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Progresses in Crystal Growth Under Microgravity in Space
CHEN Wanchun, SONG Youting

Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Abstract The crystals with high quality and perfect property are more and more required following the progress of the information and
biological technologies. Under the gravity field on earth, we have the natural convection, which greatly influences the transport process of
both the heat and the solute as well as the crystal/solution boundary characteristics, and therefore, the crystal quality and property. The
space microgravity environment provides an ideal condition for a pure diffusion crystal growth, to grow perfect single crystals. The space
crystal growth was extensively studied with the microgravity experiments over the three decade in satellite, spaceship, space laboratory
and space station. This paper summarizes the progresses related with several leading crystals, such as semiconductor, special function

crystal, non—linear optical crystal, protein crystal and galley salt crystal.
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Table 1 Space experiments of semiconductor crystal growth

P[] CAT AR LEN KT AR A R
1973-07 Skylab-3"! InSh, Sn:InSb, Te:InSh Bridgmen $14x110/mm
1974-02 Skylab—4"! Ge, Ge:Ga, Ge:Sh Bridgmen $7.9%x90/mm
1975-07 ASTPEM Ge, Ge:Ga, Ge:Sb Bridgmen $10x95/mm
1980-08 Salyut-6!" GaSh Bridgmen $8x39/mm
1984-10 FSLPHM CdTe, GaSh Solution(H) —
1985-11 D1 CdTe, GaSh,InP Solution(H) —
1987-09 CRES-10" Te:GaAs TDM $»9x100/mm
1988-08 CRES-11# Si:GaAs TDM $»9x100/mm
1990-10 CRES-12" Semi-insulating GaAs Floating zone $»9x100/mm
1992-08 CRES-13P Large size GaAs Floating zone $24x85/mm
1993-05 D211 Te:GaAs Floating zone $20x70/mm
1993-05 D-21 GalnSh Bridgmen $14x100/mm
2007-09 Foton—M 316l Mn:GaSh VGF $15%40/mm
2008-01 [Sst Te:InSh Directional solidification $12x100/mm

Project, ASTP ) ; i 7R R ALJEL 6 5 (Salyut—6) ; B ¥ %5 [8] 52 5 %
Il H (First Space Laboratory Project ,FSLP) ; f# [ %5 [i] & 47T
% 1% ,2 %5 (D1,D-2.German Space Mission); H [# 55 10 §i
i& 18] 2 122 (Chinese Recoverable Satellite—10,CRES-10,

[/ ) ; B i 7% (Temperature Decreasing Method , TDM ) ; T EL B J¥
X 4% 7% (Vertical Gradient Freezing, VGF) ; &% i 6 7 5 € MF
(Foton —M3,Russian); E & %5 [B] %5 ( International Space
Station, ISS) .
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Table 2 Characteristic properties of GaSb crystal

R B HHE ERIBEE S HRT 7 4
R /K /(Q-em) /(em?® V'es") HIE/em™ EE/em?
ez 77 1.2x10" 2710 1.92x10'  5x10°
- 300 7.2x107 730 1.19x10"7  5x10°
77 1.0x10" 2000 3.0x10"  6.5x10°
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300 6.1x107 500 2.07x10"7  6.5x10°
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Fig. 1 Temperatures, test steps and specimen’s striations during space crystal growth

(a) Curves of temperature distribution; (b) Experimental procedure; (c) Distribution of striations

2 TiE(L¥E)FMHE(TEE)RERKNREERA .
Fig. 2 Sample of crystals grown in space (upper) E 3 SUBSA Sk 4 Kzl kp

and on ground (lower) Fig. 3 SUBSA furnace with a transparent gradient

region, allowing a side view of the melt.
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Table 3 Summary of the processing results
of SUBSA investigation

FE i s Cl v Gisvs  R/(mm-h) L/mm
SUBSA-01 5.29x10"™ 3.65x10® 3.7x10" 5 2
SUBSA-02 5.23x10"™ 4.22x10®™ 4.3x10" 5 2
SUBSA-04 5.21x10"™ 5.12x10® 5.6x10" 5 2

