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Introduction: Why Single Crystals ? Growth techniques.
Melt flow, heat and mass transfer

Using the baffle on Earth and at the IS.

What have we learned ? Future experiments at ISS
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Why Single Crystals ?
Features:

e Uniform on micro-scale
e Beauty, rarity

Research :

e metals,

e semiconductors,
e superconductors,
e protein crystals..

Applications:
electronic/opto-

electronic devices

VLSI, LED, lasers, .. ¥
electromechanical

transducers... / /
// ,// /)
f i/l

detectors
v

Rolls-Royce,
single-crystal,
nickel-superalloy



Scattering of electrons and light

} ! Incident light
Q
Q

COCOO0O

Defects/impurities:

1. Diffuse scattering
2. Pores,

3. Precipitates, etc.

- grain boundaries



Single Crystals-World Production: 20,000 tons/year
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e ~60% are semiconductors silicon, GaAs, InP used for:
 Electronics

» Optoelectronic devices: emit, detect and control light (includes
gamma rays, X-rays, ultraviolet and infrared



http://en.wikipedia.org/wiki/Light
http://en.wikipedia.org/wiki/Gamma_ray
http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/Infrared

Czochralski Method (CZ):

1.Charge is melted

2. Seed is dipped into the melt

3. Crystal grows as atoms from the melt
adhere themselves to the seed.



Governing Equations for fluid flow, heat and mass transfer
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Options to control melt flow:

a) Reduce natural convection:
e Magnetic fields
e Reduced gravity (ug)
e Use a baffle in the melt

b) Impose forced convection

Crystal/crucible rotation (CZ)
Accelerated Crucible Rotation
Coupled Vibrational Stirring
Traveling Magnetic Fields

1.7



Directional solidification (Bridgman)

1. Melting,
2. Seeding
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CHARGE

HEAT SCOURCE

COLD
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4. Growth: Interface is
advanced by moving the
container or the gradient
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2 Distribution of impurities in the crystal

Solute partitioning at the S/L Interface

Equilibrium
C, -
C, L
Solid Liquid
Solid

Beginning of motion
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C_L_ 0 ™ Solidus
Cs C, = Conc.

K, is a fundamental property; it
appears in equations involving
redistribution of the solute.



2 Distribution of impurities in the crystal

OPTION I: “Ideal Diffusion-Controlled Solidification” (g=0)
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2 Distribution of impurities in the crystal

OPTION II: On Earth flow-controlled T and C in the melt
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2 Distribution of impurities in the crystal

OPTION liI: Perfect mixing (i.e. homogeneous melt)

f=7
G. Gulliver (1921) and E. Scheil AvS L
(1942) assumed:
— homogeneous melt Solid Liquid
— No diffusion in solid Cs o

— Local equilibrium at S/L interface

NG
Co(x)=C,- k(1-ﬂ

C(x) =
O O O

Axial inhomogeneity, C(x)




&

electron concentration

Witt et al. 1975, Skylab lll Mission in near-earth orbit

“‘ideal, diffusion controlled steady state-segregation, never accomplished on
earth, was achieved ...” .
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Apollo-Soyuz 1978, Witt et al.: Ga-doped Ge (k=0.087)
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3. Using the baffle on Earth and ISS (SUBSA investigations).

Crystal Growth using a Baffle in Bridgman furnace (1990- )

WL

MTTImnmm

Gr

_g-,B-AT-H3

VZ

T(t)

Convex
interface

'5\/ 0<H(t)<10cm

1<AT(I)<10C

~g-AT-H’

A.G. Ostrogorsky,

US Patent #5,047,113, (1991)

J. Crystal Growth 104, (1990), 233-238.
J. Crystal Growth 110, (1990) 950-954

/\
N A N
ﬂ_v V H~1cm
e |
¥

f ,&\' H~1cm~const.

