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ABSTRACT g
This investigation showcases the viability of producing Si,Ge,_, bulk single crystals via the Czochralski technique. A high Si content in Ge- 2
rich SiGe wafers is highly desirable for various applications in quantum technology, particularly as strain-relaxed buffers for the realization §
of hole spin qubits in strained Ge quantum well heterostructures. The focus lies on the bulk crystal growth of such materials and their chem- 3
ical and structural quality. For this, the Czochralski process, starting from a highly pure Ge seed and melt, utilizing continuous feeding by @
dissolution of Si rods was performed.Sij ;6Geg g6 Wafers with a diameter of up to 15 mm obtained from the bulk crystal exhibited homoge- &
neous structural quality in contrast to the conventionally used epitaxial strain-relaxed SiGe buffers. The compositional fluctuations of Si
measured throughout the wafer were below 0.4 at. % in addition to a dislocation density below 3 x 10° dislocations/cm”. Interestingly, the
central region of the wafer displayed no measurable compositional fluctuations and contained less than 10° dislocations/cm?®. Furthermore,
the difficulties and limits of growing such SiGe crystals are discussed, such as the continuous dissolution of Si during growth and the forma-
tion of oxides in the melt during growth. The current observations indicate significant potential for further enhancement of the crystal
quality and to realize higher Si concentrations using the Czochralski technique.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0238533
INTRODUCTION requirements. Over the last year, several crucial achievements have

Quantum computing platforms based on spin qubits achieved in bee1.1 reported, which inc}ude smgl e-hole.: P in. qubit contfol,’} four-
gate-defined quantum dots (QDs) realized in strained group IV semi- qubit quantum processor,” realizing (‘hoppmg spin-based logic” as well
conductor single-crystal layers have emerged as a prominent candidate ~ 3S s.calable 16 quantum dot systems. However, quantum fiecohere.nce
because of their scalability. Compressively strained Ge quantum well limits the operation of larger systems, and while Ge and Si can be iso-
(QW) heterostructures on SiGe (i.e., Ge/SiGe) are one of the leading topically enriched to reduce decoherence by hyperfine interaction, the
material platforms for hole spin qubit technology primarily attributed =~ material perfection of SiGe virtual substrates will limit the further
to the low effective mass of holes in Ge, a low noise qublt environ- improvement of the technology.’ This includes but is not limited to
ment, and an impressive control over the QDs."”” Furthermore, the (1) electrically active impurities causing charge noise, (2) composi-
strained Ge QWs enable the realization of heavy-hole (HH) qubits, tional inhomogeneity in these layers causing strain fluctuations, and
which operate at T>1K,” thus simplifying the demanding circuit (3) high density of threading dislocations.
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Currently, the state-of-the-art Ge quantum wells in Ge/SiGe
heterostructures utilize epitaxially grown Si,Ge,_, strain-relaxed
buffers (x~0.2) on Si substrates. Consequently, epitaxy from the Si
wafer can be directly forward-graded to Ge-rich SiGe buffers or
reverse-graded from a thick strain-relaxed Ge virtual substrate on Ge
or Si. These Ge-rich SiGe substrates typically exhibit threading dislo-
cation densities (TDDs) ranging from 10° to 10" cm™ due to the
large lattice mismatch with pure Si. Recently, an advancement was
made by directly forward-grading Ge-rich SiGe buffers from Ge sub-
strates, which reduced threading dislocation densities down to
6 x 10° cm™2. These buffers also exhibited a low percolation density,
high mobility of quantum wells, and low noise quantum dot qubits,”
thereby promising a high performance of the spin qubits.” However,
fundamentally, all graded SiGe buffer approaches will inherently
exhibit non-negligible TDD.” Additionally, due to the dislocation-
mediated strain relaxation mechanism accompanied by an inhomo-
geneous strain distribution, the buffer layer will suffer from composi-
tional undulations, referred to as the cross-hatch pattern.'’™"”

