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Quasi-monocrystalline silicon for low-noise end mirrors
in cryogenic gravitational-wave detectors
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Mirrors made of silicon have been proposed for use in future cryogenic gravitational-wave de-
tectors, which will be significantly more sensitive than current room-temperature detectors. These
mirrors are planned to have diameters of ~ 50 cm and a mass of ~ 200 kg. While single-crystalline
float zone silicon meets the requirements of low optical absorption and low mechanical loss, the pro-
duction of this type of material is restricted to sizes much smaller than required. While conventional
Czochralski silicon does not meet the required low absorption, magnetic field applied Czochralski
silicon is a promising option, however may not be able to be produced with the required diameter.
Here we present studies of silicon produced by directional solidification. This material can be grown
as quasi-monocrystalline ingots in sizes larger than currently required. We present measurements
of a low room-temperature and cryogenic mechanical loss comparable to float zone silicon. While
the optical absorption of our test sample was significantly higher than required, the low mechanical
loss motivates research into further absorption reduction in the future.

PACS numbers: 04.80.Nn, 42.79.Bh, 42.79.Wc, 78.66.Jg

I. INTRODUCTION 55
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Since 2015, Advanced LIGO [I] and Advanced ™
Virgo [2] have detected many gravitational-wave signals. s
During the first two observing runs, ten binary black hole 5
mergers and one binary neutron star merger were ob- 6
served [3]. KAGRA, a third generation detector, went &
online during the third observing run [4], by the end of
which, 90 additional gravitational-wave detections were 63
reported [B] (6], including signals originating from binary s
neutron stars, binary black holes and possibly neutron- e
star /black-hole binaries. 66

Gravitational-wave detectors are km-scale interferom- ¢
eters which measure relative strains in space induced by
passing gravitational waves. Highly-reflective coated mir- ®
rors form the core components of these instruments, with ™
the detector monitoring the relative separation of the ™
mirrors in two perpendicular arms. Advanced LIGO and 7
Advanced Virgo, detectors of the second generation, op- 73
erate at room temperature using mirror substrates made 7
of fused silica (SiO2). KAGRA is the first detector op-
erating at cryogenic temperatures, designed to further 7
reduce the thermal noise of the mirrors and their highly- 7
reflective coatings [7]. 7

The mechanical loss, which determines the magnitude
of the thermal noise, of fused silica increases by several or- &
ders of magnitude when cooling from room temperature 8
to =~ 20K [8]. A different material is therefore required #
for the mirror substrates in a cryogenic detector. While e

KAGRA uses sapphire [9], other planned detectors such
as LIGO Voyager [10] and the Einstein Telescope [L1] are
likely to use crystalline silicon.

To avoid heating from the laser light used for displace-
ment sensing and to maintain cryogenic temperature, a
mirror material with low optical absorption is essential.
Single-crystalline silicon with a low level of doping and
impurities (i.e. high resistivity) can have a low optical
absorption at wavelengths 2 1400 nm [12| [13]. The pu-
rity level required for gravitational-wave detectors can be
provided by silicon produced with the float zone method.
This type of silicon has also been shown to have low me-
chanical loss, resulting in low thermal noise, particularly
at low temperatures [14]. However, the production of
float zone silicon with diameter of &~ 20cm is already
very technically challenging and therefore the realization
of larger-diameters is unlikely [15].

From a thermal-noise perspective, Czochralski-grown
(Cz) silicon, which can be grown in diameters of up to
45cm [16], would also be a suitable material, but this
type of silicon shows a higher level of impurities [17], re-
sulting in a high absorption [13] which is incompatible
with gravitational-wave detector mirrors. Magnetic field
applied Czochralski (MCz) silicon, which has a reduced
oxygen content in particular [18], has been observed to
show low absorption and may be a promising way forward
for gravitational-wave detection, if large enough diame-
ters of substrate can be produced [19].

