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anomaterials in Gas Media

O Crystal Growth
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L 0-Dimensional nanomaterials
(a) quantum dot
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510 Nano Materials- 1D from gas phase

1 Evaporation and Condensation

eX) Hg o= P. supersaturation ratio
£y Y pO
- T,= 25°C platelet, 0.3 mm length, ~0.03 pn thickness
f (—B (=1600)
_— )1 cuo soo 8w 25~-50°C platelet+whisker
:;W R— -50°C whisker, 1~2 mm length, ~0.01 p radius
| e (=100)
T.=-63.5°C - Zn: 350°C (a~3)

Cd: 250°C (a~20)
Ag: 850°C (0~10)
CdS: 800°C (a~2)

- axial screw dislocation proposed but not confirmed
microtwin and stacking fault also proposed

- higher growth rate than the condensation rate
(dislocation-diffusion theory)

G.W. Sears, Acta Metal. 3 (1955) 361.

Hg (T¢ )
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SYESISTof Nano Materials- 1D from gas phase

 Evaporation and Condensation
- thermal evaporation- ZnO- ZnO powder at 1400°C nanobelt
- no screw dislocation except — Fie 2 TeM and HRTEM [A

images of ZnO nanobelts

stacking fault g A

- clean, atomistically sharp, images of severalstraight |
free of sheath of amorphous ‘. jerevie. e

the belts. (D) Cross-sec-

- absence of amorphous tional TEM image of a
. ZnO nanobelt, showing
gIObUIeS on the t|p a recta!nglel!ke cross sec-
. tion with width-to-thick-
(not VSL mechanism) ness ratio of ~9. The SRS
cross-sectional TEM speci- [ : e 3
- men was prepared by slic- B Stacking faun
not related to crystal structure : men e peparea by cie, T acking Bl
I in epoxy with an ultra i
(Isngz- rCUtIIe th mi-::rlz);:-:)}l:e. (tE}beT[EM tim—
n,05- C-rare ear ot ammt g B
CdO-NaCl cubic facit present nthe nanc. IS
Ga,0O,- monoclinic pelt i the anly one thet v
. has a defect. The inse EARARARARRALARRRAR R AR Y
Pboz-rut”e) shows theecv.:lectmn rJif1i L ? ’ ’

fraction pattem. (F) HR- 7 Stacking fault

TEM image from box 1 in

(E), showing a clean and

. structurally perfect sur-

4 Nanomaterials face (the amorphous

contrast seen above the surface is from the amorphous carbon film used to support the nanobelt for

Z.\W. Pan, SCience, 291 (2001) 1947, TEM imaging). (G) HRTEM image from box 2 in (E), showing the stacking fault.
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 Evaporation and Condensation

nanobelt
Manobelts Crystal Growth Top surfaces  Side surfaces

structure direction/plane

Zn() Wurtzite [0001] 2110y +0110)

ZnQ) Wurtzite [0110] +(2110) +(0001)

Gax0s Monoclinic (010} + 100) +(101)

Ga, 0y Monoclinic (001} + 100) (010}

Sn0y, Rutile [101] #101) (010}

In, 04 C-Rare earth [001] + 100) (010}

CdO Na(l [001] + 100) (010}

PhO, Rutile [010] (201) #(101)
nanosheet

.-'_
A

Z.L. Wang, Adv. Mater. 15 (2003) 432.

5  Nanomaic: v = V4
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SYESISTof Nano Materials- 1D from gas phase
 Evaporation and Condensation

Z.\W. Pan, Science, 291 (2001) 1947.
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SYESISTof Nano Materials- 1D from gas phase

 Evaporation and Condensation

- (0001) polar surface-dominated ZnO nanobelts

- Zinc and oxygen-terminated
+(0001) surface

- spontaneous polarization

- minimization of the total energy
contributed by spontaneous =
polarization and elasticity
- helical growth ' '*' Pe

e

A\ [2110]

7 Nanomaterials
X. Yang, Nano Lett. 3 (2003) 1625.

'
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SYESISTof Nano Materials- 1D from gas phase
O Evaporation and Condensation A

IR

3]

T S T

BERD!

