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A germanium crystal of high purity was grown in H2 with a maximum dis-
location density of 3000 cm�2, which was estimated by white beam x-ray
topography. Due to a dynamical diffraction effect, the topographs revealed the
existence of vacancy clusters in the form of voids in dislocation-free parts of
the crystal. Etch pit density analysis, the standard technique employed for
crystalline wafers to determine dislocation density, failed to reliably represent
dislocations in dislocation-free parts of the crystal. On the other hand, we were
able to identify a different type of etching pattern for a dislocation-free crystal.
Microwave photoconductance decay was utilized to determine the charge
carrier lifetime, which was found to be up to 500 ls for regions with disloca-
tions, while being only 100 ls for dislocation-free parts of the crystal.
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INTRODUCTION

High-purity germanium (HPGe) plays a key role
as detector material for high-resolution gamma-ray
detectors. Recent interest in HPGe is motivated by
the needs of the large enriched germanium exper-
iment for neutrinoless double-beta decay
(LEGEND) built for the search for the neutrinoless
double-beta decay of 76Ge using one ton of HPGe
detectors.1 Since the next generation of detectors for
the LEGEND experiment require large mass detec-
tors, the Ge crystals have to be of exceptional
quality. They require ultrahigh purity, i.e. a net
charge carrier density< 1010 cm�3, to be fully
depleted. Furthermore, the lifetime has to be much
larger than the drift time of the carriers in the
detector. A large charge carrier mobility lifetime
product of< 1 cm2/V is required. For typical elec-
tron mobility of single-crystalline HPGe in liquid
nitrogen (77 K) of 40000 cm2 V�1 s�1, this results in

charge carrier lifetime much higher than 25 ls.
These high lifetimes can only be acquired by
ensuring a low density of structural defects such
as dislocations and voids. However, completely
dislocation-free Ge is unfavorable, since there the
vacancies dominate the defect landscape, resulting
in vacancy-related complexes such as V2H2,3 and
vacancy clusters in the form of voids,4 rendering the
material worthless for detector applications. At the
melting point, the concentration of vacancies is
somewhere between 1014 cm�3 and 1015 cm�3, while
the concentration of self-interstitials is only
109 cm�3.5,6 Therefore, the Frank–Turnbull reac-
tion VGe + Gei M GeGe is not sufficient to annihilate
the vacancies during the crystal cooling process.7

The presence of dislocations with edge character
would allow the vacancies to be fixed around the
dislocation lines, typically known as dislocation
decoration, and act as an effective sink for vacan-
cies. In the case of almost no dislocations, the
vacancies ultimately have to cluster.4 Hence, it is
preferred to have a dislocation density between 102

cm�2 and 104 cm�2. By controlling the temperature
gradient during crystal growth, the distribution of(Received February 17, 2020; accepted June 9, 2020;
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dislocation density can be controlled to a certain
degree to fulfill the detector requirements.8,9 It is of
crucial importance to be able to reliably determine
the concentration of structural defects inside the
crystal. For this purpose, we demonstrate that etch
pit density analysis is not always reliable for
determining dislocation density for crystals with
low dislocation density or close to zero dislocations.
It was possible to prove this by utilizing comple-
mentary white beam x-ray topography measure-
ments to show the actual dislocation density as well
as the presence of voids in dislocation-free parts of
the crystal. We were also able to show that the
etching figure of dislocation-free Ge can be differ-
entiated from dislocated Ge, where etch pits repre-
sent dislocation lines cutting the surface. The
charge carrier lifetime was significantly lower in
the dislocation-free part, on average below 100 ls,
which is not sufficient for large Ge detectors.
Beyond, the material had sufficient carrier lifetime
up to 500 ls in the dislocated parts.