Another way to produce silicon ingots in the required
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FIG. 1. Picture of the sandblasted G2 1/4 ingot sized 195 x
195 x 220mm®. The drawing illustrates the position of the,,,
block in relation to the 2 seed plates (bottom plane). W-N-
E-S are typically used marker to identify the position of the

ingot to possible thermal asymmetries of the furnace, which'*

might influence the growth process. 135

136
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139

large sizes may be growth by directional solidification,**

which results in a quasi-monocrystalline material. In
this process, single crystalline seed plates cut from a Cz-
grown silicon boule cover the bottom of a SigN, coated'
quartz crucible, and polycrystalline silicon fragments are***
filled in on top of these plates. The standard industrial™
silicon feedstock charge of G6 ingots is about 800 kg with'®
an ingot heights of 35cm. G stands for ‘generation’ of'
directional solidification technology and the number con-'*
tains information about the squared ingot size, e.g. num-
ber 6 means that the ingot can be cut into 6 x 6 bricks!s
for wafer slicing of standard solar cells with 156 mm x5t
156 mm in size. This G-terminology is also used for fur-1s2
naces and crucibles. Except for the seeds, the silicon istss
completely melted and then directionally solidified from?s+
the bottom of the melt upward. The process attempts to:ss
transfer the single-crystalline structure of the Cz seedsiss
to the ingot. Dislocation formation and multiplication iss?
still an unsolved problem in the crystallization of quasiiss

mono ingots. 159
160

141

142

149

In this article we present mechanical loss and opti-i
cal absorption measurements of samples cut from a G2:e
quasi-monocrystalline silicon ingot. The mechanical losstes
of our test samples was found to be comparable to thatis
of high-purity float zone silicon, which is usually in thezes
range of 1078 — 1079, However, the optical absorption atuss
1550 nm was found to be at a high level of several per-i6
cent per centimeter, while the requirement is thought tozes
be £ 5— 10 x 1075 /em. The high absorption was notss
unexpected as the material was doped and not optimizedio
for low optical absorption. Further work on absorptionin
reduction is of high interest. However, even with highi»
absorption, quasi-monocrystalline silicon may be a can-iss
didate material for the ‘end test mass’ (ETM) mirrorsi
in gravitational-wave detectors, through which only veryis
low laser power is transmitted. 176

II. QUASI-MONO GROWTH TECHNIQUE AND
SAMPLE PREPARATION

The quasi-monocrystalline silicon investigated here
was originally grown for solar-cell production. The ma-
terial was grown using two (110)-orientated single crys-
talline seeds from Cz crystals, which were closely placed
at the bottom of the G2-sized quartz crucible. The in-
ner crucible walls were SizN4 coated to prevent stick-
ing with the silicon ingot. To obtain p-type material
with a target resistivity of 0.9 Qcm for solar cells, highly
boron doped silicon wafer pieces with a specific resistiv-
ity of 0.0145Qcm together with silicon feedstock were
placed on top of the seeds. The melting process of the
feedstock was carefully controlled until an equilibrium of
the melt and the partially molten seeds was established.
The solidification was initiated from bottom to top by
a rapid temperature decrease. The growth process was
carried out in a G2-sized directional solidification furnace
equipped with KRISTMAG® heater-magnet modules,
which are able to produce heat and magnetic fields at
the same time. A downward travelling 10 Hz oscillating
magnetic field was applied to ensure a sufficient mixing
of the melt by flow control. The average solidification ve-
locity was determined to be 0.8 — 0.9 cm/h. More details
about the use of the travelling magnetic field and growth
velocity determination in this furnace were described by
Linke et al. [20]. A quasi-monocrystalline ingot was ob-
tained and then quartered. It is clearly seen from the
depicted northwest quarter in Fig. (1] that this ingot is
only partially single crystalline.

The crystal orientation of the seeds was mostly trans-
ferred to the growing ingot at the beginning of the so-
lidification process. The single crystalline growth was
strongly influenced by secondary grain growth from the
crucible walls and formation of grains at twin boundaries
(twins) visible by different shades of grey.

The selection of the samples investigated here was
based on two main criteria. First, the material had to
be monocrystalline and second, the oxygen and carbon
concentrations had to be as low as possible. Due to their
different segregation behaviour, the oxygen concentra-
tion decreases along the growth direction from the bot-
tom to the top of the ingot while the carbon concentra-
tion increases [23]. These concentrations were mea-
sured in the overall characterisation of the grown ingot
on an adjacent longitudinal cut along the growth direc-
tion using FTIR spectroscopy (see Sec. @ In the sample
selection area, the substitutional carbon concentration
[Cs) =1—3x 10" cm ™2 and the interstitial oxygen con-
centration [O;] = 3 — 2 x 1017 cm ™2 were measured at a
scan distance of 1cm.