The Czochralski (Cz) method is one of the most important
techniques for producing large diameter bulk single crystals with
very low dislocation densities of a wide variety of electronic and
optical materials. This study demonstrates the potential of Ge-rich
SiGe bulk crystals, grown from melt by the Cz method, to fabricate
substrates for the Ge-based heterostructures, thereby improving the
promising material platform for quantum computing (see Fig. 1).
The substrates obtained from the bulk single Siy,Geyg crystals
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FIG. 1. Schematic of the Ge,_,Si,-based current heterostructure utilizing strain-
relaxed SiGe buffer layers and the proposed heterostructure on Cz-SiGe for
Ge-based hole-spin qubits.
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instead of the conventionally used strain-relaxed buffers can induce
the required heteroepitaxial strain required to produce a quantum
well. The optimization of the Dash necking procedure and other
growth parameters during the Cz growth could potentially facilitate
the growth of dislocation-free crystals,'” without compositional
fluctuations thereby avoiding the cross-hatch pattern. While alter-
native approaches, such as using nanomembrane platforms like
GaAs, facilitate the fabrication of low dislocation Ge-rich SiGe
single crystalline layers with thicknesses limited to a few nanome-
ters,'* the Cz method produces crystals with a superior chemical
purity, a parameter of critical importance for qubit technology.
Additionally, substrates obtained from bulk crystals would decrease
the hetero-epitaxial steps required to produce the heterostructure.
The single-crystal bulk growth of Ge-rich Si,Ge;_, particularly,
with high Si concentration, is very challenging due to the large dif-
ference between the equilibrium concentrations of Si in the Ge melt
and crystal at a given temperature. Hence, the transport of Si from
the melt to the crystal is crucial. Additionally, as the Si concentra-
tion in the melt varies, the melting point varies, leading to, e.g., con-
stitutional supercooling at the crystal-melt interfaces, thus resulting
in polycrystalline growth. Inhomogeneous mixing of the Si,Ge;_,
melt can result in the formation of a dendrite network at Si-rich
regions, impeding the crystal growth experiment. To date, the
highest reported Si concentration in Si,Ge;_, single crystals has
been limited to x=0.15.""""" However, the aforementioned advan-
tages strongly motivate further investigation into bulk crystal growth
research for obtaining homogeneous SiGe substrates (see Fig. 1).

EXPERIMENTAL DESCRIPTION
Crystal growth

The Si,Ge;_, bulk single crystal investigated in this work was
grown using the Czochralski method with continuous feeding of Si
as shown in Fig. 2. The process begins by melting the feed material