SUBSA-06 5.28x10"™ 5.12x10® 5.9x10'" 334 >0.1

B 4 22 HhiE A SR A KA B A&
Fig. 4 SUBSA video images showing the seeding process
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B 5 TeinSbZ=HEMEEH Te WEFRTRREE
Fig. 5 Coefficient of the dopant segregation
in Space crystal of Te:InSb
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Fig. 6 Timeline of flight experiment
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Fig. 7 A recorered space ampoule
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(c) Section of space crystal
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Fig. 8 Morphology of Bi:SeqsTe. 7 crystals
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Fig. 9 Temperature dependence of figure of merit

ZT of samples grown in space and ground
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F AT ILR GRS M 8250 5% 4, =R CRES /& Chinese
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VoS IR A 4 ao=TaT05 iy 1A A 25 5 7K e 1 i i A . % 4
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JE LA 1ot 9ok B pHL B2 3 40 R0 V3 V1) 1 B IV 2 45
T RAT B, TR R SR R R A R R TR
i EmEEE T KA TR, Frfm s e 10
JER ., I P T AR [ b T S A 5 A 45 2 S A

F4 o-LilO; REZEEEEHMERKHNREE
Table 4 Experimental conditions and the number of
a-LilO; crystals grown in space

A fi ] e pHME  Chot% FFEECN

JF41 9.28 91.2 5
CRES-11 1988-08  JF42 402 963 4
JF49 754 967 5
JF55 8.79 97.1 9
CRES-14 1992-10
JF56 3.60 97.1 9
DM268 8.10 1026 3
DM269  11.00  101.9 3
CRES=16 1994-07 vio70 12,00 96.8 8
DM271 1200  96.8 8

10 o-LilO; B A= 8 4K LI & =5
Fig. 10 Experimental cells for a—LilOg
crystal growth in space

32 FTEXWHER

W 4 PR, 3 oA S s L2 ok fh 54 B0 R R
Al AR I M AE R T a-TAT0; B, DL 3 Rk S 3 4G
23 0] fE AR RE 54 4, B 11 & M Exp.DM70 B 9 a-LilO;
B IR OAF SR N B AR AR X SRR R R [ 2
ST X SRV E LRk, KT A ) a-Lil0, fhARE
2L 5 S5 MR | DR 5 H T AR S 1 TR IR BT A R &
TR 7 4 R AR K B a-TATO, B A | LGS M 2 B i e
J5 43 A 38950 P O T b THT A A 5 25 TRD R PRRE S A A FL B BOR T
H T AR LT A 1) A K AR AR B L 4 i I B pH



] jcmik

## S 2012,30(02)

42148 3L ZE (Reviews)

Te) 81 7 1) PR

(1) fRMIEZS

25 [R)SE B0 , BUARAE 23 [A) PR B8R b I BR8P AR K1) o
LiTOs B i, LA AU S R 9 T 25 0 22 37 A ffE A A, G ]
1 s, (AAEME &G, BRAERKERAAERIESYS pH
(ELZ IE] (AR B OC ZR ) 5 i A 35 2200 . 5 M IR B 1, 2
[P PRI ey SR AE PR3 ) 2 S R0 e (1 1 A pHL {E ,pH.,, BH &
MR A, RS I THO pH X T a-Lil0; A K
FRAGFEN L2 P Rioon M1 Riooor 22 78 F[000 1000 1|7 1] ) £ K ek
R FRPEARRW AEME S AT, 24 pH=4.02,[0001]F1[0001]
77 ) B A K FRAR A g pHL 38 T 172802,

B 11 M Exp.DM70 HEX i B o—LilO; B & &
Fig. 11 An o-LilO; crystal grown in space
from Exp.DM70

*5 BikH pHENTF o-LilO; E£KEEA M
Table 5 Influence of pH on the growth rate of o—LilOg
crystal grown in space

LR Bk E

pH {[E) Rywory/Rioory pH {IE) Ryooo1/ Ry
3.60 <10 2.10 0.1
4.02 ~1.0 2.30 1.0
7.54 ~30 3.10 2.8
8.10 ~35 4.02 ~3.0
8.79 ~40 7.00 20.0
9.28 >40 10.23 40.0