Two single crystalline samples of 40 x 15 x 15mm?
(named ‘small QM cuboid’) and 80 x 80 x 15 mm? were
cut from the central part as indicated in Fig.[2] From the
bigger cuboid, a 50.8 mm diameter x 5 mm thick disk was
cut (named ‘QM disk’). Both samples were polished to
be used for optical absorption and mechanical loss mea-
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FIG. 2. left: Sample position marked on the {100} vertical cut
of a G2 i ingot and right: Drawing of the final & 50.8 X 5 mm
thick disk (gray - QM disk) inside the bigger single crystalline
cuboid, and the position of the smaller sample (small QM
cuboid) for absorption measurements.

surements, respectively.

III. MECHANICAL LOSS MEASUREMENTS

Mechanical loss is a measure of the magnitude of in-
ternal friction in a material. The thermal displacement
noise arising from a mirror substrate in a gravitational
wave detector (in m/v/Hz) is proportional to the squarea
root of the mechanical loss of the mirror material. The
mechanical loss of a number of resonant modes of the
(100)-oriented QM disk was measured using a Gentle
Nodal Suspension (GeNS) system [24], and compared to
the mechanical loss of a float zone (111) silicon sample of2
the same dimensions (named ‘FZ disk’). Previous workw
by Nawrodt et al. on similar geometries of silicon sub-25
strates showed almost identical loss between 30K and2ws
200K for these different crystal orientations [25]. a7

Figure [3|shows a photo of the setup used for cryogenic2e
mechanical loss measurements. The disk (top of the pic-2
ture) being measured was balanced on a silicon spherical
lens with a radius of curvature of 60.44 mm, where it bal-
anced freely throughout the measurements. The cryostat®?®
chamber was evacuated to pressures below 107° mbar,
and the mechanical resonances of the samples were ex-2
cited via comb-shaped capacitor exciter plates, visiblez
underneath the bottom-left of the substrate in Fig. [3]zs
placed ~ 1 mm away from the surface of the disks. Thezx
resonant modes of the disks are excited by applying azs
high-voltage a.c. signal to the exciter plate, sweepingzs
slowly over the frequency of the mode. After a mode iszr
excited the excitation voltage is turned off, and the vi-2s
bration of the sample is left to decay. The motion of thexs
sample is measured by reflecting a laser beam from theso
face of the sample onto a split-photodiode sensor, whichas
provides a signal proportional to the amplitude of thez
motion. The loss, ¢(wp), of the resonant mode of angu-»
lar frequency wy, is calculated from the exponential decay2s

% Balanced silicon samp
(450.8 x 5mm)

—

FIG. 3. Image of the (100)-oriented QM disk balanced on top
of a rounded silicon lens inside the 10 x 10 cm? experimental
chamber of the Montana Instruments s100 Cryostation.

of the excited amplitude, which follows the form

Alt) = Agel—?wo)wot/2) (1)

where A(t) is the amplitude at a time ¢t and Ay is the
initial amplitude after the excitation is turned off.

Figure [4] shows the resonant mode shapes of six reso-
nant modes (14.7, 17.8, 36.0, 36.0, 60.1 and 87.8 kHz) at
room temperature of the QM disk. For the FZ disk, the
mode frequencies differ due to the difference in crystal
orientation.

A. Mechanical loss at room temperature

Initially, the mechanical loss of the QM and FZ disks
was measured at room temperature. The loss of each res-
onant mode was measured multiple times, with the aver-
age loss calculated and the error taken as the standard
deviation. Each disk was re-balanced on the nodal sup-
port several times and the loss measurements repeated.
For each resonant mode we present the lowest loss ob-
tained from the repeated suspensions, as is standard in
loss measurements. The results are shown in Fig. [5| (see
values at 290 K for room temperature measurements).