FH A];'adial < 1 C
* AT . ~20 C~ const.
AT ., ~10x reduced

H® ~1000x reduced



Ga-doped Ge, k=0.087
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1993-2004
2016-present

1. SUBSA 1: Solidification Using a Baffle in Sealed Ampoules (InSb)
2020-2025

2. Detached Melt and Vapor Growth of Inl in SUBSA Hardware (Inl)
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3. Diffusion Coefficients of Dopants in molten Ge and Si
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SUBSA Hardware

1 Process Control Module

It’s a Boy !
Born May 8, 2001 at 10:35 p.m.
Weight: 14 Ibs, 9 oz; Length: 15 inches



SUBSA Sample Ampoule (Baffle Assembly)

The Piston-Spring S t,
The sample material, AR e

. o Graphite graphite tube, serves as a guide Piston Spring compensates
Quartz plug Indium Antimonide Baffle for the internal Baffle Spring for thermal expansion.
(InSb) and the graphite piston

1‘ attached to the graphite baffle. Length =30 cm
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L Quartz tube.
|~ I.D.=12.0mm —» I.D.=13.0 mm

Shoulder where the 1.D. changes from 12 mm to 13 mm

« Prepared on the ground before flight by loading the processing materials (up to 50g InSb doped with up to
50mg of Cd, Te, Ga, Zn, Ca, or As) into the ampoules. Some of the ampoules may also have up to 2g of a
LiCI-KCI liquid encapsulant.

« The ampoules will be sealed under a 10E-3 torr or better vacuum. A cartridge head and four (4) external
thermocouples will then be added to finish the Sample Ampoule Assembly (SAA).



Solidification Using a Baffle in Sealed Ampoules
2002 Space Shuttle Endeavour MSG, ISS
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SUBSA 10: Zn-doped; with baffle
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Sheet1

		April 7-last day, 2004 SUBSA 02 - the 4-th  sample anallyzed by SIMS

		SUBSA 02 - was exposed to 600 ug  !!!! Will the data Show ???

		point size 0.25 x 0.25 mm

		Depth = 10 to 15 min (600 to 900 sec) x 34 nm/s

						600		4.30E-04		2.58E-01

		Point number		NAME		Location		position estimated				"C ave." e17 (GaSb calib.)		File name

		1		2_00				0				0.000		1		stop

		2		2_01		first tried  ~ 10 mm from end		1.000				2.520		2.000

		3		2_0.5		between 00 and 01		0.500				0.000		3		stop

		4		2_.75								0.000		4		stop

		5		2_1.25		next to _01 point towards the tail, almost touching		1.250						5

		6

		7

		8

		10

		11

		12

		13

		14

												0.00		stoped		looks zero
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Sheet2

		

		SUBSA 10    Zn Doped ; seed melted only localy

										DATA

																								0

		Point number		NAME		Location		position estimated		distance between		files		"C ave."x e18		File name						position estimated		SIMS_2

		1		#1		next to seed		0.4564		0.4564		25-edge		7.71		25		1		0.4564		0.4564		7.71

		2		#2				1.0120		0.5556		26-25		6.00		26				1.012		1.012		6				3.808638

		3		#3				1.4883		0.4763		27-26		5.76		27				1.4883		1.4883		5.76				2.800644

		4		#4				1.9407		0.4524		28-27		5.21		28				1.9407		1.9407		5.21				2.481414

		5		#5				2.4963		0.5556		29-28		4.88		29				2.4963		2.4963		4.88				2.803002

		6		#6				3.0281		0.5318		30-29		4.58		30		2		3.0281		3.0281		4.58				2.515414

		7		#7				3.7623		0.7342		31-30		4.57		31		3		3.7623		3.7623		4.57				3.358965

		8		#8				4.2623		0.5000		32-31		4.34		32		5		4.2623		4.2623		4.34				2.2275

		9		#9				4.7782		0.5159		33-32		4.44		33				4.7782		4.7782		4.44				2.264801

		11		#11				5.9332		1.1550		34-33		3.84		34				5.9332		5.9332		3.84				4.7817

		12		#13				7.0092		1.0760		35-34		3.84		35				7.0092		7.0092		3.84				4.13184

		13		#18				9.9582		2.9490		36-35		3.91		36				9.9582		9.9582		3.91				11.427375

		14		#25				13.0342		3.0760		37-36		3.77		37		6		13.0342		13.0342		3.77				11.81184