(2) SRS

it LRC AXER I 5 T b A4 9 A Fl i 50 R 45 4 02 L4
JNEL A RSN 0.1V 1 0.064V, 451 % & 10kHz 31 10MHz, /i
WRE SN =V A, BB 1.0mm?, Kl g R R0, (1) 451
i VR AR i 1 A R E B T LT 5 (2) A F R BCRE A FL g 1
BRI AR 5 (3) MR A AR 5 E ) pH (E AN R
AR 5L A 2% 1) bR G 2R B3

(3) Z&Fi5r 10

A AR i B 2% IR 43 A A B T b s (R A R S R R 7E
X SO L e . 26T AR 80umx80mwm , ¥ i
PRI AE A T 10032 26 R, 24 0.05mm K6 25 52 B 23 1]
i AR i (1) 2% I A L TR TS A

I l | T
4 BARBKMEAEK

TR R R IR AR ik 5 R R RO RR Y 4
TS 4 AR 2 Ml A3 ifp A= i LA B T4 2 0 1 8
I REAN Z eSS IR AN, 259 B2 A (= 24540
BB IR SRS SR 24 B B 0 75 OB T AT X R
F DI RE A A A B T A o FR AT 2 B 4R S5 A i KT
(Y E BB X L AT BOR P77 5 BORF L A G4
AR BESTAE R F R oK I = Y25 M 2 IR 545 Fh 2
) | L 5T 5 A o =2 (6] PR 5 A ) 4 22 () A O R G
BT xR R PRI g R AN A R R e, X
RN T 35 50 BT 5 B AR BB 5, Y At AR 4 He e ik
A7 SR 9 v JoT k(1 R P O AR A T 24 K A3 R 2 A
SERYB, T e T 8 37 T M LA AR A S i B 4
A B KA TR AE A A FE e 2 ) 900 |
41 LIWEZE

F 1984 4 Littke I John £ (B2 )2 A5 R 3£ 25 [ &
P A A R R S 6 25 2R LUK, SE IR R AR 6 PR, H AR A
o [ 22 R B R R R A, R TR ) A5 F R B B A A
ARKBETE . H TR RO A A A A R R A R AT
FG R HR A7 B 1 2 R, DR X S8 06 Al 15 45 i BESR T WA
WFHE G TR fe RATIRAS 1Y S g e o fF 7 i H 3K
(ERRINIBS S i R A= v Eag e B g T R i [T W 1
HAT S5 (52 2 A PR — B B R BILAG AR ME 58 i, AT, 24>
] 2 1 F 9 P A AL B 5 P B S0 R A, 2 A i 5 45 [ R
FHIFEATE A, A5 7T BRI 2 2 16 4 Xy 1) B e, R %%
[ B 1 B4 02 2 Bl 2R 10 (H REAC (1 2B 3% 6 R 742
H ol ih iy TORh S ke &, Horp il . (1) MY HCK & 8
HRAMY B E (VDF;TVDF); (2) ZUREE (R4S M
B (PCAM) ; (3) T 3§ #4h i B (DCAM) 5 (4) Seib 8 A
JR 45 2k B (APCF) 5 (5) -9 HCHK B (LLDF) A K 2% S0 5
BEE BT S WA R 6 I IS 30k,

42 =Z[EXLE

Y24 0k AE T A A M RHR R T E A A AR
RSB 1 OB, T RR R S 21, B R BULA 5L B OB
ZMIE Z—, aE, 58 EBTRL B R A0 W i o B A )
Yy B A T 2 H0> (The Center for Biophysical Sciences and
Engineering, CBSE, at the University of Alabama at Birmingham
the University of Alabama at Birmingham) #&#fii X € HLC &
ik 39 W3R 6 F T 21 AR TRAT SR R AL R A
i . 25 0] 52 5 %5 —1 (Spacelab-1): 3£ [ fiii K K ML (US Space
Shuttle,STS) : [F Br i # 77 5 3 % -2 (International Microgravity
Laboratory—2,IML-2) . & %' i 1 °F- 45 25 [ 4 (Russian Mir
Space Station) ; P45 25 [i] s AL K CHLAAE AT A (STS,
Mir) ; 4 [# 3% [7] 2 LA (Chinese Recoverable Satellite) ; H7 [# #iff
J1 KM (Chinese Shen—Zhou Spaceship,SZ) .

