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Fig. I-1. '_schematic diagrém of apparatus ﬁorlgas evapora-
tion technique. B; Evaporation chamber (about
20 liters), N; Window, L; Liquid nitrogen trép,
C; Device for specimen.collection, W; Evapora-
‘tion source, E; Power supply for evaporation,
P; Vacuum gauge, V; Valve, M; Maﬁometer, R;

Regulator, G; Gas bomb.
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Table I-1. Evaporation conditions

Metal Purity (%) Evap. source Evap. temp. (°C) Ar pressure(Torr)
Fe 99.99 W boat 1850-2000 10-30
99.9 Burning out === ===~= 20~50
Nb 99.9 W wire 2500-2600 15-50
Burning out @ ====- 15-50
Ta 99.5 Burning out = —=~--- 5-70
Cr 99.999 W boat 1950-2300 3-70
Mo 99.9 W wire 2600-2800 20-40
Burning out @ e=e=- 45
w 99.9 Burning out ———— 10-50
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Table I-2. Colour of the light emitted from
the neighbourhood of the evaporation source.

Metal Emitted light
Fe Green*

Nb Blue

A4 Purple

Cr. Green*

Mo Yellowish green
w Blue

* For Fe and Cr, orange light forming a ring
outside the green region was observed. A
radius of the ring was about 0.8cm for Cr
smoke at T=2000°C and p=20Torr.
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Fig. I-4.
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(a)
Electron micrographs of Fe particles taken along
the [100] direction. (a) Truncated rhombic dodeca-
hedron with'sharp edges and corners (R = 58 %),
(b) That with rounded edges and corners (R
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I-5. Distribution of the truncation degree for

rounded truncated rhombic dodecahedra of Fe.
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about 61 %.

— 19 —



5 TVWEe 20nmKEAKT0 g o B iR HEE T hE.
Figuns I= 612 ntinmediae gons o sman. part (inmon gome
MBL) thn K& ARy eRT VALY - BB
RGEETRET R I b on ?'ﬁ)’ﬁ@dﬂllfow‘; %o BRI
Fout, tofBa@Ry hEEM BB BT L
r’ok . Rk o 3Fit iz Fg. I-7 k70 Cdtnde
ENEEE . RPN L% c Rby o ie L B onbomenne
30 & onmen pak Cpo VKRB LB FHBRFIC R=
59-63% o YRuBEICRS h2 v 3 b v SEEATA 4R
Eohk, 2o FTR B s BLHONER=S57-62F ¢

a Ha
qf

"

80 "
£ P
Sl 8 BN A . @
50

AOJ-
o . . 4
50 100

particle size (nm)

Fig. I-7. - Plot of R vs. particle size for V particles

" grown in the inner part of the iniermediate zone
(@), in the outer part of the intermediate zone

—

(O) and in the outer z'qne (A). T = 2200 °C,

p = 22 Torf.

20



WH{H s - L2 wde a8 o1 34 1HrE 0 TBUSRD
ST o s Jou c AR T 383 12 Fig. I- 7 2&sh
203N RREIEO DS FOT 1ithR > 1B L7 v .

3.2.3 M
72725 M ERB e 2 {t8 s 2 Mh RS 7B AREY

1OnmTh>Te 4h s o554 53 8003 a B+ = Ok FEE
TR (Fg. I-8@) t ¢, 2 v 35, ERribeBoRE T 273
Po>Fe TRA- N 9- a8 d R 033920003 nen 24 c.c.
BETHI e R L. ZalBaB#E o NbHALY ¥ 2 3k S
25h 2w BIRM 033007 non 9L 27 B K w o Nb i B
o RRDAEEA3 83 BEK 033775 am (42 alom- T
BE) 12Kt ARRET 2 wdo Lo ABB 47
A} bl B2tk - B Bror e, 2RAT2 R BT
3. REOBIB N 7 08 o BT A BT 717 8580 » ABIAFTL
1w eI h 3l S MBI RBrAT S
Y XN ﬁJw}iE Th AR CBET L0 TH.
s ROR - BRI S mn IBA GBEBANT 1T 3K
T3NS THD.,
ZT7EH QIR L) (FRHTA R ) s B8 S

21




Fig. I-8. Nb particles, bcc structure.

