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Mirrors made of silicon have been proposed for use in future cryogenic gravitational-wave de-14

tectors, which will be significantly more sensitive than current room-temperature detectors. These15

mirrors are planned to have diameters of ⇡ 50 cm and a mass of ⇡ 200 kg. While single-crystalline16

float zone silicon meets the requirements of low optical absorption and low mechanical loss, the pro-17

duction of this type of material is restricted to sizes much smaller than required. While conventional18

Czochralski silicon does not meet the required low absorption, magnetic field applied Czochralski19

silicon is a promising option, however may not be able to be produced with the required diameter.20

Here we present studies of silicon produced by directional solidification. This material can be grown21

as quasi-monocrystalline ingots in sizes larger than currently required. We present measurements22

of a low room-temperature and cryogenic mechanical loss comparable to float zone silicon. While23

the optical absorption of our test sample was significantly higher than required, the low mechanical24

loss motivates research into further absorption reduction in the future.25

PACS numbers: 04.80.Nn, 42.79.Bh, 42.79.Wc, 78.66.Jg26

I. INTRODUCTION27

Since 2015, Advanced LIGO [1] and Advanced28

Virgo [2] have detected many gravitational-wave signals.29

During the first two observing runs, ten binary black hole30

mergers and one binary neutron star merger were ob-31

served [3]. KAGRA, a third generation detector, went32

online during the third observing run [4], by the end of33

which, 90 additional gravitational-wave detections were34

reported [5, 6], including signals originating from binary35

neutron stars, binary black holes and possibly neutron-36

star/black-hole binaries.37

Gravitational-wave detectors are km-scale interferom-38

eters which measure relative strains in space induced by39

passing gravitational waves. Highly-reflective coated mir-40

rors form the core components of these instruments, with41

the detector monitoring the relative separation of the42

mirrors in two perpendicular arms. Advanced LIGO and43

Advanced Virgo, detectors of the second generation, op-44

erate at room temperature using mirror substrates made45

of fused silica (SiO2). KAGRA is the first detector op-46

erating at cryogenic temperatures, designed to further47

reduce the thermal noise of the mirrors and their highly-48

reflective coatings [7].49

The mechanical loss, which determines the magnitude50

of the thermal noise, of fused silica increases by several or-51

ders of magnitude when cooling from room temperature52

to ⇡ 20K [8]. A di↵erent material is therefore required53

for the mirror substrates in a cryogenic detector. While54

KAGRA uses sapphire [9], other planned detectors such55

as LIGO Voyager [10] and the Einstein Telescope [11] are56

likely to use crystalline silicon.57

To avoid heating from the laser light used for displace-58

ment sensing and to maintain cryogenic temperature, a59

mirror material with low optical absorption is essential.60

Single-crystalline silicon with a low level of doping and61

impurities (i.e. high resistivity) can have a low optical62

absorption at wavelengths & 1400 nm [12, 13]. The pu-63

rity level required for gravitational-wave detectors can be64

provided by silicon produced with the float zone method.65

This type of silicon has also been shown to have low me-66

chanical loss, resulting in low thermal noise, particularly67

at low temperatures [14]. However, the production of68

float zone silicon with diameter of ⇡ 20 cm is already69

very technically challenging and therefore the realization70

of larger-diameters is unlikely [15].71

From a thermal-noise perspective, Czochralski-grown72

(Cz) silicon, which can be grown in diameters of up to73

45 cm [16], would also be a suitable material, but this74

type of silicon shows a higher level of impurities [17], re-75

sulting in a high absorption [13] which is incompatible76

with gravitational-wave detector mirrors. Magnetic field77

applied Czochralski (MCz) silicon, which has a reduced78

oxygen content in particular [18], has been observed to79

show low absorption and may be a promising way forward80

for gravitational-wave detection, if large enough diame-81

ters of substrate can be produced [19].82

Another way to produce silicon ingots in the required83
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FIG. 1. Picture of the sandblasted G2 1/4 ingot sized 195⇥
195 ⇥ 220mm3. 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.