For both disks, all measured losses are below 1x1076.
For the modes at 14.75kHz and 17.85kHz, the room-
temperature loss of the QM disk is lower than that of
the two lowest resonant frequencies of the FZ disk, while
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FIG. 4. Total surface deformation of the resonance modes of
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285
for the modes around 36 kHz, the loss of the FZ disk is,,
lower. For the QM disk, also a mode at about 60 kHz was,,
measured which shows a loss similar to that measured at,,,

about 36 kHz on the same sample. 250

290
. . 201

B. Mechanical loss at cryogenic temperatures
292

293
After the initial room temperature measurements, the

mechanical loss of the QM and FZ disks was measured at
cryogenic temperatures. In turn they were individually
placed inside a small pulse-cooled cryostatﬂ capable of295
cooling down to 4 K. The cryostat housed a GeNS, simi-
lar to the one used for room temperature measurements,
with an identical silicon spherical lens held in a recess in
the top of a stainless steel post. A temperature cycle of*
the cryostat was carried out with calibrated temperature®
sensors mounted on the sample and on the post close®
to the silicon lens. This allowed a temperature calibra-**

tion curve to be created so that the sample temperature®™
302

294

303
304

1 Montana Instruments Cryostation s100 305

https://www.montanainstruments.com 206

could be determined from the temperature of the post.
The temperature sensor on the sample was removed for
mechanical loss measurements.

The mechanical losses of several resonant modes of
both the QM and FZ disks were measured over a range
of temperatures between 20 K and 290 K. The procedure
of several repeat measurements providing an average loss
with error bars given by the standard deviation was the
same as for the room temperature measurements. The
QM disk was measured three times over the full temper-
ature range, with the sample being re-balanced on the
nodal support each time, to check for repeatability. Due
to the time constraints of a full mechanical loss run over
the entire temperature range (&~ 1month), the FZ disk
was only able to be measured once before it was needed
for another study.

Figure [5| shows the mechanical loss as a function of
temperature for four resonant modes of both samples.
The mechanical loss of the QM disk shows a very sim-
ilar trend to the losses measured for the FZ disk. For
some resonant modes, the mechanical loss is lower than
that of the FZ disk. At 20K the lowest mechanical loss
measured on the QM disk was 2.6 x 1078 at 17.8kHz
which is marginally higher than the lowest loss measured
at 36.81kHz on the FZ disk of ~ 2 x 10~%. At 120K the
losses of all the modes measured were below ~ 2 x 1077.
The lowest loss measured on the QM disk (~ 1.8 x 1078)
was more than a factor of two lower than the lowest loss
of ~ 4.3 x 107 measured on the FZ disk.

The mechanical loss of the first two modes at 14.75
and 17.85kHz of the QM disk was lower than that of
the two higher frequency resonance modes at 36.01 and
60.21 kHz, whereas the opposite was true for the FZ disk.
This may be related to the different crystal orientation of
the samples as the QM disk was (100) orientated and the
FZ disk (111) orientated. These results are nevertheless
still very promising for the quasi-monocrystalline mate-
rial, making it potentially relevant for use in cryogenic
gravitational wave detectors.

In the following section we also present measurements
of the optical absorption of this quasi-monocrystalline
material, which is also significant in determining a mate-
rials suitability for gravitational wave detector mirrors.

IV. OPTICAL ABSORPTION
MEASUREMENTS

The optical absorption of the quasi-monocrystalline sil-
icon sample (the small QM cuboid in Fig. [2| ~40 mm in
length) was measured using photothermal common-path
interferometry (PCI) [26]. The PCI technique exploits
thermally induced optical length changes, created by a
strong pump laser beam at the wavelength of interest due
to optical absorption. The thermal effect, read out by a
weak probe beam different in wavelength, is directly pro-
portional to the absorption of the substrate. The setup
can be calibrated by using a substrate of known absorp-
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FIG. 5. Mechanical loss as a function of temperature, from 4 K to 300K, of the 50.8 mm diameter x 5mm thick QM disk (left)

and FZ disk (right) samples.

tion, in our case made of fused silica. 328
An optical chopper is used to modulate the pumps
beam, enabling phase information relative to this modu-ss:
lation to be obtained, in addition to the amplitude of thes:
thermal effect. The phase is determined by the thermalss:
diffusion of the material and the geometric parameters ofsss
the laser beams. 334
Based on the thermal diffusivity and the thermo-opticass
parameters of the investigated substrate, e.g. our siliconss
crystal, an additional factor is used to scale the ampli-ss
tude signal to the signal of fused silica. For silicon (andss
the measurement /setup parameters used in this study),so
this scaling factor is 0.42 for a phase of -8.5°. More de-s0
tail about the measurement procedure can be found insa
literature [26] and on the company website 302
Figure [6] shows the optical absorption measured atss
1550 nm (using a probe laser of wavelength 1620 nm) assu
a function of position along the length of the small QMaus
cuboid. Measurements starting at three different posi-as
tions on the surface were made, resulting in parallel scansss
through the sample, represented by the three differentsss
349

350

351

2 Stanford Photo-Thermal Solutions www.stan-pts.com 352

colours/line styles in Fig. [6(a). The vertical dashed lines
mark the surface positions for the measurement repre-
sented by the green, dashed line. For the other scans,
the position of the sample surfaces in the setup varied
slightly.