Fig. I-9. NbO particles.
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Fig. I-10. Ta particles, bcc structure.
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Fig. I-11. (a) Cr particles grown in the inner zone. T
2000°C, p = 30 Torr and D = 5 cm. (b) Debye

pattern, showing only @ ~Cr.
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(a) (b)
Fig. I-12. (a) Cr particles grown in the intermediate zone.
T = 2000°C, p = 30 Torr and D = 5 cm. (b) Debye

pattern, showing o-Cr and a little 8-Cr.



(a) (b)
Fig. I-13. (a) Cr particles grown in the outer zone. T =
2000°C, p = 30 Torr and D = 5 cm. (b) Debye

pattern, showing 6-Cr and a little o-Cr.
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(a) (b)

Fig. I-14. (a) Cr particles grown in the outside region of

the outer zone. T = 2000°C, p = 30 Torr and D
= 5 cm. (b) Debye pattern, showing only 6-Cr.



A-15 Type

Fig. I-lG.

o

e

&

Fig. I-15. A-15 type structure.

(a) (b)
Schema of Debye pattern for (a) éfCr(A—lS type)
and (B) a-Cr (bcc). The width df'eaéh ring is
roughly proportional to its intensity. Reflec-
tion without asterisk in' (a) are forbidden but

may be excited through double reflections.



(a) (b)

Fig. I-17. (a) Cr particles grown in the inner zone. T =
2000°C, p = 20 Torr and D = 1 cm. (b) Debye

pattern, showing existence of §-Cr besides o-Cr.
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(a) (b)

Fig. I-18. Vacuum-deposited Cr film on SiO at room tempera-
ture. Mean thickness is about 1 nm. (a) Micro-

graph, (b) Debye pattern, showing only halos.

(a) (b)
Fig. I-19. Vacuum-deposited Cr film on SiO at room tempera-

ture. Mean thickness is about 10 nm. (a) Micro-

graph, (b) Debye pattern, showing only bcc.
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(a) (b)
Fig. I-20. Vacuum-deposited Cr film on SiO at 600°C.

Mean thickness is about 2 nm. (a) Micrograph,

(b) Debye Pattern, showing A-15 type.

L T L e ——

b PRI
¥ a4

AR

(a) (b)
Fig. I-2l. Vacuum-deposited Cr film on S8i0 at 600°C.

Mean thickness is about 10 nm. (a) Micrograph,

(b) Debye pattern, showing bcc and a little

A-15 type.
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(a)

(b)

Fig. I-22. (a) Cr particles grown in the intermédiate zone.
T = 2250°C, p = 15 Torr and D = 5 cm. (b) Illus-

tration of crystal habit for the particles shown

in (a).




50nm
-
(a) (b)
Fig. I-23. +(a) Cr particle transformed from A-15 type to
bee structure. (b) Correspondingrdiffraction

pattern taken along the [100] direction for

bee.

50nm
P

(a) (b)
Fig. I-24. (a) Cr particle transformed from A-15 type to
bec structure. (b) Corresponding diffraction

pattern taken along the [001] direction for

bece.
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50 nm

(a) (b)
Fig. I-25. (a) Cr particle transformed from A-15 type to
bee structure. (b) Corresponding diffraction

pattern taken along the [I21] direction for

bece.
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(a) (b)

Fig. I-26. (a) Mo particles grown in the inner zone. (b)

Debye pattern, showing only bcc.

(a) (b)

Fig. I-27. (a) Mo particles grown in the outer 2zone,

(b) Debye pattern, showing A-15 type-and bece.
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40 nm

(a) (h)
Fig. I-28. A-15 type Mo particle of rounded cube.

(a) Micrograph, (b) Corresponding diffraction

pattern taken along the [001] direction.

40 nm

(a) (b)
Fig. I-29. A-15 type Mo particle of {211} icositetrahedron.
(a] Micrograph, (b) Corresponding diffraction

pattern taken along the [001] direction.
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40 nm

(a) (b)
Fig. I-30. A-l15 type Mo particle of {211} icositetrahedron
truncated by {100} and {210} faces. (a) Poly-
hedron projected to the [001l] direction, (b)
Micrograph, (c) Corresponding diffraction

pattern taken along the [001] direction.