large sizes may be growth by directional solidification,84

which results in a quasi-monocrystalline material. In85

this process, single crystalline seed plates cut from a Cz-86

grown silicon boule cover the bottom of a Si3N4 coated87

quartz crucible, and polycrystalline silicon fragments are88

filled in on top of these plates. The standard industrial89

silicon feedstock charge of G6 ingots is about 800 kg with90

an ingot heights of 35 cm. G stands for ‘generation’ of91

directional solidification technology and the number con-92

tains information about the squared ingot size, e.g. num-93

ber 6 means that the ingot can be cut into 6 ⇥ 6 bricks94

for wafer slicing of standard solar cells with 156mm ⇥95

156mm in size. This G-terminology is also used for fur-96

naces and crucibles. Except for the seeds, the silicon is97

completely melted and then directionally solidified from98

the bottom of the melt upward. The process attempts to99

transfer the single-crystalline structure of the Cz seeds100

to the ingot. Dislocation formation and multiplication is101

still an unsolved problem in the crystallization of quasi102

mono ingots.103

In this article we present mechanical loss and opti-104

cal absorption measurements of samples cut from a G2105

quasi-monocrystalline silicon ingot. The mechanical loss106

of our test samples was found to be comparable to that107

of high-purity float zone silicon, which is usually in the108

range of 10�8�10�9. However, the optical absorption at109

1550 nm was found to be at a high level of several per-110

cent per centimeter, while the requirement is thought to111

be / 5 � 10 ⇥ 10�6 /cm. The high absorption was not112

unexpected as the material was doped and not optimized113

for low optical absorption. Further work on absorption114

reduction is of high interest. However, even with high115

absorption, quasi-monocrystalline silicon may be a can-116

didate material for the ‘end test mass’ (ETM) mirrors117

in gravitational-wave detectors, through which only very118

low laser power is transmitted.119

II. QUASI-MONO GROWTH TECHNIQUE AND120

SAMPLE PREPARATION121

The quasi-monocrystalline silicon investigated here122

was originally grown for solar-cell production. The ma-123

terial was grown using two h110i-orientated single crys-124

talline seeds from Cz crystals, which were closely placed125

at the bottom of the G2-sized quartz crucible. The in-126

ner crucible walls were Si3N4 coated to prevent stick-127

ing with the silicon ingot. To obtain p-type material128

with a target resistivity of 0.9⌦cm for solar cells, highly129

boron doped silicon wafer pieces with a specific resistiv-130

ity of 0.0145⌦cm together with silicon feedstock were131

placed on top of the seeds. The melting process of the132

feedstock was carefully controlled until an equilibrium of133

the melt and the partially molten seeds was established.134

The solidification was initiated from bottom to top by135

a rapid temperature decrease. The growth process was136

carried out in a G2-sized directional solidification furnace137

equipped with KRISTMAG® heater-magnet modules,138

which are able to produce heat and magnetic fields at139

the same time. A downward travelling 10Hz oscillating140

magnetic field was applied to ensure a su�cient mixing141

of the melt by flow control. The average solidification ve-142

locity was determined to be 0.8� 0.9 cm/h. More details143

about the use of the travelling magnetic field and growth144

velocity determination in this furnace were described by145

Linke et al. [20]. A quasi-monocrystalline ingot was ob-146

tained and then quartered. It is clearly seen from the147

depicted northwest quarter in Fig. 1 that this ingot is148

only partially single crystalline.149

The crystal orientation of the seeds was mostly trans-150

ferred to the growing ingot at the beginning of the so-151

lidification process. The single crystalline growth was152

strongly influenced by secondary grain growth from the153

crucible walls and formation of grains at twin boundaries154

(twins) [21] visible by di↵erent shades of grey.155

The selection of the samples investigated here was156

based on two main criteria. First, the material had to157

be monocrystalline and second, the oxygen and carbon158

concentrations had to be as low as possible. Due to their159

di↵erent segregation behaviour, the oxygen concentra-160

tion decreases along the growth direction from the bot-161

tom to the top of the ingot while the carbon concentra-162

tion increases [22, 23]. These concentrations were mea-163

sured in the overall characterisation of the grown ingot164

on an adjacent longitudinal cut along the growth direc-165

tion using FTIR spectroscopy (see Sec. V). In the sample166

selection area, the substitutional carbon concentration167

[Cs] = 1� 3⇥ 1017 cm�3 and the interstitial oxygen con-168

centration [Oi] = 3 � 2 ⇥ 1017 cm�3 were measured at a169

scan distance of 1 cm.170

Two single crystalline samples of 40 ⇥ 15 ⇥ 15mm3
171

(named ‘small QM cuboid’) and 80 ⇥ 80 ⇥ 15mm3 were172

cut from the central part as indicated in Fig. 2. From the173

bigger cuboid, a 50.8mm diameter ⇥ 5mm thick disk was174

cut (named ‘QM disk’). Both samples were polished to175

be used for optical absorption and mechanical loss mea-176
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FIG. 2. left: Sample position marked on the {100} vertical cut
of a G2 1