For all three positions, the absorption shows a peak
near the front surface (x-position of around 10 — 15 mm)
and decreases towards the back surface. To test if the
peak near the front surface could be an artefact of the
measurement technique, the sample was turned around
and the measurement was repeated at two new positions
(pink and purple lines in Fig.[6|b)). These measurements
show the absorption peak at the back of the sample, indi-
cating that one end of the sample does indeed have higher
absorption than the other. Possible correlations with im-
purities are discussed in Sec. |V For comparison, the hor-
izontal black line shows an absorption level of 29.6%/cm
estimated from a simple transmission measurement.

Figures [6{c) and (d) show the phase signals corre-
sponding to the absorption scans of the same colours in
(a) and (b), where the red line indicates the phase ex-
pected for crystalline silicon.

From these measurements, we conclude an absorption
of several 10% /cm at one end of the sample, and be-
tween ~ 5 — 10% /cm throughout the remainder of the
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FIG. 6. (a) Optical absorption along the ~40 mm long small QM cuboid for entering the sample at three different positions
indicated by the different colours/line styles. The dotted vertical lines indicate the surface positions for the measurements
shown by the green, dashed line (the position of the sample front surface slightly varied between measurements). (b) Optical
absorption scans through the sample at two different positions after turning the sample back surface to the front. (c) and
(d) show the corresponding phase signals of those measurements. Outside the sample, the signal is meaningless: while the
absorption signal becomes approximately zero, the phase shows large oscillations.

bulk of the sample, varying with position. An absorptionsr
of = 5% /cm is consistent with a boron-doping level of
0.9 Qcm [13].

373

Non-linear absorption in silicon (arising from two pho-_,
ton absorption, and free carrier absorption due to carri-_,
ers produced by two photon absorption) can result in a_
power-dependent absorption signal, potentially masking,_
the intrinsic absorption. To check for this, measurements_,
were repeated using a factor of two higher pump power.
No increase in the measured absorption was observed, in-_
dicating that non-linear absorption does not make a sig-,,,
nificant contribution to the measured absorption in this_,

measurement regime. .

This absorption level is far too high for this material toss
be used (for transmitted optics) in gravitational-wave de-sss
tectors. However, this material had not been optimizedsss
for low optical absorption, which would be the next ob-ss
vious development step. In the following section, furthersss
analysis of possible absorption sources is presented. 380

V. IMPURITY CHARACTERISATION

After the optical absorption measurements were car-
ried out on the ~40 mm small QM cuboid, the minority
carrier lifetime and the concentration of carbon and oxy-
gen were determined to identify possible origins for the
absorption. To carry out these examinations the small
QM cuboid was cut lengthwise and polished on both sides
using a chemo-mechanical polishing technique to a final
thickness of 2510 pum. Existing markings on one end face
(the marked side is set equal to the zero point) were re-
tained to enable the measurements made in the longitu-
dinal direction to be assigned true to location. Following
the polishing, elevations were found close to the marked
side. Using a light microscope the elevations were deter-
mined to be typical in shape and size for silicon carbide
(SiC) inclusions, see Fig. If this estimation is true,
then a carbon concentration close to the solubility limit
of carbon in silicon is also to be expected in the sur-
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FIG. 7. Typical light microscopic image of SiC inclusions
near the surface in the range of 0 — 10mm of the sample
(top), while almost no superficial features can be seen on the
rest of the sample (bottom).