3

D2

8 Nanomaterials
X. Yang, Nano Lett. 3 (2003) 1625.

L
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 Evaporation and Condensation

- ZnS (induction furnace, 1500~1700°C [001) ,
sapphire substrate) f f

[001]

100|110

e

0.63 nm

[0001]

100 nm 100 nm

9 Nanomaterials Viaese «
L.-W. Yin, Adv. Mater. 17 (2005) 1972.
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 Evaporation and Condensation

ex) MgO (thermal evaporation of MgB, a£8 Region I

00~900°C) _
Oxidation of Mg or direct reaction W%
2MgBsg)— Mg, + MgBy, Region

4MgB> + O, — 2MgO + 2 MgBy

S . .
Heating elements .~~~

P EEYI
( I
m“"‘Silimn wafer

#

Quartz tube
Inlet

T T e R \Dutlat. |
/ LA MgB: /_./ S f.lt{mlpa bqat././ Ground joint
e P

—Z
Vacuum
pump

— 1em

10 Nanomaterials

Y. Yin, Adv. Func. Mater. 12 (2002) 293.
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 Evaporation and Condensation
eX) CuO (thermal oxidation of ¢ 4Cu + O, — 2Cu,0
2Cu,0 + O, — 4Cu0

CuO Nanowires on Cu Grid

bicrystal
twin

X. Jiang, Nano Lett. 2, 1333 (2002).



7l . @ s7isnr s
Korea Nano Technology Research Society

SYEIesIsiol Nano Materials- 1D from gas phase
 Evaporation and Condensation

product raw materials synthesis temp (°C) carrier gas diameter (nm) axis

SiaNyand 510z 5i or (51/5103) 1200— 1400 N2 for SizN4, most are in the range of 15-35 nm. L1{0001}
for Si02, =300 nm; most <50 nm.
Si0; Sior (51/5102) 1100—1300 Ar most =50 nm
SiC 5i0);, nanoscale C particles 1550 Ar most =50 nm 1{200}
Gaz03 Ga 650 Nz (Ar) most =50 nm {1{001)
Zn0O Zn 650 Nz (Ar) most <50 nm {/[0001]
In In 1350— 1400 Ar 30—40 nm {{001)
. Si,N
SiC 374

12 Nanomaterials

Y. Zhang, Chem. Mater. 14 (2002) 3564.
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O Evaporation and Condensation (reduction)
ex) Si nanowires on Si substrate

- S10 powders, Ar with 5% H,
- 1300 - 930°C

- core (Si, 20 nm)-shell (Si10,, 5 nm) structure)

W. Shi, Adv. Mater. 12 (2000) 1343.
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SYREsSIS off Nano Materials- 1D from gas phase
O Evaporation and Condensation (heterojunction)

ex) silica-shielded Ga-ZnS TS -
(f) = # tube o -(:

200nm

= "1\.‘-., 0.27nm
D.2?nﬁ1\ i

14 I NCALIVIITUWALLIL TWAITVY

J. Hu, Adv. Mater. 17 (2005) 1964.
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4 Vapor-Liquid-Solid (VLS) Growth

® VLS (vapor-liquid-solid) growth mechanism is a typical example of
creation of new technology from old technology
® Important milestones in the history of VLS mechanism
- Observation of 1 dimensional growth in Si wafer
- Wagner suggests growth mechanism
- Ceramic whiskers are fabricated by this mechanism
- Carbon nano tubes are fabricated by this mechanism
- Semiconductor nanowires are fabricated by this mechanism
- Nowadays, VLS mechanism is one of the most important and famous

technology in nanoscale science
15 Nanomaterials
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1510 Nano Materials- 1D from gas phase

d Vapor-Liquid-Solid (VLS) Growth
Observation of 1 dimensional growth in Si wafer

- Si whiskers are dislocation free

- Impurities are essential

- Whisker growth is a two step process:
fast leader and slow layer growth

- Extension growth occurs by addition
of materials at the tips

- Growth direction is <111>

- Liquid like globule are observed

16 Nanomaterials R.S. Wagner, Appl. Phys. Lett. 4 (1964) 89.
R.S. wagner, J. Appl. Phys. 35 (1964) 2993.
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4 Vapor-Liquid-Solid (VLS) Growth
- Wagner suggests growth mechanism

- Catalyst or impurity must form a liguid solution with crystalline materials to be
grown at the deposition temperature.