4 ingot and right: Drawing of the final � 50.8⇥5mm
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.177

III. MECHANICAL LOSS MEASUREMENTS178

Mechanical loss is a measure of the magnitude of in-179

ternal friction in a material. The thermal displacement180

noise arising from a mirror substrate in a gravitational181

wave detector (in m/
p
Hz) is proportional to the square182

root of the mechanical loss of the mirror material. The183

mechanical loss of a number of resonant modes of the184

h100i-oriented QM disk was measured using a Gentle185

Nodal Suspension (GeNS) system [24], and compared to186

the mechanical loss of a float zone h111i silicon sample of187

the same dimensions (named ‘FZ disk’). Previous work188

by Nawrodt et al. on similar geometries of silicon sub-189

strates showed almost identical loss between 30K and190

200K for these di↵erent crystal orientations [25].191

Figure 3 shows a photo of the setup used for cryogenic192

mechanical loss measurements. The disk (top of the pic-193

ture) being measured was balanced on a silicon spherical194

lens with a radius of curvature of 60.44mm, where it bal-195

anced freely throughout the measurements. The cryostat196

chamber was evacuated to pressures below 10�5 mbar,197

and the mechanical resonances of the samples were ex-198

cited via comb-shaped capacitor exciter plates, visible199

underneath the bottom-left of the substrate in Fig. 3,200

placed ⇠ 1mm away from the surface of the disks. The201

resonant modes of the disks are excited by applying a202

high-voltage a.c. signal to the exciter plate, sweeping203

slowly over the frequency of the mode. After a mode is204

excited the excitation voltage is turned o↵, and the vi-205

bration of the sample is left to decay. The motion of the206

sample is measured by reflecting a laser beam from the207

face of the sample onto a split-photodiode sensor, which208

provides a signal proportional to the amplitude of the209

motion. The loss, �(!0), of the resonant mode of angu-210

lar frequency !0, is calculated from the exponential decay211

Balanced silicon sample
(Ø50.8 × 5 mm)

Teϐlon ‘catcher’

Steel mounting post

Cryostat cold plate

FIG. 3. Image of the h100i-oriented QM disk balanced on top
of a rounded silicon lens inside the 10⇥ 10 cm2 experimental
chamber of the Montana Instruments s100 Cryostation.

of the excited amplitude, which follows the form212

A(t) = A0e
(��(!0)!0t/2) (1)

where A(t) is the amplitude at a time t and A0 is the213

initial amplitude after the excitation is turned o↵.214

Figure 4 shows the resonant mode shapes of six reso-215

nant modes (14.7, 17.8, 36.0, 36.0, 60.1 and 87.8 kHz) at216

room temperature of the QM disk. For the FZ disk, the217

mode frequencies di↵er due to the di↵erence in crystal218

orientation.219

A. Mechanical loss at room temperature220

Initially, the mechanical loss of the QM and FZ disks221

was measured at room temperature. The loss of each res-222

onant mode was measured multiple times, with the aver-223

age loss calculated and the error taken as the standard224

deviation. Each disk was re-balanced on the nodal sup-225

port several times and the loss measurements repeated.226

For each resonant mode we present the lowest loss ob-227

tained from the repeated suspensions, as is standard in228

loss measurements. The results are shown in Fig. 5 (see229

values at 290K for room temperature measurements).230

For both disks, all measured losses are below 1⇥10�6.231

For the modes at 14.75 kHz and 17.85 kHz, the room-232

temperature loss of the QM disk is lower than that of233

the two lowest resonant frequencies of the FZ disk, while234
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FIG. 4. Total surface deformation of the resonance modes of
the h100i-orientated QM disk, calculated using finite element
analysis. The blue corresponds to regions of least motion and
the red to regions of greatest motion.