40 nm

I——

(a) (b)
Fig. I-31. (a) Mo particle transformed from A-1l5 type to
bec structure. (b) Corresponding diffraction

pattern taken along the [110] direction for bcec.
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Table I-3. Electron diffraction data for Mo particles.

Observed A-15 type structure¥* Bcc structure**
Intensity S8pacing(nm) Index &pacings (nm) Index Spacing(nm)
M 0.252 200 0.251
vs 0.2247 210 0.2241 110 0.2225
M 0.2047 211 0.2046
vw 0.1771 220 0.1772
vw 0.1673 300,221 0.1670
8 0.1573 310 0.1584 200 0.1574
vvw 0.1510 311 0.1510
w 0.1444 222 0.1446
M 0.1394 320 0.1389
M 0.1337 321 0.1339
8 0.1285 - ——— 211 0.1285
w 0.1247 400 0.1253
w 0.1215% 410,322 0.1215
w 0.1180 411,330 0.1181
vw 0.1147 331 0.1150
w 0.1119 420 0.1120 220 0.11127
w 0.1091 421 0.1093
vv 0.1068 332 0.1068
w 0.0994 - ——— 310 0.09952
w 0.0984 510,431 0.0983

. a = 00501 nm.

** ASTM card No. 4-809.
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Table I-4. Electron diffraction data for W particles

Observed A-15 type structure¥
Intensity Spacing(nm) ‘Index  Spacing(nm)

M 0.255 200 0.255
Vs 0.228 210 0.228

8 0.2080 211 0.2078

w 0.1469 222 0.1469

w 0.,1413 320 0.1412

M 0.1359 321 0.1360

w 0.1270 400 0.1273

w 0.1110 421 0.1111

* a = 0.509 nm
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(a) (b)

Fig. I-32. (a) W particles, (b) Debye pattern, showing A-15

type.

(a) (b)

Fig. I-33. (a) W particles annealed at 700°C, (b) Debye

pattern, showing bcc.
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Table I-5. Crystal habits and structures of bcc metal particles.
Metal Crystal habits Crystal structure
Fe Truncated rhombic dodecahedra (0-60%)* Bcc
Nb  mme=- Bcc
- Y — Bce
v Truncated rhombic dodecahedra (60-80%) Bee
Cr Truncated rhombic dodecahedra (70-~100%) Bece
Rhombic dodecahedra A-15 type
{211}icositetrahedra A-15 type
Mo Truncated rhombic dodecahedra (0-60%) Bce
Rounded cubes A-15 type
{211}icositetrahedra A-15 type
W Rounded cubes A-15 type

* Figures in parenthesei show the degree

46
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Fig. II-l. Smoke of Si particles in Ar gas. T = 2000°C, p =

10 Torks

Fig. II-2. Smoke of Ge particles in Ar gas. T = 1700°C,

p = 20 Torr.
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Fig. II-3. 8i particles grown in the intermediate zone.

T = 1900°C, p = 7 Torr.
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(a)
Fig. II-4. (a) Micrograph of a Si particle, (b) Diffraction

pattern taken along the [100] direction.

(a) (b)
Fig. II-5. (a) Micrograph of a Si particle, (b) Diffraction

pattern taken along the [110] direction.

(a) (b)
Fig. II-6. (a) Micrograph of a Si particle, (b) Diffraction

pattern taken along the [111] direction.
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Fig. II-7. Clinographic projection of {311} icositetrahedron

truncated by eight {111} faces.

LOOIJT . o .
004
. .
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— . . .
010 000 040
. .
. . .
(a) (b)

Fig. II-8. (a) Projection of the truncated {311} icositetra-
hedron to the [100]) direction, (b) Corresponding

diffraction pattern.
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(a) (b)

Fig. II-9. (a) Projection of the truncated {311} icositetra-
hedron to the [110] direction, (b) Corresponding
diffraction pattern. White circles indicate
forbidden reflections for diamond structure

appearing due to double reflections.