- K=C,/C, <1 (distribution coefficient)

- Vapor pressure of catalyst or impurity over the liquid droplet must be very small

- Must be inert chemically

- Interfacial energies play an important role (wetting angle)

- One of the constituents can serve as the catalyst for a compound nanowire growth

- Solid-liquid interface must be well defined

crystallographically (single crystal substrate)
17 Nanomaterlals
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4 Vapor-Liquid-Solid (VLS) Growth

VAPOR

A/

1414°C

SILICON
VAPOR CRYSTAL

\l/ Au-Si LIQUID (AuSi) + Sis

ALLOY <l }rl>
Q/ 18.6% 363°C

Au Si

1064°C

Precursor Elements

(vapor)
metal catalyst . e .
Heat .¥ . Droplets
c N, Y
i g o o
i Y v
i
o/ 118 () (b)
- substrate Saturation
[ ]
[ )

18 Nanomaterials I Precipitation W
J. Hu, Acc. Chem. Res. 32, 435 (1999). (c)
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 Vapor-Liquid-Solid (VLS) Growth a
- direct observation of VLS o
c Ge nanowire "l

_ . via Au

oS b

1000}
5 0 \ Alloying
~ B I
E | MNucleation
g [ELT 11 Growth
y 3 £
;‘ 200 et
B
By . . -u- IF; : . is - ’ “
2040+ ]11 T T T
: . : : 0 ) an o) 0 100
Figure 1. In situ TEM images recorded during the process of nanowire Au Ge
growth. (a) Au nanoclusters in solid state at 500 °C: (b) alloying initiates Wiisht @.01a

at 800 °C. at this stage Au exists in mostly solid state: (c) liquid AwGe  ¥igure 2. (a) Schematic illustration of vapor—liquid—solid nanowire
alloy: (d) the nucleation of Ge nanocrystal on the alloy surface; (¢) Ge growth me_chamsm including three stages [D alloying, (II) nuclea_uon._
nanocrystal elongates with further Ge condensation and eventually a wire ~ 22d (IID) axial growth. The three stages are projected onto the conventional
forms (f). (g) Several other examples of Ge nanowire nucleation, (h.i) Au—Ge binary phase diagram (b) to show the compositional and phase
TEM 1mages showing two nucleation events on single alloy droplet. evolution during the nanowire growth process.

Y. Wu, J. Am. Chem. Soc. 13 (2001) 3165.
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 Vapor-Liquid-Solid (VLS) Growth- growth rate

1000°C 500 °C 300°C
100 ' "SiGe. | . _
o = | whiskers Si Impingement VLS
gHMein) ® @ W whiskers

o o W Substrate
P

desorpiion

1
adsorption

Si
|
oot L | |
05 10 I I ] _
oK Axial growth rate: V=I(VLS) +4\/d thL/\

Fig. 9. Arrhenius plots of the growth rates, g, of stlicon and ger-
manium; for conditions with H,, and SiH, or GeH, at a pres-
sure of 10 Torr,

G.A. Bootsma, J. Cryst. Growth 10 (1971) 223.
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4 Vapor-Liquid-Solid (VLS) Growth- size of nanowire
- size of nanowire < size of liquid droplet

- thin catalyst layer - colloids
metal catalyst a o “
‘ S ‘?i“j Growth
I Selective
substrate (Cd‘t"'l'l‘:'::b. 7 i @ xbisivi il
size of liquid droplet< film thickness ¢ M m—
Ex) Si-Au b -
10 nm Au = 150 nm in diameter o s
5nm - 80 nm Ge nanowire > Guain
l[imitation %l [ e oy ey
_ 27 Vs . -
rmin _RT—M a. Supersaturatlon 84 nm AU 9 114 nm GaP
high & — lateral growth 18.5nm - 20 nm
. - 28.2 nm =2 30.2 nm
radial size instability

21  Nanomaterials M.S. Gudiksen, J. Phys. Chem. B105 (2001) 4062.
Y. Wu, Chem Mater, 12 (2000) 605. J. Am. Chem. Soc. 122 (2000) 8801.
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SYREsSIS off Nano Materials- 1D from gas phase
d Vapor-Liquid-Solid (VLS) Growth- catalyst
- eX) Si ii) Fe

o liquid 1412
- -] ]
|) Au o \ (FeSi )-liquid
+
3 :
- Si-solid
1414°C g 1207
E [3-FeSis + Sikcon
i
g |
1064°C
(AuSi) + Sis
l—Au
18.6% I63°C
Au Si

22 Nanomaterials
J. Hu, Acc. Chem. Res. 32, 435 (1999)
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VLS) Growth- catalyst

1) laser assisted (Fe)

(Ga,N) vapor (Ga,N) vapor

o 900 °C @ 900 °C

(Fe,Ga,N) liquid nucleation nanowire nanocluster solidifies;
nanocluster from  of nanowire growth growth ends

laser ablation
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4 Vapor-Liquid-Solid (VLS) Growth- catalyst
- ex) GaN

iii) NiO, FeO

Fig. 1. SEM image of NiO particles distributed on the La AlO; substrate.

24 Nanomaterials Fig. 3. a) SEM image of the straight and smooth GaN nanowires. b) Typical

SAED pattern of a grown GaN nanowire taken along [001].