		15		#30				16.7842		3.7500		38-37		3.91		38		7		16.7842		16.7842		3.91				14.4

		16		#37				20.9232		4.1390		45-38		3.56		45				20.9232		20.9232		3.56				15.459165

		18		#40				22.6938		1.7706		46-45		3.46		46				22.6938		22.6938		3.46				6.214806

		19		#42				23.7888		1.0950		47-46		3.17		47				23.7888		23.7888		3.17				3.629925

		20		#48				25.3918		1.6030		48-47		2.78		48		11		25.3918		25.3918		2.78				4.768925

		21		#52		over braken line		28.1341		2.7423		49-48		2.53		49				28.1341		28.1341		2.53				7.2808065

		22		#54		over braken line		29.3601		1.2260		50-49		2.53		50				29.3601		29.3601		2.53				3.10178

		23		#56		over braken line21		30.9041		1.5440		51-50		2.32		51				30.9041		30.9041		2.32				3.7442

		24		#58		over braken line		32.3681		1.4640		52-51		2.04		52				32.3681		32.3681		2.04				3.19152

		25		#60		off central line		33.8321		1.4640		53-52		1.91		53				33.8321		33.8321		1.91				2.8914

		26		#61		off central line		34.5187		0.6866		54-53		1.61		54				34.5187		34.5187		1.61				1.208416

										1.4980		54-edge

		CL		R

		1.2		0.0001388889								DATA 2																3.5383551912

		1.2		0.0001388889

		1.2		0.0001388889				measured position		"C ave."x e19		x[mm]		SIMS_1												x[mm]		DATA#2						average from data 2

		1.2		0.0001388889				0.54		2.15		0.54		7.525		3.5										0.54		7.525

		1.2		0.0001388889				1.15		1.68		1.15		5.88		3.5				0.501725						1.15		5.88						4.088525

		1.2		0.0001388889				2.376		1.44		2.376		5.04		3.5				0.51492						2.376		5.04						6.69396

		1.2		0.0001388889				5.098		1.29		5.098		4.515		3.5				0.714525						5.098		4.515						13.004355

		1.2		0.0001388889				8		1.08		8		3.78		3.5				-0.8945475						12.436		4.13						31.718505

		1.2		0.0001388889										0		3.5										33.481		2.065						65.1868875

		1.2		0.0001388889										0		3.5										35.219		0.8015						2.4909885

		1.2		0.0001388889				12.436		1.18		12.436		4.13		3.5																		3.5195206

		1						33.481		0.59		33.481		2.065		3.5				21.7289625

								35.219		0.23		35.219		0.8015		3.5				1.0979815

		R		0.5333/3600																														EES

		D

		x mm		x[cm]		tau		smith1		smith2		Smith						2k-1		R		D				x mm		Smith_D=5						x		Smith_Co=3.5e18		Smith_10		Smith_Co=3.7e18

		0		0		0		0.5		2.400000E+00		1.073000E+01				2.9		4.8000		0.0001851852		5.00E-05				0		1.073000E+01						0		10.15		10.73		10.73

		0.5		0.05		0.0462962965		0.6195466368		9.596170E-01		5.842905E+00				2.9		4.8000		0.0001851852		5.00E-05				0.5		5.842905E+00						0.5		6.466		6.627		6.372

		1		0.1		0.0925925931		0.666522736		7.179197E-01		5.122437E+00				2.9		4.8000		0.0001851852		5.00E-05				1		5.122437E+00						1		5.719		5.843		5.601

		2		0.2		0.1851851861		0.7285987736		4.957111E-01		4.529947E+00				2.9		4.8000		0.0001851852		5.00E-05				2		4.529947E+00						2		5.015		5.122		4.915