rystal pulling shaft with
translation and rotation

Sirods

Si, Ge,., crystal
Si, Ge,. melt
Quartz
crucible
N
N

crucible shaft with
translation and rotation

FIG. 2. Schematic of the crystal growth setup to grow SiGe single crystals
using continuous feeding of Si by Si rods."®
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in a suitable crucible, using either a resistance or an induction
heater. Subsequently, a seed (typically a single crystal of the same
material with surfaces cut at a specific crystallographic orientation)
is lowered and dipped into the free surface of the melt. Upon
reaching an equilibrium, a meniscus forms at the interface between
the seed and the melt. As the seed is gradually pulled upward, crys-
tallization occurs at the interface, thus resulting in the formation of
a new single crystalline volume. In this work, 750 g of electronic-
grade polycrystalline Ge feed with a resistivity of 50 Qcm (net
charge carrier density of ~10'* cm™) was melted in a quartz cruci-
ble utilizing a graphite resistance heater. The crystal growth was
initiated using a [100] Ge seed crystal, which was dipped into a
pure Ge melt followed by the gradual introduction of Si into the Ge
melt. Furthermore, the crucible and the crystal were rotated in
opposite directions to achieve better melt convection leading to
better mixing, thus reducing the thickness of the boundary layer on
the solid-liquid interface. Following the formation of the crystal
neck, the crucible was vertically translated upward, facilitating
contact between the Si rods and the Ge melt. The Si concentration
in the Ge melt was regulated by controlling the volume of the Si
rods submerged in the melt. For this, six Si rods were securely posi-
tioned on the stationary frame above the crucible, ensuring sixfold
symmetrical placement around the growing crystal. The furnace
design used in this work was inspired by the setup reported by
Abrosimov et al.'> This arrangement is critical, as any asymmetry
surrounding the growing crystal within the melt could induce an
uneven temperature distribution, leading to the initiation of para-
sitic nucleation sources.'™'® The upward translation was carried
out gradually, with a speed of 0.5 mm/h. The crucible was trans-
lated for a duration of 55h, consequently immersing approximately
22.5 mm of Si rods in the melt. The pulling shaft/rod was translated
at a rate of 1.5mm/h, resulting in a net crystal growth rate of
around 1.0 mm/h. Furthermore, the increase in the Si concentration
in the melt was accompanied by an adequate increase in the heater
power. Notably, at temperatures close to the crystallization point of
Ge (938°C), the dissolution of Si into the Ge melt occurs at an
extremely slow rate due to the low solubility of Si in Ge at these
temperatures. Consequently, any temperature increments within
the system must be carefully controlled to minimize potential
adverse effects on the growing crystal. Prior to growth, the Si rods
and the Ge feed material underwent wet-chemical etching using a
solution of HF (40 wt. %):HNO3(65 wt. %) mixed in a 3:1 volume
ratio for a duration of 3 min and rinsed using de-ionized water The
grown crystal amounted to approximately 5% of the total melt in
the crucible. The crystal growth was carried out in an Ar atmo-
sphere (6 N) with a flow rate of up to 10 Nl/min.

Material characterization
X-ray fluorescence mapping

The Si concentration in the crystal was determined by micro
x-ray fluorescence (1-XRF) spectroscopy utilizing a BRUKER M4
TORNADO spectrometer. The measurement system was equipped
with a rhodium x-ray source operated at 50kV and 200 pA for
point measurements and at 50 kV and 200 uA for the element dis-
tribution maps. Poly-capillary x-ray optics were used to focus the

ARTICLE pubs.aip.org/aip/jap

non-polarized white radiation at the surface of the sample, resulting
in a spatial resolution of about 20 ym.

The point measurements were performed on polished samples
obtained from the crystal under low vacuum conditions (20 mbar),
and the spectra were recorded for each measured point for 100s.
For determination of the chemical composition, the spectrometer
was fine-calibrated using a standard section of the grown crystal
that had been measured by x-ray diffraction (see below in the next
paragraph) to avoid an underestimation of the Si content in the
samples, due to the partial absorption of the Si fluorescence in the
Ge-rich matrix when using the standard-free fundamental parame-
ter approach based on Sherman’s equation.”” The composition of
the standard reference section was calculated from lattice parameter
data obtained by x-ray diffraction (see below in the next paragraph).

For the elemental mapping, the measurement time per point
was set to 20 ms and all spots were measured four times to increase
the counting statistics, i.e., four passes of the scans were performed.
The step distance between the individual points was 19 um. On the
same tool, energy-dispersive Laue mapping (EDLM)*’ was con-
ducted under similar measurement conditions at 200-600 uA (3-4
cycles, step distance: 12-20um, 20 ms measurement time per
point) to identify small-angle grain boundaries and striations
present in the crystal.