for the modes around 36 kHz, the loss of the FZ disk is235

lower. For the QM disk, also a mode at about 60 kHz was236

measured which shows a loss similar to that measured at237

about 36 kHz on the same sample.238

B. Mechanical loss at cryogenic temperatures239

After the initial room temperature measurements, the240

mechanical loss of the QM and FZ disks was measured at241

cryogenic temperatures. In turn they were individually242

placed inside a small pulse-cooled cryostat1 capable of243

cooling down to 4K. The cryostat housed a GeNS, simi-244

lar to the one used for room temperature measurements,245

with an identical silicon spherical lens held in a recess in246

the top of a stainless steel post. A temperature cycle of247

the cryostat was carried out with calibrated temperature248

sensors mounted on the sample and on the post close249

to the silicon lens. This allowed a temperature calibra-250

tion curve to be created so that the sample temperature251

1 Montana Instruments Cryostation s100
https://www.montanainstruments.com

could be determined from the temperature of the post.252

The temperature sensor on the sample was removed for253

mechanical loss measurements.254

The mechanical losses of several resonant modes of255

both the QM and FZ disks were measured over a range256

of temperatures between 20K and 290K. The procedure257

of several repeat measurements providing an average loss258

with error bars given by the standard deviation was the259

same as for the room temperature measurements. The260

QM disk was measured three times over the full temper-261

ature range, with the sample being re-balanced on the262

nodal support each time, to check for repeatability. Due263

to the time constraints of a full mechanical loss run over264

the entire temperature range (⇡ 1month), the FZ disk265

was only able to be measured once before it was needed266

for another study.267

Figure 5 shows the mechanical loss as a function of268

temperature for four resonant modes of both samples.269

The mechanical loss of the QM disk shows a very sim-270

ilar trend to the losses measured for the FZ disk. For271

some resonant modes, the mechanical loss is lower than272

that of the FZ disk. At 20K the lowest mechanical loss273

measured on the QM disk was 2.6 ⇥ 10�8 at 17.8 kHz274

which is marginally higher than the lowest loss measured275

at 36.81 kHz on the FZ disk of ⇠ 2⇥ 10�8. At 120K the276

losses of all the modes measured were below ⇠ 2⇥ 10�7.277

The lowest loss measured on the QM disk (⇠ 1.8⇥10�8)278

was more than a factor of two lower than the lowest loss279

of ⇠ 4.3⇥ 10�8 measured on the FZ disk.280

The mechanical loss of the first two modes at 14.75281

and 17.85 kHz of the QM disk was lower than that of282

the two higher frequency resonance modes at 36.01 and283

60.21 kHz, whereas the opposite was true for the FZ disk.284

This may be related to the di↵erent crystal orientation of285

the samples as the QM disk was h100i orientated and the286

FZ disk h111i orientated. These results are nevertheless287

still very promising for the quasi-monocrystalline mate-288

rial, making it potentially relevant for use in cryogenic289

gravitational wave detectors.290

In the following section we also present measurements291

of the optical absorption of this quasi-monocrystalline292

material, which is also significant in determining a mate-293

rials suitability for gravitational wave detector mirrors.294

IV. OPTICAL ABSORPTION295

MEASUREMENTS296

The optical absorption of the quasi-monocrystalline sil-297

icon sample (the small QM cuboid in Fig. 2, ⇡40mm in298

length) was measured using photothermal common-path299

interferometry (PCI) [26]. The PCI technique exploits300

thermally induced optical length changes, created by a301

strong pump laser beam at the wavelength of interest due302

to optical absorption. The thermal e↵ect, read out by a303

weak probe beam di↵erent in wavelength, is directly pro-304

portional to the absorption of the substrate. The setup305

can be calibrated by using a substrate of known absorp-306
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FIG. 5. Mechanical loss as a function of temperature, from 4K to 300K, of the 50.8mm diameter ⇥ 5mm thick QM disk (left)
and FZ disk (right) samples.