43 ZTHILHHER
(1) W5 BT ik | 25 () 2 1 5T AR AR K 1 B % 2 Littke

53 Il
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*6 ZTHEARREEKTIR
Table 6 Space experiments of protein crystal growth

LR A I ] ffi Mo Hrk
Spacelab-1 1983 VDR 2 2
CRES-11 1988-08 TVDE? 101 3
STS-26 1989-09 VDR 11 4
Mir 1989-12 VDFE® 2 2
CRES-13 1992-08 TVDF## 48 10
STS-62 1994-03 HH-PCAM™! 96 4
CRES-16 1994-07  Re-VDEF# 48 10
LML-2 1994-08 APCF™®! 15 3
STS-63 1995-02 PCAMM 378 9
STS-67 1995-03 PCAM® 378 9
PCAM™ 756 12
STS-73 1995-10
PCAMM 81 3
STS-76, Mir 1996-03 DCAMH 162 9
STS-79, Mir 1996-09 DCAMM 162 11
STS-81, Mir 1997-01 DCAMM 162 6
STS-83 1997-04 PCAMM 630 10
STS-84, Mir 1997-05 DCAMM 162 6
STS-94 1997-07 PCAMM 630
STS-85 1997-08 PCAM® 630 13
STS-89, Mir 1998-01 DCAMM 162
SZ-3 2002-03 LLDF®™ 5 5
S7-8 2011-11 [*] >10

E:VDF: AARF #KE (Vapor Diffusion Facility); TVDF: & X A48 47
# ¥ & (Tube Vapor Diffusion Facility); F b #2 # (HH: Hand Held
Hardware); PCAM: % 18t & @ M4 B E E (Multi—user facility—based
Protein Crystallization Apparatus for Microgravity); Re—VDF: # it & &
A ¥ #EE (Revised Vapor Diffusion Facility); APCF: st & & & 4 &
# & (Advanced Protein Crystallization Facility); DCAM: # & /) 47 # %5
K & (Diffusion—Controlled Apparatus for Microgravity); LLDF: #&—i&
¥ #E & (Liquid/Liquid Diffusion Facility).

[¥12011 4 11 A 18 B (F3aF4) 3k £ 4Rik: 4T, K # 4"

H1 John™ flLAT] AW 58 H bR R AE B 40 T, B K B3
WY B (B—galactosidase ) Fli% 1 B (lysozyme ) T F B A, B
Pl AT T A TR T SR R AR 0 R A RS R KR
M TRLAE R AT ELS 0 R RIS B LM Y K
27 A% ¥ B K 1000 £, AATTHR 5645 A8 w] TR,

(2) & % #r Strong Fll Stoddard 4§ #5 38 1 5 =5 8] v T
1989 4F 11 H 2] 1990 4 2 H 58 5 T 56 KA J& I 2 [a] 52 5
AT 1 2 TB) A ot 2 o X0 AR O I A DL R, A B) S
(1 B 2 A AT 528 ) il 2 B 18 5 0 R AR 1 R AR R
SRMFRBESR , SLEGZE F AR, A% (R b TR B A A LA IR
BSHGE G T E OB ARA K 28 B RE & L AR R
K B, MATE LB A A E R AE RE S
b TET AR 5 AN [ B0

(3) Koszelak 55 T* 1994 5 B E Prig & 158 % 2 5
(IML=2)fft F BRI 2 18] Js BF il (19 APCE & SR FH - #K

54

FikERK T )] G AR (Canavalin) A % 8 (STMV ) #1598
MR AR T (TYMV )55 3 A (1 BT i, i ulees), 7]
TR RN TE 5 8 MR GO R TE S A B TP A KB SR W
FWE 5 STMV 945 S R 27 A X ey i 4 i e
25 (AR b (R AT 559 0 o 10 35 O T b TR o o ) 12 AR
) S0 % o A K R BRI B A AR A B A B R 2R
R ) SR E M ;C,D R AR IALN 5 55 £ F J2 96 55 B ik