EXPERIMENTAL

Crystal Growth

A Ge single crystal with a diameter of 2 inches
was grown in a H2 atmosphere by the Czochralski
method from a [0 0 1]-oriented crystal seed fabri-
cated from a high-quality Ge crystal (Fig. 1). The Ge
material for crystal growth was purified in a zone
refining process, which is described elsewhere in
detail, together with the exact growth setup.10 The
crystal was grown from a 4-inch fused silica crucible
within a custom-built crystal growth setup. The hot-
zone and growth conditions were optimized by
continuous experimental investigation of the crys-
tals and numerical simulations, as shown in the
work of Miller et al.11. In particular, the shape of the
melt/crystal interface was optimized by adjusting
crystal growth parameters to reduce thermal stress,
and consequently dislocation multiplication, during
crystal growth, which was necessary to control the
dislocation density of the grown crystal. For char-
acterization and investigation of the crystal, three
(0 0 1) wafers were cut along the crystal length,
which were oriented within an angular toler-
ance< 1�. The three wafers, referred to as A (top),
B (middle) and C (tail) portions of the grown

crystals, are depicted in Fig. 1, and have thick-
nesses of 700, 800 lm and 350, respectively. For
various investigations the wafers were chemo-me-
chanically polished on both sides.

White Beam X-ray Topography

White beam x-ray topography was performed at
the Karlsruhe Research Accelerator (KARA) syn-
chrotron of Karlsruhe Institute of Technology (KIT).
This is a synchrotron with a 2.5 GeV electron
storage ring. The measurements were conducted
at the topography station at the imaging cluster of
the KIT light source, which is described in detail
elsewhere.12 The topographs were recorded with
Slavich VRP-M high-resolution photographic film
and a two-dimensional indirect detector with a pixel
size of 2.5 lm. The Ge samples were measured in
transmission geometry with a distance between
film/detector and samples of 90 mm and with sev-
eral minutes of exposure time. The beam size at the
sample was approximately 8 mm 9 5 mm. The hor-
izontal axis of the wafers was the [1 1 0] axis, and
the samples were tilted around this axis by 14� and
by 28�, to reach the 2�20 and the 1�3�1 Bragg
reflection, respectively. The reflections of the Laue
patterns were identified using LauePt software.13

Microwave Photoconductance Decay

The bulk carrier lifetime s was determined by
microwave photoconductance decay (l-PCD) using
MDPmap, a commercially available tool from Frei-
berg Instruments. The setup consists of a laser
mounted next to a microwave spectrometer above
the sample and a microwave cavity beneath the
sample table. The sample table is freely rotat-
able and movable for lateral scanning. The details
of the experimental setup are explained else-
where.14 The main advantage of this technique is
the ability to measure the carrier lifetime in a
contactless manner and without fabrication of elec-
trical contacts. The measurement principle is based
on the change in microwave reflectivity as a func-
tion of excess carrier concentration, which is ini-
tially generated by a laser.15–17 After illumination,
the decay of the excess carrier concentration is
approximated with a single exponential fit to obtain
the carrier lifetime from its exponent coefficient �1/

Fig. 1. A [0 0 1] Ge single crystal grown in H2 with a diameter well above 2 inches. The seed of the crystal can be seen on the left side, followed
by a long and thin Dash neck. For further investigation and characterization, three wafers were cut from the crystal, which are denoted by A, B,
and C.
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s, which is valid if the lifetime is independent of the
carrier density. Hence, the bulk carrier lifetime is
measured by the decay of the excess carrier density,
which is sufficient if surface recombination does not
significantly affect the change in carrier density and
consequently the microwave reflectivity. This was
ensured by preparing the wafers by chemo-mechan-
ical polishing on both sides to eliminate any surface
defects originating from cutting and polishing. The
wafers were measured under ambient conditions at
22�C. Two different lasers were tested, a near-
infrared laser with a wavelength of 980 nm and a
red laser with 660 nm wavelength. The laser power
was modulated between 20 and 100 mW and 10–30
mW for the near-infrared and the red laser, respec-
tively. The most stable results were obtained by the
980 nm near-infrared laser at power of 80 mW,
which was utilized for all presented l-PCD mea-
surements. However, it should be should mentioned
that the laser power and wavelength had no note-
worthy impact on the average lifetime. For every
measurement, laser illumination was carried out for
1000 ms to ensure complete saturation, and for
every spot on the wafer an average over ten
independent measurements was performed. The
laser can be focused to a spot size with a diameter
of approximately 0.5 mm; therefore, a measurement
step size of 0.2 mm was chosen to ensure slight
oversampling.