Rocking curve imaging

The lattice parameter and the consequent Si concentration
were mapped on a wafer scale utilizing x-ray diffraction rocking
curve imaging (RCI), which was developed previously using a
Rigaku SmartLab diffractometer.”’ The setup included a copper
(Cu) anode as the x-ray source (Cu-Ko, radiation, A =1.540 562)
and a Ge 400 double-crystal monochromator. Here, RCI measure-
ments were performed for each of the 224 reflections from an (001)
oriented wafer involving rotations about the surface normal by
¢ =0° 90° 180° and 270°. The HyPix-30002D pixel detector was
used to obtain angular resolution in the scattering plane as well as
a spatial resolution of 200 um perpendicular to the scattering plane.
The latter was enabled by adding a parallel slit analyzer with an
angular acceptance of 0.114° in front of the detector. By addition-
ally scanning the sample through the line-shaped x-ray beam with
dimensions of 0.2 x 8 mm (parallel and perpendicular to the scat-
tering plane), a 4D RCI map comprising the two spatial surface
dimensions and, for each point, 2D reciprocal space maps of dif-
fraction intensity near the corresponding 224 Bragg peak was
obtained. The obtained positions of the reciprocal lattice vectors
G224> Gozss Gipy, and Gy, are linearly combined to determine the
unit-cell basis vectors for the reciprocal and, subsequently, the
direct lattice. From the latter, the unit-cell volume V. that is
related to the Si-concentration x in Si,Ge;_, was computed using
VVael®) = ag(x) = 5.431A + 0.20 Ax +0.027 Ax*.”

White-beam x-ray topography

White-beam synchrotron x-ray topography (WB-XRT) mea-
surements were performed at the topography station of the Imaging
cluster of the Karlsruhe Institute of Technology (KIT) light source.”
The topography images on selected reflections were recorded using
a 2D x-ray detector consisting of a 200um thick LuAG:Ce
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FIG. 3. (a) Grown Si,Ge;_, crystal with the marked region containing more than 14 at. % Si and (b) equilibrium phase diagram of the Ge-rich Si-Ge system up to

30at. % Si (adapted from Ref. 25).

scintillator crystal coupled to a CCD camera (pco.4000 with
4008 x 2672 pixels) with 2.5 um effective pixel size. The x-ray beam
size was set to approximately 7 x 4.5 mm? The sample was mea-
sured in transmission geometry on a (100) longitudinal cut cross
section of the crystal. For recording the 040 reflection, the sample
was accordingly tilted to a Bragg angle of 8.7° and the detector was
set with a tilt angle of 15°. The beam exposure time was 5 s.

Etch pit density (EPD) analysis

The dislocation density was analyzed using wet-chemical
defect-selective etching. The samples were etched using preferential
etchants revealing the dislocations terminating at the surface of the
sample. For this, the SECCO etch was employed (HF:0.15m
K,Cr,0; solution = 2:1) with an etch time of 455, a standard pro-
cedure for dislocation-selective etching of SiGe.”* The resulting
etch pits were analyzed and counted using optical microscopy uti-
lizing differential interference contrast.

QUANTITATIVE ANALYSIS OF THE PROPERTIES OF
THE GROWN Si,Ge,_, CRYSTAL

A photograph of the grown single crystalline Si,Ge;_, crystal
is shown in Fig. 3(a). The maximum diameter was about 15 mm,
and the Si concentrations measured in this region were around
18 at. %. The observed discontinuities in crystal diameter are attrib-
uted to the continuous, increase in Si concentration during the
growth process and the associated increase in crystallization tem-
perature [Fig. 3(b)]. Hence, maintaining stable crystallization con-
ditions at the melt-crystal interface is challenging and can only be
achieved by continuous adjustment and, in general, a gradual incre-
ment of the growth temperature.

Despite etching the source materials, Si feed rods, and conduct-
ing the growth process in an inert/controlled atmosphere, the for-
mation of oxide particles floating on the melt surface over the long
growth duration of days was observed. Several oxide particles float-
ing on the melt surface adhered to the outer surface of the crystal as

can be seen in Fig. 3(a). Preventing the formation of oxides (e.g., by
using reduced growth atmospheres) and achieving a homogeneous
dissolution of Si in the Ge melt are critical to improving the crystal
quality. Furthermore, the oxides could potentially serve as additional
nucleation sources and adversely affect the growth experiment.

Toward the end of the growth experiment, approximately
13.4 g of Si was dissolved in the Ge melt, which corresponds to
3.4at. % Si in the Ge melt. This corresponds to a Si concentration
of approximately 19 at. % in the crystal in thermodynamic equilib-
rium. For further analysis, (0 0 1) wafers perpendicular to the
growth direction (~16.5at. % Si) and a (011) wafer parallel to the
growth (1at.%-16at.% Si) direction were cut from the crystal.
The wafers were chemo-mechanically polished (CMP) to an RMS
roughness below 1 nm.

