial resolu-
tion of ~25 pm. The probed volume, which imposes an upper
limit to the resolvable dislocation density, depends on this
lateral resolution and the probing depth, which, in turn, is a
function of the peak energy [Figs. 2 and 3(b)].

The results obtained for the Dash neck of an Si crystal have
verified that most of the details visible in Lang topography can
be visualized by EDLM. Given the widespread availability of
pU-XRF devices, the described methodology can facilitate the
non-destructive high-throughput identification of defects in
high-quality single crystals. The AMS improves the visualiza-
tion of dislocations even for unpolished highly curved samples
by decreasing the X-ray beam divergence. This enables the
investigation of samples without the need for surface
preparation. While non-planar surfaces distort the wavefield
in standard XRT techniques due to an inhomogeneous phase
shift that is a consequence of surface height variations, this is
not a critical issue for the presented energy-dispersive tech-
nique, since it is realized by scanning with a focused conver-
gent beam. Another advantage of the EDLM approach might
be that the penetration depth into the material, which depends
on the X-ray energy used, can be readily tuned by the choice
of Bragg reflection or by an adjustment of the sample orien-
tation, while the measurement geometry is fixed. This means
that this technique enables defect imaging of crystals with
various shapes and thicknesses, which is normally difficult in
conventional XRT.

Further improvements of the technique would be possible
according to simulations as shown in Fig. 3(a), allowing the
determination of the sample orientation giving the strongest
Bragg reflections and contrast due to the dislocations based on
their Burgers vectors. The measurement time and the AMS
setting have not yet been optimized in the demonstrated
examples, which suggests that a higher throughput should be
feasible. Possible limitations of the technique include the
necessity of separating the information from diffraction and
fluorescence. For some materials, the Bragg peaks can overlap
with the characteristic X-rays for certain sample orientations.

In principle, this technique could be applied universally to
all single-crystalline materials, but the penetration depth will
be significantly reduced for denser materials such as GaAs or
CdTe. While increasing the penetration capability by using
higher energies is possible, this approach will soon reach its
limits, since the intensity of the required high-order Bragg
reflections will be lower and the fluorescence signal will
increase due to the presence of heavier elements. Using
additional detectors will allow the simultaneous recording of a
large set of non-collinear Bragg reflections and hence enable
the probing of dislocations with other Burgers vectors
according to the visibility criterion as mentioned above.
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