tion, in our case made of fused silica.307

An optical chopper is used to modulate the pump308

beam, enabling phase information relative to this modu-309

lation to be obtained, in addition to the amplitude of the310

thermal e↵ect. The phase is determined by the thermal311

di↵usion of the material and the geometric parameters of312

the laser beams.313

Based on the thermal di↵usivity and the thermo-optic314

parameters of the investigated substrate, e.g. our silicon315

crystal, an additional factor is used to scale the ampli-316

tude signal to the signal of fused silica. For silicon (and317

the measurement/setup parameters used in this study),318

this scaling factor is 0.42 for a phase of -8.5�. More de-319

tail about the measurement procedure can be found in320

literature [26] and on the company website 2.321

Figure 6 shows the optical absorption measured at322

1550 nm (using a probe laser of wavelength 1620 nm) as323

a function of position along the length of the small QM324

cuboid. Measurements starting at three di↵erent posi-325

tions on the surface were made, resulting in parallel scans326

through the sample, represented by the three di↵erent327

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

colours/line styles in Fig. 6(a). The vertical dashed lines328

mark the surface positions for the measurement repre-329

sented by the green, dashed line. For the other scans,330

the position of the sample surfaces in the setup varied331

slightly.332

For all three positions, the absorption shows a peak333

near the front surface (x-position of around 10 – 15mm)334

and decreases towards the back surface. To test if the335

peak near the front surface could be an artefact of the336

measurement technique, the sample was turned around337

and the measurement was repeated at two new positions338

(pink and purple lines in Fig. 6(b)). These measurements339

show the absorption peak at the back of the sample, indi-340

cating that one end of the sample does indeed have higher341

absorption than the other. Possible correlations with im-342

purities are discussed in Sec. V. For comparison, the hor-343

izontal black line shows an absorption level of ⇡9.6%/cm344

estimated from a simple transmission measurement.345

Figures 6(c) and (d) show the phase signals corre-346

sponding to the absorption scans of the same colours in347

(a) and (b), where the red line indicates the phase ex-348

pected for crystalline silicon.349

From these measurements, we conclude an absorption350

of several 10%/cm at one end of the sample, and be-351

tween ⇡ 5 � 10%/cm throughout the remainder of the352
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FIG. 6. (a) Optical absorption along the ⇡40mm long small QM cuboid for entering the sample at three di↵erent positions
indicated by the di↵erent 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 di↵erent 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 absorption353

of ⇡ 5%/cm is consistent with a boron-doping level of354

0.9⌦cm [13].355

Non-linear absorption in silicon (arising from two pho-356

ton absorption, and free carrier absorption due to carri-357

ers produced by two photon absorption) can result in a358

power-dependent absorption signal, potentially masking359

the intrinsic absorption. To check for this, measurements360

were repeated using a factor of two higher pump power.361

No increase in the measured absorption was observed, in-362

dicating that non-linear absorption does not make a sig-363

nificant contribution to the measured absorption in this364

measurement regime.365

This absorption level is far too high for this material to366

be used (for transmitted optics) in gravitational-wave de-367

tectors. However, this material had not been optimized368

for low optical absorption, which would be the next ob-369

vious development step. In the following section, further370

analysis of possible absorption sources is presented.371

V. IMPURITY CHARACTERISATION372

After the optical absorption measurements were car-373

ried out on the ⇡40mm small QM cuboid, the minority374

carrier lifetime and the concentration of carbon and oxy-375

gen were determined to identify possible origins for the376

absorption. To carry out these examinations the small377

QM cuboid was cut lengthwise and polished on both sides378

using a chemo-mechanical polishing technique to a final379

thickness of 2510µm. Existing markings on one end face380

(the marked side is set equal to the zero point) were re-381

tained to enable the measurements made in the longitu-382

dinal direction to be assigned true to location. Following383

the polishing, elevations were found close to the marked384

side. Using a light microscope the elevations were deter-385

mined to be typical in shape and size for silicon carbide386

(SiC) inclusions, see Fig. 7. If this estimation is true,387

then a carbon concentration close to the solubility limit388

of carbon in silicon is also to be expected in the sur-389
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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 silicon390