rounding material. The solubility limit in liquid silicon
at melting temperature is 4.5 x 1017 cm =3 [27].
Exceeding the solubility limit in the melt leads to the
formation of SiC particles, which can then be trapped
at the growth interface as second phase particles and
manifest themselves as inclusions. This formation and
capturing process is well known [22] 23]. The trapping
of the SiC particles in the middle of the growth process
indicates insufficient mixing and can be avoided. This
surface structuring is found only in the first quarter of
the ~40mm long sample, i.e. in the range from 0 to
about 10 mm, while on the remaining surface of the sam-
ple almost no inclusions are detectable with the light field
microscope (Fig. [7)). "
Interstitial oxygen O; and substitutional carbon Cg,
in silicon are associated with typical absorption lines
at 1107cm ™" and 605cm ™", respectively. The absorp-_,
tion spectra were measured axially along the sample by
Fourier-transform infrared spectroscopy (FTIR) using a,,
Bruker IFS 66 V under vacuum. Two measuring rows by
different measuring point dimensions were carried out.,
Both measuring rows started from the marked side and,
continued beyond the sample. The first measuring row
was carried out in a measuring distance of 1 mm with,,
an aperture of 2mm which is the smallest possible with,s
the apparatus used, while the second measuring row was,s;
carried out for reasons of smoothing with an aperture ofys,
3.5mm in diameter with the same measuring distance of,;;
1 mm.
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In Fig. [8, the carbon concentration is shown along theass
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FIG. 9. FTIR measurement of [O;] in longitudinal direction
with different apertures: blue 3.5 mm and red curve 2 mm.

sample length starting from the marked side (zero) with
optically observed inclusions. This marked side corre-
sponds to the side with higher absorption in Fig.[6] Both
curves, measured with aperture 2mm (red) and aperture
3.5mm (blue), show the same shape and by use of the
smaller aperture the measuring values do not make sense
(measuring error amounts to approximately 5%). This
might be due to scatter or/and absorption in the SiC
inclusions.

Figure [9] shows analogously the oxygen concentration
along the sample length measured with apertures of 2 mm
(red) and 3.5mm (blue), both showing an increase in the
oxygen concentration from 2x10'® cm ™3 to 3x10'7 cm 3.
During the directionally solidification growth, the oxy-
gen concentration decreases in the direction of solidifica-
tion in the ingot caused by the dominance of evaporation
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486

over dissolution and a segregation coefﬁcien larger than
one [23]. Consequently, the sample orientation in the
block in respect to the growth direction can be deter-
mined: the silicon at position 40 solidified first, named
additionally with ‘bottom’ in Figs. [§] and [9] This also
has consequences for the quality of the 2 inch disc used
for mechanical loss measurements, where SiC inclusions
should be present only in a rim area.

Measuring the interstitial oxygen and substitutional
carbon concentration in smaller steps (1 mm) compared
to the initial survey (see Sec. measurement with a
distance of 1cm, a locally unexpected lower interstitial
oxygen concentration was detected in the area with sig-
nificantly higher absorption, see Fig. [0 and [6] The ab-
sorption peak at this one end of the sample can nei-
ther be explained by the measured interstitial oxygen
(too low) nor by the substitutional carbon (too homo-
geneous) concentrations. This local effect can proba-
bly be attributed to defect interaction, e.g. formation
of oxygen precipitates during ingot cooling with pre-
sumably higher dislocation densities. To investigate the
nature of this phenomena minority carrier lifetime was
performed by the microwave-detected photoconductivity
(MDP) method [28] on this polished non-passivated lon-
gitudinal sample. Figure [L0] shows that the carrier life-
time is significantly reduced in the area of the SiC inclu-
sions but shows otherwise typical lifetimes. The reduced
lifetime might be due to a higher oxygen precipitation
density [29]. It can be assumed that the increased
absorption at one end of the sample is due to defect in-
teraction initiated by SiC inclusion. This formation of
SiC can be avoided if the carbon input is signiﬁcantly::;

reduced in an optimized growth process.
489

490

DISCUSSION ot

492

VI

Our results show that quasi-monocrystalline silicon caua493

have very low mechanical loss, similar to the loss ob- o
served in high-purity float zone sﬂlcon This suggests the ”
material could meet the thermal noise requirements for gj
cryogenic gravitational wave detectors, while also bemg
available in the large diameters requlred (and beyond). e
For example G7-type mono-like silicon ingots can be -
produced, the mass of which reaches 1200kg with a
square width of 1151 mm and a height of 390 mm [30]. 01
However, the single-crystal area ratio and dlslocatlon503
are the main problems associated with the mono-hke »
technique. It has been shown in smaller ingots that
dislocation gliding and propagation can be effectwely
controlled using (110)-oriented seeds and the average -
{100} single crystal proportion has been increased over e
90 %. An overview about seed-assisted growth of qua31—509
monocrystalline silicon ingots and its challenges is given_

