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Establishment of crystal growth method of silicon clathrate aiming at creation
of innovative silicon substrate

Morito, Haruhiko
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In this research, we developed the "metal flux method" as a new crystal
growth method for Na-Si clathrates expected as a next-generation functional material. By using tin
(Sn) as metal flux, a mixed solution of Na, Si and Sn was prepared, the single crystals of Na-Si
clathrates could be obtained via evaporation of Na from this solution. In addition, we clarified
that the cage structures of clathrates changed depending on the synthesis temperatures, and crystal
growth conditions of type- and - with different crystal structures. Furthermore, we succeeded in

synthesizing new clathrates in which a part of Si was replaced with Ga.



Si LSl

Na S Na-Si

Na

Si 1965
Kasper

b Type Il, Na,Si; 3 (x = 0~24)

Type |, NagSizg

J. S Kasper et al,,

Science, 150 (1965) 1713

Na48i4
S
Na-Si
S
Na
Compd. 480 (2009) 723
Na Sn
S
Na Si Sn
Na-Si
Na
Na-Si
Sn=6 2 1
Na
Na-Sn 2-
Sn
2 723 873 K
Na
Na
Na Na
723K 48h
185 % Na
Na-Si S
Si Na48i4
723 K
Na 96 h

Na-Si

Na-Si

Na

31.6%

Na@Siyy
o9
cubic, Pm3n _
Na@Si,g cubic, Fd3m
1NaS Typel I
Si H. Morito et al., J. Alloys
Si
Sn
Na-Si
Si
Na S Sn Na S
723 923K, 3 216h,10°Pa  Ar
Na
100 T T T T
823 K
80 873K . 773 K al
g [/ -
w S e
S ‘. P & Si+Typell |
z ‘,’,’ p ped A Typell
20 HI ¥ o A Typell+1
W e e Typel
e X no crystals
O N 1 1 1 1
0 50 100 150 200 250
NNEAEFRE (h)
2 Na



216 h 57.7% 723K 216h Typel
NagSi6 1.5mm
773 K Na 723 K 72 h Na 53.3%
3(a) 5x 3x 3mm mm
Typel {110} 120 h Type
I pm pum Si
823K Na
12h 348% 24h 63.3% Na ;
24 h Typel Type #
I {111} 1 mm '
Type Il NaxSiizs
873K 9h Na
51.2%  Typell 3(b)
2mm Type Il .
923 K 3h 3(a) 773K, 72h (b) 873K, 9h
20 50 um Si NaSi
SPS thermal  decomposition 723 K Type |
823 K Typel Type ll 873 K Type Il
S. Stefanoski et al., Cryst. Growth Des. 13 (2013) 195 Typel Typell
150 um 250 pm Na-Sn-Si Type |  Type Il
723 K Type |
773K Typell
Sn Na:S:Sn=6:2:1 1173 K Na
NausSns NaySia 723 873 K Na
Na-Si
Na
Na-S Na Na15$n4 Na48i4
371K 681K 1071 K H. Morito et al., J. Alloys Compd. 480 (2009) 723 723 873K
Na NasSns  NaSn NasSis Na-Si
Na,Si, 10* 102 Pa
10° Pa 723 873 K NasSis
Na-Sn NasSis Na-Si-Sn Na
Na-Si
05 h
10° Pa Na-Si-Sn Na 723 873 K
9 216 h Na Na-Si
SPS
Si Ga
Na-Ga-Si Na Ga Si=4 1 2 6.02 mmol 773K 6 12h
Si Ga Type |
12 h 2 mm
XRD Pm3n
a =1.03308(3) nm  Typel Ga
Siz Si/Ga3(6c)
15h Typel Si
12.04 mmol  NaGaSi 773 K 21 h
2 3mm Typel
EPMA
Na:Ga:S 80:5.7:40.3 Type
I NagGae 7Si40.3
Na-Ga-Si Sn
Ga Na-Ga-Si
Na-Ga-Si Type |
P 5 NagGas 7Si403 =
NagGau 9Siar1 NagSiss 4 NaGaSi
Na-Ga-Si Typel (Na Ga Si=4 1 2
773K,21h
NagGas7Sisos  NagGasoSiara Na-Ga-Si
300 K 1.40 mQ- cm



0.72 mQ- cm Ga T T T T . .
N335i46 '
0.24 mQ-cm at 300 K =
NaeSizs Na S &
4 S éQ
3 Ga Na a o
5
W
K
Na
St Ca
"0 50 100 150 200 250 300
BE TK)
5 NaSi Na-Ga-Si
4
Hironao Urushiyama, Haruhiko Morito, and Hisanori Yamane, Single crystal growth and structure
analysis of type-l (Na/Sr)—(GalSi) quaternary clathrates, RSC Advances, , Vol. 9, 2019,

pp.14586-14591. DOI: 10.1039/c9ra01489f
Hironao Urushiyama, Haruhiko Morito, Hisanori Yamane, and Masami Terauchi, Na-Ga-Si type-|
clathrate single crystals grown via Na evaporation using Na—Ga and Na-Ga-Sn fluxes, RSC Advances,
, Val. 8, 2018, pp.40505-40510. DOI: 10.1039/c8ra07971d
Haruhiko Morito, Masashi Shimoda, Hisanori Yamane, and Kozo Fujiwara, Crystal Growth
Conditions of Types I and II Na—Si Clathrates by Evaporation of Na from a Na—Si—Sn Solution, Cryst.

Growth Des.,, , Vol. 18, 2018, pp.351-355. DOI: 10.1021/acs.cgd.7b01342
Haruhiko Morito, Masashi Shimoda, and Hisanori Yamane, Single crystal growth of type | Na-Si
clathrate by using Na-Sn flux, J. Cryst. Growth, , Vol. 450, 2016, pp.164-167. DOI:
10.1016/j.jcrysgro.2016.06.031
12 |5
, , , Na S
, 46 JCCG-46 , , 2017.11.27-2017.11.29

Haruhiko Morito, Crystal growth of Si based on the Na-Si binary phase diagram, 14th International
Conference and Exhibition on Materials Science and Engineering, Las Vegas, USA,
2017.11.13-2017.11.15

Haruhiko Morito, Single crystal growth of Na-Si clathrates, The Collaborative Conference on
Crystal Growth (3CG), Berlin, Germany, 2017.8.7-2017.8.11

Haruhiko Morito, Crystal growth of Na-Si clathrates by the flux method, the 10th International
Conference on Emerging Materials and Nanotechnology, Vancouver, Canada, 2017.7.27-2017.7.29

Haruhiko Morito, Masashi Shimoda, Hisanori Yamane, Crystal growth of Na-Si clathrates from a
Na-Si-Sn melt, The 9th Pacific Rim International Conference on Advanced Materials and Processing,
Kyoto, Japan, 2016.8.1-2016.8.5

(€D)
YAMANE, hisanori
SHIMODA, masashi

Urushiyama, hironao