LRI sl

(a) EEETNESBRER
(a) Canavalin in

(b) RATNEEBER
(b) Canavalin in hexagonal
rhombohedral

L

(c-d) LA EEN RS
(c—d) Satellite tobacco mosaic virus in cubic, STMV

(e-f) EEEMRERS
(e—f) Turnip yellow mosaic virus in hexagonalbbipyramical, TYMV
12 ERMEAXBREPERKNEARMFESER
Fig. 12 Crystals of canavalin and virus grown on
International Microgravity Laboratory

(4) S [T 7 T 5 R = AF B 4 o0 A 26 0 0 B A T v s
¥4 25 ] S 6 45 SRl 2 WD, SR T 2 AR A T AR A R R
DLBTER T B A, Al T3 5 X A 5 2 A BoR M 1), =5
(A1 ARE fs B4 2 0 38 LG L TRTRE 42 5 0.05—0.15nm, 18 3 4k 25
AT A0 23 M7, 30 2 B 22 18] A iy )9 S5 06 % 3 58 ek ] 7l Dok
i, ZT AL AT T 5 WL AL BEIE B, BIS F 58 69
AL L SCRF T AU AT A 2 [l S92 36 25 SRES1,

(5) Rk Bt A Wy W BT 5 B £ 28 o T o] X T A2
P R SE R T RO ZS ) SE 5 AT B T AR R A
KT ZRE A BRI S EE AR L
FULH I 2R R Rk BRI A R R R BRI 41
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ANPET] GLEREE AR A o A ATT A 25 T81 A0 3 T RF il B X R S0 45
SRALRI 2 a) PREE b A R 2R B A, RO B R

,Tjg DDLI {ﬁ‘lﬁ. iff "%“[41 42 <44<4’7<495)‘52]O

5 BREHZEREK

2011 4F 6 H, % T 5 Al 9 B+ A 1E & & 3 “NaCl
i VR R PR S A T IR S, MR A T B AR AR 9 A ) AR RS K
T A AR I 25 SR, G S0 A R A T AR [ PR S fa)
(I8S) L JT S i i 25 T s Rl A KM F 92 15 .

(1) FE B2 R 555 6 4tk 72 it i Donald Pettite , fiff F b 21
I W AR GE Ay, SRBUKE W ZE K7k, T 2002 4F 11
A —2003 4= 05 A #A[E], b5 s T NaCl S B K S0
13(a) o T AATT4E R A ot G = i ok &5 25 . 122
i ok A2 0.6mm REEE, i B ELA% S0mm 119 45 JE
R H F BRI R 300pum AYZKTE 78 BUR (5—T7d) K i) A4
KB, B T K28 & T3 2N W kb K 2K 5 B2 25 4 200—
700pm Z (A5 4L, B 13 (b) s T8 =R S7 5 B 25 B NaCl i
KR L.emm,

-

(@) ZHKRE R
(a) The crystallizer

(b) #t=H4k 32 77 7 %589 NaCl B4
(b) NaCl crystal in hopper cube
13 ZERE B K =iE NaCl &

Fig. 13 Space crystallizer and NaCl crystal grown in space

(2) NaCl A 1) 45 46 J& 57 05 b &, A — S 2007 19
SR, 38 6 AT AR D WA A () 4 A RN T SR R R 7S ) A
T 5 AR i 1) ML 2500 ) 2 0=5.6418 A Fil 5.6402A | Ho¥ i
FETEVRZEVU IR P o F A A 25 1R R b TE 5 A R i 14 45 b A A
I il 2R IX )1l

(3) FERAEE S1 o 10%g 44T, ZE K 9 NaCl ik, 5 48
ROFRRIEAS (111 fhke 1 1 B TR, Wnl&l 14 (a) i
N FEHLTN A K NaCl S AIE W 14 (b) IR . X 2 08
SRR B 7R 23S () Rt TAE AR T IR S AN T

(b) HIE&EK
(b) Grown on ground
14 NaCl B ERNEKES
Fig. 14 The morphology of NaCl crystal