Si incorporation in the crystal

The Si concentration throughout the crystal was determined by
u-XRE. The Si concentration profile along the crystal is depicted in
Fig. 4(a). The Si concentration gradually increases from 0% in the top
region of the crystal to 16%-19% in the constant diameter body and
goes close to 20% toward the tail end. The XRF map of the crystal
cross section is shown in Fig. 4(b). The XRF map reveals distinct
regions separated by abrupt increases in Si incorporated in the crystal
volume. Additionally, these Si concentration “jumps” are observed to
be discontinuous along the crystal length. Given the large segregation
coefficient of Si in Ge, these “jumps” may be attributed to the irregu-
lar dissolution of Si from the rods into the Ge melt. Although the
precise reason remains to be investigated, several factors could influ-
ence the Si dissolution in the Ge melt, including inhomogeneous
mixing resulting in Si-rich “rings” around each Si rod, the system’s
heat and melt flow characteristics, and the oxidation of the surface of
the Si rods during the growth experiment.'>***’

The concentration of electrically active impurities in the SiGe
crystal was determined by resistivity measurements along the [001]
growth direction of the crystal using the four-point probe method.
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FIG. 4. (a) Si distribution in the grown crystal measured using the 1-XRF technique along the percentage solidified melt fraction (% g) compared to the theoretical
segregation of Si calculated using the Scheil equation. (b) XRF map of the crystal depicting the measured Si distribution.

The resistivity increased from 40 Ohm cm in the pure Ge part (up
to 1% g) to approximately 600 Ohm cm toward the tail end (5% g).
The increase in resistivity toward the tail end can ascribed to the
drop in carrier mobility with increasing Si incorporation.”® The
high resistivity throughout the crystal suggests that no major
amount of electrically active impurities was introduced during
growth, and the crystal contains a net charge carrier density of the
starting material of ~10% cm™3, which is better than purities
achieved in even the purest epitaxy reactors and processes.

The theoretical segregation of Si in the solidified melt fraction
(g) was obtained by considering the continuous dissolution of Si
from the rods into the melt. The calculated Si profile was compared
to the measured u-XRF concentration and is shown in Fig. 4(a).
For the calculation, instantaneous dissolution of the Si rods in the
Ge melt upon contact was assumed. Furthermore, the correspond-
ing Si,Ge;_, melt was assumed to be homogeneous. Considering
the large difference in the volume of the solidifying melt fraction
and the total melt volume, the incorporation of Si in the growing
crystal has a negligible reduction effect on the total Si concentration
in the melt. Thereby, the concentration of Si in the melt as a func-
tion of time while translating the crucible upwards (C) is given by

tm
[Cole = > [(1.88 x 10™) x [(wsi),],
t=0

where 1.88 x 10?? is the conversion factor, wy; is the weight of Si
dissolved in the Ge melt, “t” represents the time elapsed after initi-
ating the upward translation of the crucible, and “t,,” is the total
duration where the crucible was translated during the experiment
(which in this case is 55 h). The concentration of Si incorporated in

the growing crystal (Cs) for “g” corresponding to time “t” was cal-
culated using the equation”

Cs(g) = kO[CO]t:

where ko is the equilibrium segregation coefficient of Si in Ge,

which is reported to be 5.25 by previous works.'”'*** The Si con-
centration, which is theoretically determined along the crystal given
in Fig. 4(a), exhibits a trend that closely aligns with the measured
Si concentration within the crystal. The variance observed between
the theoretical and the measured Si distribution in the crystal sug-
gests a lower incorporation of Si in the crystal than expected. Some
of the factors that greatly influence the incorporation of Si include
inhomogeneous melt composition and the dissolution rate of Si in
the Si,Ge,_, melt.">'>'® Nevertheless, the theoretical Si distribu-
tion eases the determination of pre-growth conditions to achieve
the target Si concentration in the Cz-grown Si,Ge;_, crystals.