		3		0.3		0.2777777792		0.7719717304		3.792376E-01		4.259474E+00				2.9		4.8000		0.0001851852		5.00E-05				3		4.259474E+00						3		4.65		4.757		4.578

		5		0.5		0.4629629653		0.832038094		2.501310E-01		4.004026E+00				2.9		4.8000		0.0001851852		5.00E-05				5		4.004026E+00						4		4.418		4.53		4.374

		8		0.8		0.7407407444		0.8882285633		1.520402E-01		3.848995E+00				2.9		4.8000		0.0001851852		5.00E-05				8		3.848995E+00						5		4.257		4.374		4.236

		10		1		0.9259259306		0.9132159173		1.135901E-01		3.799182E+00				2.9		4.8000		0.0001851852		5.00E-05				10		3.799182E+00						6		4.137		4.259		4.136

		12		1.2		1.1111111167		0.9319814364		8.646963E-02		3.768269E+00				2.9		4.8000		0.0001851852		5.00E-05				12		3.768269E+00						7		4.045		4.172		4.062

		15		1.5		1.3888888958		0.9522096481		5.879431E-02		3.740715E+00				2.9		4.8000		0.0001851852		5.00E-05				15		3.740715E+00						8		3.972		4.104		4.004

		18		1.8		1.666666675		0.9660554229		4.075350E-02		3.725193E+00				2.9		4.8000		0.0001851852		5.00E-05				18		3.725193E+00						9		3.913		4.049		3.958

		20		2		1.8518518611		0.9728540861		3.216582E-02		3.718574E+00				2.9		4.8000		0.0001851852		5.00E-05				20		3.718574E+00						10		3.864		4.004		3.921

		22		2.2		2.0370370472		0.9782269372		2.551010E-02		3.713827E+00				2.9		4.8000		0.0001851852		5.00E-05				22		3.713827E+00						12		3.788		3.935		3.866

		24		2.4		2.2222222333		0.9824925097		2.031235E-02		3.710378E+00				2.9		4.8000		0.0001851852		5.00E-05				24		3.710378E+00						13		3.758		3.909		3.845

		26		2.6		2.4074074194		0.9858919485		1.622804E-02		3.707844E+00				2.9		4.8000		0.0001851852		5.00E-05				26		3.707844E+00						14		3.732		3.886		3.827

		28		2.8		2.5925926056		0.9886098779		1.300221E-02		3.705965E+00				2.9		4.8000		0.0001851852		5.00E-05				28		3.705965E+00						15		3.709		3.866		3.812

		30		3		2.7777777917		0.9907889374		1.044344E-02		3.704560E+00				2.9		4.8000		0.0001851852		5.00E-05				30		3.704560E+00						16		3.69		3.849		3.799

		32		3.2		2.9629629778		0.992540152		8.406377E-03		3.703502E+00				2.9		4.8000		0.0001851852		5.00E-05				32		3.703502E+00						17		3.672		3.834		3.788

		40		4		3.7037037222		0.9967522069		3.589801E-03		3.701265E+00				2.9		4.8000		0.0001851852		5.00E-05				40		3.701265E+00						18		3.657		3.821		3.778

																																		19		3.643		3.809		3.77

						R/D*k		x		Tiller				Cs																				20		3.631		3.799		3.762

		3.8				8.0555555556		0		11.02		2.9		3.48																				25		3.587		3.762		3.737

		3.8				8.0555555556		1		7.0261820085		1.8489952654		2.2187943185																				30		3.559		3.741		3.722