(a) (b)
Fig. II-10. (a) Projection of the truncated {311} icositetra-

hedron to the [111] direction, (b) Corresponding

diffraction pattern.
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Table II-1l. Crystal habits of Si and Ge Particles

Element Category Crystal habits Twin planes
Si {311}icositetrahedra truncated by {111} none
Twins on (111) after the spinel law Oone
Ge la {311}icositetrahedra* none
1b Twins on (111) after the spinel law one
2 Truncated pentagonal decahedra five
(multiply-twinned particles)
3 Truncated triangular bipyramids one
4 Triangular or hexagonal plates several
5 Rods one or more

* A few particles are truncated by eight {111} faces as for Si particles.
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Table II-2.

Electron diffraction data for germanium particles

Observed Tetragonal unit Diamond struc-
cell 8 ture
Inten-  Spacing
sity (nm) Index Spacing  Index Spacing
(visual) (nm) (nm)
M 0.537 100 0.537
S(broad) 0.457 101 0.461
002 0452
vw 0.380 110 0.379
vw 0.346 102 0.346
S 0.3268 - - 111 0.3267
M 0.2919 112 0.291
vw 0.268 200 0.268
M 0.2569 201 0.257
vw 0.242 210 0.240
vw 0.231 211 0.232
202 0.231
vw 0.213 212 0.212
S 0.2000 203 0.2004 220 0.2001
w 0.1858 221 0.1857
S 0.1791 300 0.1789
M 0.1704 - - 311 0.1705

8) 4 = 0.537 nm and c = 0.904 nm.
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Fig. II-11. Ge particles grown in the outer zone at various

evaporation temteratures and argon pressures.



Fig. II-12. Clinographic projection of {311} icositetrahedron.

(a) (b)
Fig. II-13. {311} icositetrahedron of Ge particle.

(a) Micrograph, (b) Diffraction pattern taken

along the [100] direction.
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(a) (b)
Fig. II-14. {31l}icositetrahedron of Ge particle.

(a) Micrograph, (b) Diffraction pattern taken

along the [I12] direction.

(a) (b)

Fig. II-15. {311} icositetrahedron of Ge particle.
(a) Micrograph, (b) Diffraction pattern taken

along the [iiI] direction..
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L0011 (113)

Fig. II-18. Illustration of the pentagonal decahedron trun-

cated by {311} faces.

(a) (b)
Fig. II-19. (a) Illustration of the truncated pentagonal
decahedron seen from the [110]’direétion. (b)

Corresponding diffraction pattern.
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110l

/75"
(a) (b)
Fig. II-20. Model of multiply-twinned particle.

(a) Geometrical assembly of five teﬁrahedra,

(b) Pentagonal decahedron.

(a) (b)
Fig. II-21. Multiply-twinned particle of Ge with a misfit

(indicated by an arrow) along a twin boundary.
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Fig. II-22.

(a) (b)

Multiply-twinned particle of Ge with a misfit

(indicated by an arrow) at the center of a

constituent tetrahedron.

Fig. II-23.

Dark field image of multiply-twinned Ge

particle, showing characteristic contrasts

of dislocations at interwvals of about 6 nm
(indicated by arrows) along the misfit at
the center of a constituent tetrahedron.
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100nm

——

(a) (b)
Fig. II-24. Truncated triangular bipyramid of Ge.
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200nm
———

|

Fig. II-26. Rod-like particle of Ge. Dark field images, A
and B, are taken using the diffraction spots, A

and B, indicated by white circles, respectively.

(a)
Fig. II-27. (a) Ge particles grown in the inner zone. (b)
Debye pattern, s lonal rings other
thar se ¢ . ctur Rinés
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100

Comparison between observed and calculated diffraction

II-28.

Fig.

patterns for Ge particles.

diamond structure,

Top

Middle: observed pattern,

Bottom: calculated from the unit cell, a = 0.537 nm

and ¢ = 0.904 nm.



Figt II_290

Fig.

II-30.

(a) (b)

(a) Ge particles grown in the inner zone in

a mixed atmosphere, Pay = 20 Torr and Doy

0.4 Torr. (b) Debye pattern, showing only

diffuse halos.