(a) =@ EK
(a) Grown on space
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(4) AT WA 3, 46 R s 2 T R AT R 2 IR 4
FERMIEEANT, RSP S e KT B A28 PRI R ik
6pm, WA 15 iR,

f .. A ‘vf(-" .'
(a) MALEERE
(a) The inclusions in the

(b) ZHERETHERGES
(b) The morphology of inclusions

diagonal line on different levels shown in a 3D microscope

15 =@ NaCl BB EE
Fig. 15 The inclusions in NaCl crystal grown on space

6 TRARKEKHEARIS

WEWE]FH P TR 25 B REE 0 FR SRR ) R A LK
W25 AR G R AR IR R T IECRE g, X R R K R
KA, B AR S [ R BEAR B 2 E AR LI R ZS R S B o 4k £
BOIF I IR AR 2 6 A RAR (22 () 296 25 ) N S8 . iR T
TR HE A H A R AR s M S = B, N 2R
FE 0 S Aoh R g DR 2R LA A AR G S F L DR, 2T 5 L
5 ) AR A A PR R B ) A N SE B gk s ]
AR R B AR S B2 1 & T B AN i KR
KR,

20 28 70—90 AFEAR , A h) A AE K B 5 T A TR R
% M H R EEBATRE A W kR A
WL R B4, 25 18] G AR 2R KR SOS BF g 22 B B R T 2 &R 40
M 2s ML ARSCFR 6 RS T 21 kA [ 2 i iR A K
SEE, HRAE 70—90 A A SE A M 3L 19 Wk, 5 BB
90%; AR 1 I 14 YOk SR R AR 2 L g X
— A 58 B S 3 A 7 B 85.7%, iEA 21 22 Sk 10
AR AR A ) SR W OB I s b, A T R A L
— Bt 95 4 TR CHLZE AR A, R 2011 4T A 45
L RATHER R D BRAIC T A ) S AL L Py
16 A 2 4% ¢ it 1) [ B 25 [ ol 2 A2 o8 i, 6 1 ik L H
AFAME 23 Jry B 1 6 A5 ) SE G A, BT SeE dE AE 1T AR
Ao B BR2S 0 B K0 & 2 o — A KA B, He A
TN By as () 1 0S80 25 5L A5 BB # T 4L, 4 2
RFY EIER LRI E], H9 s AT I (] 4508 1—2 4F 5
3—54F, AT A RILFW SHKEZ ML LERE,

A REAR, BRE LA 3 e, fHE
BA SRS “RKE—5" BT 201149 H 29 H A&
BB G 25T, 2 D RN K A R S 5
B Z W Bt i A B B e o SR R AT A B bR R 2
Siuy . P E PR A E 2 L TR A B R iR K
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%, B4 EER BB — IR, 2 2020 4F LS, FE PR 2 [E
AR A, v DR R AR 2SI BRSO s v —ia
A7 B0 2 i) ol 2 v R R AR 2 R BT PR AR O T
7 (i) iy A A A R R T SR OB R AROROR 2 U LR LT
RATF RIS

(1) BEFE 0T 3 HERRAI 58 RR A58 007 1) S Jig - Sl
FEH) F AR A TRER 25 (0] PRE o iy A 2R Y s B 7k AL
L ARAT PR 0 A5 /R0 5T S o AR BB AR, R B
N A E O O R e AR VAN e S L LN )
B, D9 BT HOR FME B HR Y K SR AT 2R

(2) ik iR I AE R A AR LMt i R
T ity AT e S s 0] A AR K S B A TR 5 T 1] 2R Gk L
A BRI 50 B 34T 28 M, 2 (0] 77 AL R R Ak Y 5% 4 B AR
AT T

(3) AW ZS [ iy AR R S0 A o PRI AR S92 O O ) R
S0 IO P P R T R s T AR A RS B T B S e 2R
P o [ E AIE ) R 2 i) 52 96 3 I B, BE A A4 ) i
AL E A L , Bl of TARE L A, T RIIk,

(4) TRATT R o HE P A S g BT 5, 25 (W] S B2+
oy SR AL QR A A A FUA 7 M T TR A 3T R R
TE NS B0 AT 58 A" A7 AT BE F0 s 8] 52 58 (9 A
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