		3.8				8.0555555556		2		5.2415859213		1.3793647161		1.6552376594

		3.8				8.0555555556		3		4.4441576957		1.1695151831		1.4034182197

		3.8				8.0555555556		4		4.0878351757		1.0757460989		1.2908953186

		3.8				8.0555555556		5		3.9286161586		1.0338463575		1.240615629

		3.8				8.0555555556		6		3.8574707946		1.0151238933		1.218148672

		3.8				8.0555555556		7		3.8256802276		1.0067579546		1.2081095456

		3.8				8.0555555556		8		3.811474943		1.0030197218		1.2036236662

		3.8				8.0555555556		9		3.8051274591		1.0013493313		1.2016191976

		3.8				8.0555555556		10		3.8022911518		1.0006029347		1.2007235216
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k>1 is shortening the initial transient in microgravity
A.G. Ostrogorsky, C. Marin, M. Volz, T. Duffar, J. Crystal Growth (2009)

Cs(x:k) _ %{Herf\/}ﬂzk 1) (1) erfc[(Zk 1)f]} =

CO 4D
Co(x) |

-m--- k=01
CO —-a-- k=03
. . omesr UL
e (0<k<0.5 F isnegative, a-kz15
prolonging the transient. . :;q 2(4?;
e k>0.5, F ispositive, shortening the = %
transients. 3
&
C 1 e ” 01 4
S(Z):_ 1_|_e,,f\/;+ — @ 0 05 1 15 2
Co 2 NE./4 -

A.G. Ostrogorsky, et al., |. Crystal Growth (2009)


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TJ6-4W0WJCF-1&_user=659639&_coverDate=04/05/2009&_alid=925534215&_rdoc=1&_fmt=high&_orig=search&_cdi=5302&_sort=d&_docanchor=&view=c&_ct=28&_acct=C000035878&_version=1&_urlVersion=0&_userid=659639&md5=d4c6207b4df413b75d0723cc33390e2c

Present work:
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detailed ANSYS model of the SUBSA furnace

Reproduce the SUBSA experiments
InSb (k~10 W/m-K)

Inl (k~0.5 W/m-K)

On Earth and at ISS

Useful for future investigations in
SUBSA facility



[I-SUBSA 2015-present

The_refurbished SUBSA flight unit was

launched in the Fall of 2017

Detached Melt and Vapor Growth of Inl in
SUBSA Hardware (lIT, Ostrogorsky)

Why indium iodide?

* Promising semiconductor RT detector material + not toxic; MP= 360 C (perfect
for SUBSA furnace)

* Developed procedures for synthesis, ZR, melt growth, vapor growth

* RPI(2006-2009); IIT (2009-present), RMD (2015).

* DoE, NNSA

15 mm diameter

u.u‘

Microgravity (RMD, A. Churilov, J. P. Tower)
Ag& [G51111

CLYC is the first commercial dual-mode scintillator:
gamma-ray spectroscopy AND neutron detection
CLYC crystals

CLYC (Cs,LiYCl4Ce

Fast, accurate isotope identification

T T
CLYC: Ce 4

)

662 keV

305 MeV

AE=4.1%

IS

“"cs Spectrum

AE=3.4%

intensity, arb. units

*'am/Be Spectrum

3.0

35

1.0 1.5 2.0 25

energy, MeV

Gamma and Neutron Spectra

> RMD

A Dynasil Company )

RadEye RIIDEye



https://drive.google.com/file/d/1nqKzCtdK62LASPhUBXTOe8VBYjZvhMiT/view?usp=sharing

18 April, 2017 Launched Orbital ATK OA-7 Cygnus mission to ISS
Four crystal growth experiments conducted in March-April 2019
4 melt growth experiment was conducted on January 4, 2021

2 vapor growth experiments were completed




Detached Melt and Vapor Growth of Inl in SUBSA Hardware

SUBSA 2 Inl Sample Ampoule Assembly

Note:
Major difference in properties
between InSb and Inl




Il Diffusion Coefficients of Dopants in molten Ge and Si
2020- present

Numerical simulations require precise values of D.

FM —

Heat —+(I7-V)T = —V°T

JC /- 1
Mass E+(V-V)C=@V2C

Boundary Condition (BC) at S/L interface:

oC
ol = Pe(1-k,)C, = Nu(C, - C,)
FC NC HT  MT
‘L o _gBATL 5V _v
R="0 0 a Vp
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