16.75

16.50

i
o
N
o]

16.00

Si content (%

15.75

15.50

FIG. 5. (a) EDLM result of a wafer obtained from approximately 3.2% g, (b) Si
distribution on the wafer shown in (a) derived from the change in the lattice
parameter measured using the XRD-RCI technique, and (c) schematic of the
position of the wafer shown in (a) and (b) in comparison to the crystal growth
striations. Axy Ax, Axs, and Ax4 correspond to the change in Si concentration
as the growth front proceeds.
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FIG. 6. (a) EDLM of the grown crystal. The solidified fractions shown in the map correspond to the region between 1% g and 4.5%
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g. (b) WB-XRT map obtained from an

800 um thick sample obtained from the indicated region in the EDLM map of the grown crystal using a 040 symmetric reflection. The features in white indicate dislocation

networks.

An EDLM map of the wafer, shown in Fig. 5(a), indicates the
presence of several ring-like structures; similar to the growth rings of
a tree. The separation between the rings is in the order of 100 um.
These ring structures correspond to the growth striations, a small var-
iation in the Si concentrations as the growth front (boundary layer)
advances.'”'® These striations have the shape of the boundary layer
between the crystal and the melt, which is convex. Consequently,
planar wafers are expected to show ring-like Si concentration oscilla-
tion, as indicated in the schematic shown in Fig. 5(c).

RCI was employed to map the lattice parameters of the wafer,
from which the Si concentration [see Fig. 5(b)] was calculated as
described in the experimental section. The Si concentration mea-
sured on the single crystalline region of the wafer is >16at. % Si.
The highest Si concentrations above 16.6at.% were measured
toward the center of the wafer. Furthermore, the position of the
prominent ring-like structure seen in the RCI map is in good agree-
ment with the ring structures seen in Fig. 5(a).

The fluctuations in the Si concentration at the edges indicate
abrupt changes in the lattice parameter over small distances indi-
cating poly-crystallinity. This is mainly due to the thermal stresses
at the edges of the growing crystal between the crystal and the melt.

From the results obtained, the variation of the Si concentra-
tion on the central single crystalline region of the wafer is observed
to be approximately 0.4 at. %. These Si fluctuations can be com-
pared to the cross-hatch pattern in strain-relaxed SiGe bulffers,
which are concentration undulations following the (110) directions
in the (001) plane. The Si undulations of a cross-hatch in a compa-
rable SiGe buffer are in the order of 1at.% with modulation of
around 5um.” Consequently, the Cz-SiGe material exhibits lower
variation in Si concentration together with a larger spatial separa-
tion between peaks and valleys.

STRUCTURAL ANALYSIS

The investigation of crystalline defects present in the crystal is
based on the EDLM, WB-XRT, and EPD techniques.

An EDLM of the longitudinal cross section of the crystal is
depicted in Fig. 6(a). This measurement shows the region toward
the outer parts, which show signs of small-angle grain boundaries
(<5°) and areas of higher dislocation density as highlighted by
white ellipses in Fig. 6(a). The bulk part of the crystals proves to be
rather homogeneous except for undulations that are present due to
the above-mentioned growth striations.

WB-XRT was used to image the evolution of the structure at
the top part of the crystal, where the Si concentration gradually
increases from 0 to 14 at. %. For this, a double-sided-polished cross
section of the crystal with a thickness of 800um was prepared.
Figure 6(b) shows the obtained x-ray topography mapping using
040 reflection.

The very top part of the crystal containing pure Ge is
dislocation-free. Correspondingly, the initial dislocation network in
the crystal was observed in the region containing >1 at. % Si. These
dislocation arrays, marked in yellow in Fig. 6(b), correspond to an
approximate dislocation density of 10° cm™2.