at melting temperature is 4.5⇥ 1017 cm�3 [27].391

Exceeding the solubility limit in the melt leads to the392

formation of SiC particles, which can then be trapped393

at the growth interface as second phase particles and394

manifest themselves as inclusions. This formation and395

capturing process is well known [22, 23]. The trapping396

of the SiC particles in the middle of the growth process397

indicates insu�cient mixing and can be avoided. This398

surface structuring is found only in the first quarter of399

the ⇡40mm long sample, i.e. in the range from 0 to400

about 10mm, while on the remaining surface of the sam-401

ple almost no inclusions are detectable with the light field402

microscope (Fig. 7).403

Interstitial oxygen Oi and substitutional carbon CS404

in silicon are associated with typical absorption lines405

at 1107 cm�1 and 605 cm�1, respectively. The absorp-406

tion spectra were measured axially along the sample by407

Fourier-transform infrared spectroscopy (FTIR) using a408

Bruker IFS 66V under vacuum. Two measuring rows by409

di↵erent measuring point dimensions were carried out.410

Both measuring rows started from the marked side and411

continued beyond the sample. The first measuring row412

was carried out in a measuring distance of 1mm with413

an aperture of 2mm which is the smallest possible with414

the apparatus used, while the second measuring row was415

carried out for reasons of smoothing with an aperture of416

3.5mm in diameter with the same measuring distance of417

1mm.418

In Fig. 8, the carbon concentration is shown along the419

FIG. 8. FTIR measurement of [CS] in longitudinal direction
with di↵erent apertures: blue 3.5mm and red curve 2mm.

FIG. 9. FTIR measurement of [Oi] in longitudinal direction
with di↵erent apertures: blue 3.5mm and red curve 2mm.

sample length starting from the marked side (zero) with420

optically observed inclusions. This marked side corre-421

sponds to the side with higher absorption in Fig. 6. Both422

curves, measured with aperture 2mm (red) and aperture423

3.5mm (blue), show the same shape and by use of the424

smaller aperture the measuring values do not make sense425

(measuring error amounts to approximately 5%). This426

might be due to scatter or/and absorption in the SiC427

inclusions.428

Figure 9 shows analogously the oxygen concentration429

along the sample length measured with apertures of 2mm430

(red) and 3.5mm (blue), both showing an increase in the431

oxygen concentration from 2⇥1016 cm�3 to 3⇥1017 cm�3.432

During the directionally solidification growth, the oxy-433

gen concentration decreases in the direction of solidifica-434

tion in the ingot caused by the dominance of evaporation435
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over dissolution and a segregation coe�cient3 larger than436

one [23]. Consequently, the sample orientation in the437

block in respect to the growth direction can be deter-438

mined: the silicon at position 40 solidified first, named439

additionally with ‘bottom’ in Figs. 8 and 9. This also440

has consequences for the quality of the 2 inch disc used441

for mechanical loss measurements, where SiC inclusions442

should be present only in a rim area.443

Measuring the interstitial oxygen and substitutional444

carbon concentration in smaller steps (1mm) compared445

to the initial survey (see Sec. II) measurement with a446

distance of 1 cm, a locally unexpected lower interstitial447

oxygen concentration was detected in the area with sig-448

nificantly higher absorption, see Fig. 9 and 6. The ab-449

sorption peak at this one end of the sample can nei-450

ther be explained by the measured interstitial oxygen451

(too low) nor by the substitutional carbon (too homo-452

geneous) concentrations. This local e↵ect can proba-453

bly be attributed to defect interaction, e.g. formation454

of oxygen precipitates during ingot cooling with pre-455

sumably higher dislocation densities. To investigate the456

nature of this phenomena minority carrier lifetime was457

performed by the microwave-detected photoconductivity458

(MDP) method [28] on this polished non-passivated lon-459

gitudinal sample. Figure 10 shows that the carrier life-460

time is significantly reduced in the area of the SiC inclu-461

sions but shows otherwise typical lifetimes. The reduced462

lifetime might be due to a higher oxygen precipitation463

density [22, 29]. It can be assumed that the increased464

absorption at one end of the sample is due to defect in-465

teraction initiated by SiC inclusion. This formation of466

SiC can be avoided if the carbon input is significantly467

reduced in an optimized growth process.468

VI. DISCUSSION469

Our results show that quasi-monocrystalline silicon can470

have very low mechanical loss, similar to the loss ob-471

served in high-purity float zone silicon. This suggests the472

material could meet the thermal noise requirements for473

cryogenic gravitational wave detectors, while also being474

available in the large diameters required (and beyond).475

For example G7-type mono-like silicon ingots can be476

produced, the mass of which reaches 1200 kg with a477

square width of 1151mm and a height of 390mm [30].478

However, the single-crystal area ratio and dislocation479

are the main problems associated with the mono-like480

technique. It has been shown in smaller ingots that481

dislocation gliding and propagation can be e↵ectively482

controlled using h110i-oriented seeds and the average483

{100} single crystal proportion has been increased over484

90%. An overview about seed-assisted growth of quasi-485

monocrystalline silicon ingots and its challenges is given486

3 The segregation coe�cient is defined as the concentration ratio
of an impurity in a solid to this impurity in a liquid.