Etching

An etch pit density (EPD) analysis was conducted
to investigate the dislocation density, since disloca-
tion cores can be the preferred etching sites. The
surfaces have to be of low roughness and without a
major defect layer. This is achieved by grinding/
lapping the wafers with SiC abrasive, followed by a
chemo-mechanical polishing procedure. The etching
solution was a modified CP-4 etch. The wafers were
submerged into the acid in a Teflon vessel at 22�C. A
large amount of acid relative to the volume of the
wafers (� 800 ml acid) was used to avoid significant
warming of the etching solution. After 60 min, the
etchant was replaced by deionized water with
resistivity of 17–18 MX cm. The etched wafers were
then investigated by differential interference con-
trast microscopy. The EPD values were determined
by counting the large faceted etch pits originating
from the dislocation cores and dividing their num-
ber by the investigated area.

RESULTS AND DISCUSSION

The HPGe crystal was grown from a [0 0 1] HPGe
seed with a 5 9 5 mm2 cross section.10 To control
the initial dislocations, the Dash-necking tech-
nique18 was used, growing a neck 90 mm long and
down to 1 mm thin at high growth speed, as shown
in Fig. 1. Within the crystal shoulder the diameter
was increased to 2 inches. The length of the crystal

was 220 mm excluding the Dash neck and seed,
resulting in a total crystal mass of 1.6 kg.

White Beam X-ray Topography

For the characterization of the structural defects,
white beam x-ray topography in transmission geom-
etry was conducted. Wafer A was investigated first
with a low-resolution film, to determine the exact
positions of the desired reflections and to obtain a
first impression of the dislocation density. The
investigated area in the middle of the wafer was
free of dislocations in all reflections. Therefore, the
2�20 reflection was chosen for a wafer map, which
was stitched together by topographs recorded on a
two-dimensional detector. This reflection was cho-
sen because it is reachable with a simple rotation
around the horizontal [1 1 0] axis of the wafer,
which makes it easy to correctly adjust the detector
spatially.

A 2�20 x-ray topograph of wafer A is shown in
Fig. 2. The growth ridges can be seen on the wafer
edge, which originate from the thermodynamic
dominance of the {1 1 1} facets in Ge during crystal
growth. The wafer is mostly free of dislocations.
Only a few dislocations can be identified, which are
highlighted by arrows, which also indicate their
crystallographic direction. The total dislocation
density of wafer A was calculated from the length
of the dislocations divided by the wafer volume
(wafer thickness 700 lm) and was found to be below
1 cm�2. It should be mentioned that the dislocations
seem to be located in the edge regions of the wafer.
This is most likely explained by a completely
dislocation-free crystal shortly after the Dash neck,
and new dislocations originating from the surface of
the crystal during growth. A region in the order of
1 cm2 in the wafer center was completely disloca-
tion-free. Voids can also be observed on the wafer,
which are visible due to a black–white contrast
following the diffraction vector. The voids originate
from vacancy clustering during crystal growth,

Fig. 2. 2�20 X-ray topograph of A with the dislocations marked by
white arrows, indicating their crystallographic orientations. The red
insets show dislocations in detail. The total dislocation density
throughout the wafer was found to be below 1 cm�2. The white
circles indicate the positions of voids on the wafer (Color figure online).
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since in Ge the dominant intrinsic defects are
vacancies and not self-interstitials. The voids are
highlighted in the image by white circles in Fig. 2
and can be seen in detail in Fig. 3.

The void is indicated in the center of the figure by
the black–white contrast following the diffraction
vector, which is caused by a dynamical diffraction
effect. The dynamical theory can be applied since
the perfection of the crystal is very high, namely due
to high chemical purity, no grain boundaries and no
dislocations.19–22 It is based on the change in
diffraction intensity due to a shift of the tie points
of the wave fields on the hyperbolic dispersion
surface, caused by the elastic deformations around
the void. A more detailed explanation can be found
elsewhere, where the effect was observed experi-
mentally and theoretically in silicon.23–25