The dislocation density was observed to gradually increase,
proportional to the Si concentration in the crystal. Several jumps in
Si concentration are marked in Fig. 6(b) by (i), (ii), (iii), (iv), and
(v). With each concentration jump, the dislocation density
increases significantly, until individual dislocation cannot be
resolved anymore. Furthermore, the curvature of the melt-crystal
interface is seen to be changing with each jump. This could be due
to the excess Si in front of the crystal-melt interface resulting in a
slightly higher melting point than that of the growing crystal. Such
a growth regime is known to introduce dislocations and cellular
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FIG. 7. Etch pit density measurements: (a) position of the dislocations quantified along the center of the etched longitudinal cut, (b) magnified image of position 2,
(c) magnified image of position 3 showing the sudden shift to a multi-crystalline regime and then back to single crystalline, and (d) graph comparing the quantified disloca-
tion density vs the Si concentration along the length of the longitudinal sample shown in (a).

structures finally leading to the introduction of small-angle grain
boundaries in the crystal.”"**

The dislocation density in the crystal was further investigated
using dislocation-selective etching. For this, two samples were
investigated; a longitudinal cut sample cross section along the
growth direction [same as the one used for WB-XRT and EDLM in
Fig. 6(b)] and a wafer obtained [same as the one used for EDLM
and RCI as shown in Figs. 5(a) and 5(b)].

The etch pits were quantified within the central region of the
longitudinal cross-sectional cut, as depicted in Fig. 7(a). Detailed
microscopy images with a differential interference contrast of two
selected regions exhibiting several etch pits with diameters ranging
between 1 and 5um are shown in Figs. 7(b) and 7(c). The majority
of these etch pits were seen to be aligned along the melt—crystal
interface, which indicates that the dislocations were introduced to
accommodate the misfit resulting from the abrupt decrease in lattice
constant with increasing Si concentration. Furthermore, the etch pit
counts indicated by the red open hexagon shown in Fig. 7(d) repre-
sent the dislocation densities at Si “jumps” along the longitudinal
cross section of the crystal. The etch pit density along the cross
section follows a trend as depicted by the dotted line in Fig. 7(d).

The average distance between these lines of arranged etch pits
is the order of ym. This can be understood (and even quantified)
by the relaxation mechanism described by People and Bean’’ as
well as by Matthews and Blakeslee.”* The relaxation mechanism
was developed for epitaxial thin films, but its adaption to a growing
bulk crystal is sketched in Fig. 8(a). The continuous lines along the
crystal cross section shown in the schematic represent the pre-
existing dislocations in the crystal. The regions a;, a,, and a;

represent solidified melt fractions with slightly different lattice con-
stants due to different Si concentrations incorporated along the
growing Si,Ge,_, crystal. Furthermore, these regions (al, a2, and
a3) are separated in the crystal by a Si “jump.”

Here, the crystalline structure of subsequent crystallizing melt
fractions with varying Si concentrations is considered analogous to
that of an epitaxially grown layer with a mismatch in lattice cons-
tant. This mismatch typically arises due to abrupt changes in the Si
concentration during the growth process. Initially, the growing
crystal with increasing Si concentration contains the extended pre-
existing dislocations. The force acting on these dislocations is pro-
portional to the dislocation length assuming a constant lattice mis-
match between the layers. When the crystal reaches a certain
critical thickness (and consequently a certain length of dislocations
in this grown crystal) following a Si jump, the force becomes suffi-
cient to generate new dislocation segments [indicated by the dotted
arrows in Fig. 8(a)]. These misfit dislocation segments lie within
the regions close to the Si concentration jumps and represent the
primary dislocations causing etch pits observed in Figs. 7(a)-7(c).