511
512
3 The segregation coefficient is defined as the concentration ratiosis

of an impurity in a solid to this impurity in a liquid. 514

dimension [mm]
lifetime [ps]
T
IS

-10 -5 0 5 10
dimension [mm]

FIG. 10. Measurements of minority carrier lifetime on the
now thinned ~40 mm small QM cuboid (used previously for
absorption measurements). The low values at the marked
edge (here position -5 on the vertical axis) correspond to the
high-absorption end.

in [31]. It should be noted that the mechanical loss was
measured from a sample in a single-crystalline region of
the quasi-monocrystalline ingot. Further development of
the growth technique is likely to be required to ensure
an area of mono-crystalline material large enough for a
gravitational-wave detector test mass to be produced.

The optical absorption of our test material was found
to be significantly higher than the value, of § 5 —
10 x 107% /em, usually thought to be required for a
gravitational-wave detector mirror. However, it is inter-
esting to note that only the ‘input test masses’ (ITMs)
in the arm cavities of a gravitational-wave detector are
required to transmit significant laser power. The ‘end
test masses’ (ETMs) however, do not have significant
power transmitted through them and somewhat higher
absorption can therefore be tolerated in comparison to
the ITMs. In a typical gravitational-wave detector con-
figuration — with an I'TM reflectivity of ~ 99.5% and an
ETM reflectivity of ~ 99.9995 % — the higher reflectivity
of the ETM coating results in a factor of ~ 200 less laser
power being transmitted through the ETM than through
the ITM. Therefore, we can tolerate a factor of 200 higher
absorption in the ETM (resulting in ~# 1 — 2 x 1072 /em
tolerable absorption).

The silicon investigated here was specifically boron-
doped with a resistivity of 0.9Qcm in order to achieve
the desired resistance for solar cells and was not grown
specifically with a view to a low level of (unintended)
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impurities potentially increasing the absorption at wave-sa
lengths relevant for gravitational-wave detectors. Thesso
absorption throughout the majority of the length of thess:
sample, of & 5—10%/cm (~ 5—10x 1072 /cm), was con-ss
sistent with this doping level [13], except for one end ofsss
the sample with higher absorption which may be due toss
a higher concentration of carriers. An absorption reduc-sss
tion of about two orders of magnitude would be requiredsss
to make it a suitable ETM material. 557
If undoped and high-purity feedstock silicon is used,sss
it is to be expected that the purity of the quasi-ss
monocrystalline material can be significantly increased.seo
Nevertheless B, Al, and P, other metal impurities, suchse
as Fe, Co, Ni, and Cr, are quite common in quasi-s:
monocrystalline silicon. They mainly come from theses
crucible, its coating materials and the hot zone ofse
the furnace. To increase the resistivity and hence re-ses
duce the bulk absorption by orders of magnitude, thesss
impurity sources must be eliminated and the quasi-ser
monocrystalline silicon ingot should be grown preferably
with a very light p-doping. The standard crucible can be
replaced by a high-purity fused silica crucible coated with
a high-purity SigNy layers. The oxygen and carbon con-
centrations in the material get significantly lowered by an
improved design of the hot zone with an optimised gas
flow. Defect engineering includes an optimised growthse
process and subsequent annealing of the ingot dissolvingse,
precipitates and thermal donors that are present in theg,
as-grown material. Whether directionally solidified sil-s;,
icon can finally meet the absorption requirements of as;,
mirror has to be investigated. 573

574

575

VII. SUMMARY

576

577

Quasi-monocrystalline silicon grown by directional so-ss
lidification shows significant promise of being able tosr

meet the size and thermal noise requirements for cryo-
genic GWD mirrors. The optical absorption of the spe-
cific material studied here was high, as expected due to
the doping, but it appears likely that with the use of
pure feedstock, the absorption can be significantly re-
duced, at least to the point where this material would
be suitable for use as an ETM mirror substrate in cryo-
genic gravitational wave detectors. Further research is
required to determine if it may be possible to reduce
the absorption sufficiently to allow this material to be
used as an ITM mirror substrate. Another option may
be increasing the size of the ETMs to beyond ~50cm
by using quasi-monocrystalline silicon which is available
in larger diameters. Combining this with significantly
smaller ITMs, similar to the configuration planned for
Advanced Virgo upgrades [32], would then allow for dif-
ferent types of (pure) silicon potentially to be used as
ITMs.
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