FIG. 10. Measurements of minority carrier lifetime on the
now thinned ⇡40mm 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 was487

measured from a sample in a single-crystalline region of488

the quasi-monocrystalline ingot. Further development of489

the growth technique is likely to be required to ensure490

an area of mono-crystalline material large enough for a491

gravitational-wave detector test mass to be produced.492

The optical absorption of our test material was found493

to be significantly higher than the value, of / 5 �494

10 ⇥ 10�6 /cm, usually thought to be required for a495

gravitational-wave detector mirror. However, it is inter-496

esting to note that only the ‘input test masses’ (ITMs)497

in the arm cavities of a gravitational-wave detector are498

required to transmit significant laser power. The ‘end499

test masses’ (ETMs) however, do not have significant500

power transmitted through them and somewhat higher501

absorption can therefore be tolerated in comparison to502

the ITMs. In a typical gravitational-wave detector con-503

figuration – with an ITM reflectivity of ⇡ 99.5% and an504

ETM reflectivity of ⇡ 99.9995% – the higher reflectivity505

of the ETM coating results in a factor of ⇡ 200 less laser506

power being transmitted through the ETM than through507

the ITM. Therefore, we can tolerate a factor of 200 higher508

absorption in the ETM (resulting in ⇡ 1� 2⇥ 10�3 /cm509

tolerable absorption).510

The silicon investigated here was specifically boron-511

doped with a resistivity of 0.9⌦cm in order to achieve512

the desired resistance for solar cells and was not grown513

specifically with a view to a low level of (unintended)514
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impurities potentially increasing the absorption at wave-515

lengths relevant for gravitational-wave detectors. The516

absorption throughout the majority of the length of the517

sample, of ⇡ 5�10%/cm (⇡ 5�10⇥10�2 /cm), was con-518

sistent with this doping level [13], except for one end of519

the sample with higher absorption which may be due to520

a higher concentration of carriers. An absorption reduc-521

tion of about two orders of magnitude would be required522

to make it a suitable ETM material.523

If undoped and high-purity feedstock silicon is used,524

it is to be expected that the purity of the quasi-525

monocrystalline material can be significantly increased.526

Nevertheless B, Al, and P, other metal impurities, such527

as Fe, Co, Ni, and Cr, are quite common in quasi-528

monocrystalline silicon. They mainly come from the529

crucible, its coating materials and the hot zone of530

the furnace. To increase the resistivity and hence re-531

duce the bulk absorption by orders of magnitude, the532

impurity sources must be eliminated and the quasi-533

monocrystalline silicon ingot should be grown preferably534

with a very light p-doping. The standard crucible can be535

replaced by a high-purity fused silica crucible coated with536

a high-purity Si3N4 layers. The oxygen and carbon con-537

centrations in the material get significantly lowered by an538

improved design of the hot zone with an optimised gas539

flow. Defect engineering includes an optimised growth540

process and subsequent annealing of the ingot dissolving541

precipitates and thermal donors that are present in the542

as-grown material. Whether directionally solidified sil-543

icon can finally meet the absorption requirements of a544

mirror has to be investigated.545

VII. SUMMARY546

Quasi-monocrystalline silicon grown by directional so-547

lidification shows significant promise of being able to548

meet the size and thermal noise requirements for cryo-549

genic GWD mirrors. The optical absorption of the spe-550

cific material studied here was high, as expected due to551

the doping, but it appears likely that with the use of552

pure feedstock, the absorption can be significantly re-553

duced, at least to the point where this material would554

be suitable for use as an ETM mirror substrate in cryo-555

genic gravitational wave detectors. Further research is556

required to determine if it may be possible to reduce557

the absorption su�ciently to allow this material to be558

used as an ITM mirror substrate. Another option may559

be increasing the size of the ETMs to beyond ⇡50 cm560

by using quasi-monocrystalline silicon which is available561

in larger diameters. Combining this with significantly562

smaller ITMs, similar to the configuration planned for563

Advanced Virgo upgrades [32], would then allow for dif-564

ferent types of (pure) silicon potentially to be used as565

ITMs.566
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