Several such voids were detected throughout the
crystal. It should be mentioned that this method is
only sensitive to voids close to the exit surface of the
sample. This is due to the sensitivity of the effective
absorption coefficient for anomalous transmission
on deviations from the exact Bragg condition.
Therefore, it is not trivial to estimate the void
density from the experimental investigations. Sim-
ply dividing the number of observed voids (black–
white contrasts) by the volume of the whole wafer
would always underestimate the present void den-
sity nvoid; for the wafer map it would yield a void
density of 10 cm�3, which is not realistic. This can
be shown by an estimation of the void density by
thermodynamic considerations. A vacancy density
nV at the melting point of Ge of 1014 cm�3 is
assumed,5,6 and we further assume that all of these
vacancies are able to condense into spherical voids,
which are well separated from each other, i.e. no
overlapping. The void density can then be estimated
by:

nvoid � nV

nGe
� d�3;

where nGe is the number of Ge atoms per
cm3—which is 4 9 1023 cm�3 at the melting

point—and d is the diameter of the void. If we
estimate the void density based on the experimental
observation as calculated before, but correct such
that the technique is only sensitive to voids close to
the exit surface, where close means in the order of
the size of the void d, the observed void density is
then obtained as nvoid � 10 cm�2 d�1. These two
relations yield the same void density of 105 cm�3 for
voids of 100 nm diameter. This makes it a challeng-
ing task to find direct evidence of voids by any
means of microscopy. Hens et al.26 reported the
simulation of void distribution for Ge crystals
resulting from vacancy clusters of 1–6 lm. Large
crystallographic pits (similar to crystal-originated
particles (COPs) in Si) on polished Ge wafers were
occasionally identified by optical microscopy, and
these observed surface pits were assigned as voids.

As stated before, this clustering of vacancies only
occurs due to a lack of vacancy-absorbing mecha-
nisms in dislocation-free crystals. Consequently, in
crystals with moderate dislocation density, one
would always expect dislocation climb to be a
sufficient mechanism to avoid clustering of vacan-
cies into voids. A 1�3�1 topograph of wafer C (crystal
tail) is shown in Fig. 4. The most striking feature is
the network of dislocations, which are polygonized,
more or less regular full and half hexagons. The
straight dislocation lines strictly follow the<1 1 0>
directions of the crystal, due to the high Peierls
potential in Ge. The dislocation density was found to
be about 3000 cm�2, which was again determined by
dividing the total dislocation length by the mea-
surement volume. The formation of dislocation
bundles can be partially observed, but in most cases
the dislocations are several hundred micrometers in
length and undisturbed. The small black dots are
defects in the film, and the vertical black line in the
left part of the image is a scratch in the film. There
is no evident indication of voids, as expected.
Generally, in the areas with moderate dislocation
density, no voids could be observed.

Fig. 3. 2�20 x-ray topograph of wafer A without any dislocations and
the black–white contrast, which is caused by a dynamical diffraction
effect.

Fig. 4. 1�3�1 x-ray topograph of wafer C depicting a dislocation
network with pseudo-hexagonal loops and a moderate dislocation
density of 3000 cm�2. No voids can be observed in parts of the
crystal with moderate dislocation density.
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Microwave Photoconductance Decay

Spatially resolved l-PCD measurements were
carried out to obtain the bulk lifetime maps depicted
in Fig. 5 for the three wafers A, B, and C at the
positions indicated in Fig. 1. Most remarkable are
the differences in average lifetime between the
three wafers, which is represented by a common
color scale on the side of Fig. 5. The average lifetime
�s increases along the crystal length: while it is only
83 ls at the very top of the crystal (wafer A), it
increases to 285 ls for wafer B and finally reaches
423 ls at the crystal tail (wafer C). A comparison
with the x-ray topography results shows that wafer
A from the neck portion of the crystal with the
lowest dislocation density has a low charge carrier
lifetime, while wafer C before the tail portion of the
crystal having homogeneously distributed disloca-
tions with a density of 3000 cm�2 exhibits a high
charge carrier lifetime. This unequivocal result
merits further detailed measurement investigations
in correlation with the dislocations and also with
respect to voids observed in the x-ray topograph of
wafer A in Fig. 2. Although the lifetime measure-
ment was done at room temperature, it is fully
consistent with the results obtained by Sande
et al.27 with HPGe detectors. The reduced lifetime
of wafer A may be due to vacancy-related recombi-
nation centers, as the voids alone cannot explain an
influence on the lifetime. Furthermore, a certain
inhomogeneity within the lifetime maps of the
wafers can be observed, especially in wafer A and
B. However, this inhomogeneity could not be
directly correlated with the dislocations/voids
observed in the x-ray topograph of A in Fig. 2.
Locally, the lifetime on wafer A drops below 20 ls.
Wafer B exhibits the greatest non-uniformity in
lifetime, which we attribute to the transition
between dislocation-free and dislocated parts of
the crystal. Wafer C shows the required lifetime
values for detector applications over the entire
wafer surface.