The critical thickness h. for relaxation and corresponding
misfit dislocation formation can be described as

b h,
he™ f G+ v {ln <Z) * 1]’

where f is the lattice mismatch, v is the Poisson ratio (0.27 for Ge),
and b is the Burgers vector (0.4nm for pure Ge). The misfit is
related to the small Si jumps during growth and is typically less
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FIG. 8. (a) Sketch of the assumed dislocation generation mechanism in the grown SiGe crystal; as, a,, and a3 indicate the regions with slightly different lattice constants
corresponding to solidified melt fractions after a Si “jump.” The continuous lines indicate the pre-existing dislocations in the crystal. The dotted lines at the interface
between regions a; and a; represent the introduced misfit dislocations and (b) dislocation density quantified on the wafer taken from about 3.2% g. The wafer surface was
divided into three regions, center, middle, and periphery, which is indicated by the image in the plot.

than 1at. %, as identified by XRF in Fig. 4(b). This results in a
misfit in the order of <107%, based on Vegard’s law and a lattice
constant of Ge and Si of 0.566 and 0.543 nm, respectively. The cor-
responding critical thickness is then in the order of yum (>2 um for
the values mentioned above), in approximate agreement with the
observed Si concentration profile and dislocation distribution.

Furthermore, the dislocations terminating on the surface of
the wafer (same as the one used for EDLM analysis) were revealed
using the EPD method. The resulting etch pits were counted in
three different regions, namely, center, middle, and periphery as
shown in Fig. 8(b). The dislocation density measured in the center
of the wafer is approximately 2 x 10°cm™. An increase in disloca-
tion density is observed toward the edge of the wafer. This higher
dislocation density in the peripheral regions can be primarily
attributed to thermal stress present at the interface between the
growing crystal and the Si,Ge;_, melt.

DISCUSSION AND CONCLUSION

Adopting a continuous feeding method to incorporate Si'” into
the Ge melt is effective to grow Si,Ge;_, single crystals containing up
to 18 at. % Si. Previous works have reported a polycrystalline growth
regime of Si,Ge,_, single crystals with x<0.15 and x> 0.85.'>'>'%*
The polycrystalline formation was observed below the critical veloci-
ties determined by Tiller’s criteria.® These results suggest the inho-
mogeneous dissolution of Si in the Ge melt is detrimental to the
crystalline structure of the grown SiGe crystal. In this work, disloca-
tion densities <10° cm™ were achieved in regions with Si concentra-
tions greater than 18 at. %. Furthermore, the high-purity feed material
used for the Cz growth ensured a high purity of the produced crystal.

The pulling rates and the gradual increments in crystallization
temperature were carefully controlled, closely monitoring the Si
“jumps” during the crystal growth process. Regions of the crystal where
a spontaneous increase in the Si concentration (Si “jumps”) are

observed to be the main sources of dislocations in the crystal are in
good agreement with previously done studies.''® Hence, efforts toward
achieving a more gradual and continuous increase in the Si concentra-
tion without concentration jumps in the crystal is a promising approach
to reduce the introduced dislocations. Previous studies suggest that
higher Si concentrations lead to an increase in introduced dislocations
within the crystal.”>"**® However, the current results suggest that a
lower dislocation density (<10° cm™) can be achieved with a homoge-
nous dissolution of Si. One way of achieving better control could be to
set smaller dip rates of the Si rods, which enables better control over Si
integration into the Ge melt. The spontaneous dissolution of significant
amounts of Si into the Ge melt raises the crystallization temperature,
inducing constitutional supercooling. Precisely controlling this phenom-
enon can be challenging due to the rapid incorporation of Si into the
crystal, driven by the large segregation coefficient of Si in Ge (>1).
Consequently, the subsequent solidified melt requires a lower crystalliza-
tion temperature, heightening the risk of crystal back-melting and
potentially jeopardizing the success of the growth experiment.
Furthermore, the application of external forces could enhance the melt
convection resulting in a more homogeneous melt and better control of
the solid-liquid interface. The current findings suggest the potential for
achieving higher Si concentrations in Ge bulk crystals. Further experi-
ments are required to refine the crystal growth parameters, including
the incremental temperature gradient, pulling rate, number of Si rods,
and, most importantly, develop an accurate model for Si dissolution in
the Ge melt. Additionally, fabricating the Ge quantum well heterostruc-
ture using Si;_,Ge, substrates from regions with a high Si concentration
(>18 at. %) and low dislocation density (<10°cm™) in the bulk crystal
would facilitate validation of the approach.
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