(a) (b)

(a) Ge particles grown in the outer zone in

a mixed atmosphere, p, = 20 Torr and P_;. <
Vo9

0.4 Torr. (b) Debye pattern, showing diamond

structure.
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The crystal habits of diamond structure studied by various investigators; the sequence of the forms in the order of their appear-
ance

Authors Sequence Remarks

Experiment i

Wolff 111}, ?ooi, {311}, {110}, {310} Si from Sil4 and Ge from GeCly
Nishizawa et al. 111}, Si from SiCl,

Vanden Brekel - {111}, {311}, {110}, {100}, {211} Si from SiCly

Booker et al. 311}, Pu} Thermal etch pits on Si

Present results 311}, {111} } Si and Ge, gas-evaporation

Theory

Donnay et al. n 1}, {l 10}. }31 l{, ?00} Crystal planes of high reticular density
Stranski and Wolff {111}, {100}, {110}, {311} Crystal planes of low surface energy
Hartman et al. {111}, {110}, 311}, {100} Periodic bond chain vectors
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Electron micrograph and Debye pattern of Pt particles.



1)
2)

3)
4)

5)
6)
7)
8)
9)

10)
11)
12)
13)
14)

15)

16)

17)

18)

19)

% X K

R. Uyeda: J. Cryst. Growth 45 (1978) 485.
K. Yamauchi, S. Yatsuya and K. Mihama: J. Cryst. Growth
46 (1979) 615.

TR EZEEE: ARYE 10 (19%64) 112,

B %S : BHHARYARLS "BRHEI ' T7rR#eT-

(1975) 76.
fEREX: ipid. (1975) so.

A. H. Pfund: Rev. Sci. Instr. 1 (1930) 397.

tedz, &ARB: RAHE 12 (1749 %

R. Kubo: J. Phys. Soc. Jpn. 17 (1962) 975.

BERE ARE-: BRARNAELS BRI Tr%
ZHtev9- (1475) 31

M B ibid. (1975) 29.

B ®i—%: ibid. (1975) 31.

R :E: ibia. (1975) 37.

TEME: ibia. @o75) 57.

K. Kimoto and I. Nishida: J. Phys. Soc. Jpn. 22 (1967)
744.

I. Nishida and K. Kimoto: Thin Soild Films 23 (1974)
179.

I. Nishida: J. Phys. Soc. Jpn. 26 (1969) 1225,

J. Forssell and B. Persson: J. Phys. Soc. Jpn. 29
(1970) 1532.

RANS: BAGATAR # (1972) 119

N. Yukawa, M. Hida, T. Imura, M. Kawamura and Y. Mizuno:

Metall. Trans. 3 (1972) 887.



20)

21)
22)

23)
24)

25)
26)

27)
28)

29)
30)

31)
32)
33)

34)
35)

K. Kimoto and I. Nishida: Jpn. J. Appl. Phys. 6 (1967)
1047.

Y. Fukano: Jpn. J. Appl. Phys. 13 (1974) 1001.

K. Mihama and Y. Yasuda: J. Phys. Soc. Jpn. 21 (1966)
1166.

S. Ino and S. Ogawa: J. Phys. Soc. Jpn. 22 (1967) 1365.
T. Hayashi, T. Ohno, S. Yatsuya and R. Uyeda: Jpn. J.
Appl. Phys. 16 (1977) 705.
S. Ino: J. Phys. Soc. Jpn. 27 (1969) 941.

S. Yatsuya, S. Kasukabe and R. Uyeda: Jpn. J. Appl.
Phys. 12 (1973) 1675.

S. Kasukabe, S. Yatsuya and R. Uyeda: Jpn. J. Appl.
Phys. 13 (1974) 1714.

Y. Saito, S. Yatsuya, K. Mihama and R. Uyeda: J. Cryst.
Growth: 45 (1978) 501.

tBR=: @

C. G. Grangvist and R. A. Buhrman: J. Appl. Phys. 47
(1976) 2000. |

G. -H. Comsa: J. de Physique 38 Coll. C2 (1977) C2-
185.

R. W. G. Wyckoff: Crystal Structures (John Wily &
Sons, New York, 1965) 2nd ed. Vol. 1, p.42.

H. Hartman, F. Ebert and O. Bretshneider: 2. anorg.
Chem. 198 (1931) 1l1ls.

N. J. Petch: Nature 154 (1944) 337.

H. P. Rooksby: ibid. 154 (1944) 337.



36) Von T. Miller, A. J. Hegedus, K. Sasari and J.
Neugebauer: Z. anorg. allg} chem.'ggg (1957) 288.