Etching

In order to gain insight into the defect density and
uniformity of the crystal, an EPD analysis was
carried out. The etched wafers were investigated by
differential interference contrast microscopy, which
can be seen in Fig. 6. All the wafers clearly exhibit

etch pits after etching. On all three wafers, the large
etch pits are composed of {1 1 1} facets (octahedral-
shaped) with a rounded bottom. The calculated EPD
values from a representative square-centimeter-
sized area are shown in Fig. 7. The EPD values
are 5000 cm�2 for A, 5700 cm�2 for B, and
3200 cm�2 for C. Only distinct faceted etch pits
were taken into consideration for this value. Aston-
ishingly, the dislocation-free wafer A has a high
EPD value of 5000 cm�2, where one would expect
none. Wafer C has an EPD value of 3000 cm�2,

Fig. 5. l-PCD bulk carrier lifetime maps for the wafers A, B, and C at
the positions indicated in Fig. 1, with a common lifetime scale bar
situated on the right.

Fig. 6. Etching figure of the wafers A, B, and C in differential
inference contrast microscopy. The large well-defined etch pits
originate from dislocation cores. The dislocation-free wafer A shows
a differentiated etch figure from the dislocated B and C wafer.
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which matches very well with the value of the
dislocation density estimated from x-ray topogra-
phy. While the shape and the distribution of the
etch pits looks similar in all parts of the crystal,
wafer A shows a high density of ‘‘tiny’’ etch pits,
which seem to be distributed over the entire sample
surface. In wafers B and C, there are no such ‘‘tiny’’
etch pits, and the samples are completely smooth, as
seen in the differential interference contrast (DIC)
microscopy image, which suggests a roughness of
only a few nanometers. In this regard, the vacancy
clusters in the form of voids cannot be distinguished
from etch pits arising from dislocations. The antic-
ipated etch pit density for voids (< 10 cm�2) is far
lower than the observed one. One may say that the
tiny pits in sample A, which represent small
prismatic dislocation loops, can form due to differ-
ent preferred etch sites arising from vacancy con-
densation or vacancy-associated complexes rather
than in parts of the crystal with moderate disloca-
tion density, as in the case of samples B and C.
Hence, it is possible to differentiate dislocation-free
areas of the crystal with voids from parts with
moderate dislocation density by observing the whole
etch features.

CONCLUSIONS

Single-crystalline HPGe was grown under a H2

atmosphere by the Czochralski technique using
zone-refined material. The crystal was investigated
in terms of structural defects by x-ray topography,
more specifically in terms of dislocation distribution
and formation of voids. The crystal grew initially
completely free of dislocations (< 1 cm�2), due to
dislocations growing out efficiently in the Dash
neck. Towards the crystal tail, the dislocation

density increased to 3000 cm�2. The dislocations
form straight-line hexagons, with the segments
oriented in the <1 1 0> directions. They are
homogeneously distributed, which is good for detec-
tor applications. Furthermore, in parts of the crystal
that are completely free of dislocations, the vacan-
cies cluster into voids, which could be observed by a
dynamical diffraction effect. The related void den-
sity is estimated to be 105 cm�3, with an approxi-
mate void diameter of 100 nm. Dislocation density
in HPGe was characterized by EPD analysis using a
CP-4 etchant. However, it was possible to show by
comparison to x-ray topographs that the observed
EPD values do not represent the dislocation density
in parts of the crystal where the dislocation density
is close to zero. On the other hand, in wafer C, with
moderate dislocation density, the EPD value cor-
roborates the dislocation density observed by x-ray
topography. The etching patterns differ between the
dislocation-free and the dislocation-containing parts
of the crystal, but the characteristic octahedral pits
do not allow us to unambiguously distinguish the
features from voids and dislocation-related etching.
Tiny pits can be observed all over wafer A, while in
wafer B and C the sample surface is almost smooth,
as seen by DIC microscopy. This may be an indica-
tor that wafer A is dislocation-free and dominated
by V-related defects. The lifetimes measured by
MPD decay reached average values above 250 ls
throughout the bulk crystal, which is sufficient for
detector applications. Additionally, the lifetime
increased along the growth direction, which is
inverse to the observed dislocation density. This
can be explained by charge trapping based on
vacancy-related defects.
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