3) ¥AB. ABEZ. Avmi: BAWEEA /9754
kodA A% i

38) K. Kimoto, Y. Kamiya, M. Nonoyama and R. Uyeda: Jpn.
J. Appl. Phys. 2 (1963) 702.

39) E. Gelhart and R. Rothenbacher: 2. Mettallk. 54 (1963)
443. |

40) M. G. Lagally: Surface Physics of Materials, ed. J. M.
Blakely (Academic Press, New York, 1975) Vvol. 2,
Chap. 9, p.421.

41) N. Terao: Jpn. J. Appl. Phys. 2 (1963) 156.

42) J. W. Edwards, R. Speiser and H. C. Johnstone: J. Appl.
Phys. 22 (1951) 424,

43) N. Schonberg: Acta Chem. Scand. 8 (1954) 240.

a4y AWM HEEXBXSRIZGENY K1t

45) C. Herring: Structure and Properties of Solid Surfaces,
ed. R. Gomer and C. S. Smith (The University of Chicago
Press, Chicago, 1952) Chap. 1.

46) A. D. Brailsford and N. A. Gjostein: J. Appl. Phys.
46 (1975) 2390.

47) N A¥B  THRZ . AR

48) C. Kaito, K. Fujita and M. Shiojiri: J. Appl. Phys.
47 (1976) 5161.

49) J. K. Mackenzie, A. J. W. Moorse and J. F. Nicholas:
J. Phys. Chem. Solids 23 (1962) 185,

50) B. E. Sundquist: Acta Meta. 12 (1964) 67.



51) L. A. Girifalco and V. G. Weizer: Phys. Rev. 114 (1959)
687.

52) I. Nishida and K. Kimoto: Jpn. J. Appl. Phys. 14 (1975)
1425,

53) 1I. N. Stranski: Disc. Faraday Soc. 5 (1949) 13.

54) £ .

55) AMA TR, PHRKM . LBk PHEKWRA SR ELT7
0YV- B :RR" T-DRELSKTH (1978) 55

56) G. A. Wolff: Am. Mineralogist 41 (1956) 60.

57) J. Nishizawa, T. Terasaki and M. Shimbo: J. Cryst.
Growth 13/14 (1972) 297. |

58) C. H. J. van den Brekel: J. Cryst. Growth 23 (1974)
259,

59) G. R. Booker and E. A. Joyce: Phil. Mag. 14 (1966) 301.

60) W. Kleber: An Introduction to Crystallography (VEB
Verlag Technik, Berlin, 1970) 1lst ed. p.102.

6l1l) E. S. Dana and W. E. Ford: A Textbook of Mineralogy
(Tuttle, Tokyo, 1972) 4th ed. p.74.

62) T. Komoda: Jpn. J. Appl. Phys. 7 (1968) 27.

63) F. L. Vogel Jr.: Acta. Meta. 3 (1955) 245.

64) R. Casanova, B. Simon and G. Turco: Am. Mineralogist
57 (1972) 1871.

65) N. J. Pipkin and G. J. Davies: Phil. Mag. 40 (1979)
435,

66) L B #5 : KAME L (1975) 611

67) T. U. S. M, Murthy, N. Miyamoto, M. Shimbo and J.

Nishizawa: J. Cryst. Growth 33 (1976) 1.



68)

69)

70)

71)

72)
73)

74)

75)
76

N

77)

C. H. Bates, F. Dachille and R. Roy: Science 147
(1965) 860.

Y. Miyamoto and M. Hirata: Jpn. J. Appl. Phys. 14
(1975) 1419.

T. Ohno, S. Yatsuya and R. Uyeda: Jpn. J. Appl. Phys.
15 (1976) 1213.

J. Hecht, J. D. Eversole and H. P. Broida: J. Appl.
Phys. 48 (1977) 1503.

KoK SaAE (BER. 1977) %9%

F. C. Pillips: An Introduction to Crystallography
(Longmans, London, 1946) p.273.

G. A. Wolff and J. G. Gualtieri: Am. Mineralogist 47
(1962) 562,

P. Hartman and W. G. Perdok: Acta Cryst. 8 (1955) 49.
kbl AR

H. J. Leamy, G. H. Gilmer and K. A. Jackson: Surface
Physics of Materials, ed. J. M. Blakely (Academic

Press, New York, 1975) Vol. 1, Chap. 3.