X. Chen, Adv. Mater. 1432 (2000)738.
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O Vapor-Liquid-Solid (VLS) Growth
- eX) Compound Semiconductors

% T N
1236 ALY
o
v L .
5 1064
=
g L + GaAs(s) GaAs :
E :
-
630
Au(s) + GaAs(s)
100.0 Au Atom % 0.0 Au
0.0 GaAs 100.0GaAs
GaP
GaAs,¢Po 4

25 Nanomaterials
X. Duan, Adv. Mater. 12 (2000)298.
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SYREsSIS off Nano Materials- 1D from gas phase
O Vapor-Liquid-Solid (VLS) Growth
- eX) Compound Semiconductors

o iy Tl .
- } 'y Yl |
o, LA i i aw_l - ! x L
# q -
. F o X cr -
ot~ ¢ A . % . \
) i 1 'l i ey b
lr - & . r . 5 L » -l
) - . - ;.
z ;
s
o - Lk
p r 4
L J
4 #
b

CdSe
Material Growth Minimum  Average Structure Growth Ratio of
Temperature  Diameter  Diameter Direction Components
[°C] [nm] (nmj
GaAs 800-1030 3 19 ZB <111= 1.00: 0.97
GaP 870-900 3-5 26 ZB <111> 1.00: 0.98
GaAs, Py 800900 4 18 ZB <lil> 1.00:0.58 : 0.41
InP 790-830 3-3 25 ZB <lii> £.00:0.98
InAs 700-800 3-5 11 ZB <llI> 1.00:1.19
InAs, Py s 780-900 3-5 20 ZB <ll1> 1.00: 0.51 :0.51
ZnS 990-1050 4-6 30 ZB <111> 1.00:1.08
ZnSe 900-950 3-5 19 ZB <111> 1.00: 1.01
Cds 790-870 3-5 20 W <100=, <002> 1.00:1.04
CdSe 680-1000 3-5 16 W <110> 1.00:0.99
S1,.Ge, 820-1150 3-5 18 D <Il]> Si,Ge,
GaAs- Au, Ag, Cu catalyst
Rest-Au catalyst
X. Duan, Adv. Mater. 12 (2000)298.
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M.H. Huang, Adv. Mater. 13 (2001)113.
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SYESISTof Nano Materials- 1D from gas phase
O Vapor-Liquid-Solid (VLS) Growth

- eX) ZnO
A metal |B
f film Exposure 1

[ substrate__ JEESY

¢ Spin on photoresist

¢ Pattern photoresist

l Etch metal flm —® Remove resist — Grow nanowires

mask A

100-300 nm
el -

m -

28 Nanomaterials
E.C. Greyson, Adv. Mater. 16 (2004)1348.
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Fig. 1. (A through E) SEM images of ZnO nanowire arrays grown on sapphire
substrates, A top view of the well-faceted hexagonal nanowire tips is shown
in (E). (F) High-resolution TEM image of an individual ZnO nanowire showing
its <<0001>> growth direction. For the nanowire growth, clean (110) sapphire
substrates were coated with a 10 to 35 A thick layer of Au, with or without
using TEM grids as shadow masks (micro contact printing of thiols on Au
followed by selective etching has also been used to create the Au pattern).

An equal amount of ZnO powder and graphite powder were ground and
transferred to an alumina boat. The Au-coated sapphire substrates were
typically placed 0.5 to 2.5 cm from the center of the boat. The starting
materials and the substrates were then heated up to 880° to 905°C in an Ar
flow. Zn vapor is generated by carbothermal reduction of ZnO and trans-
ported to the substrates where ZnO nanowires grow. The growth generally
took place within 2 to 10 min (75).

M. Huang, Science, 292 (2001) 1897.

L7127 E Y

Korea Nano Technology Research Society
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SYESISTof Nano Materials- 1D from gas phase
O Vapor-Liquid- Solld (VLS) Growth vertical growth

500 nm

30 Nanomaterials
W.I. Park, Appl. Phys. Lett. 80 4232 (2002).

W.I. Park, Adv. Mater.
14 (2002) 1841.
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d Vapor-Liquid-Solid (VLS) Growth- selective growth
- eX) InAs (electron beam lithography)

C || D

wn
(=]

Counts [wires]
[o+]

0

Counts [wires]
N

1013 15 0752 56 60 64 68
Wire length [um] Wire diameter [nm]

Figure 1. InAs nanowire growth from arrays of Au disks. (A) Schematics of precursor transport to the growth point. In can contribute to
growth via direct impingement or via diffusion from the maximum surface collection area (marked by a blue circle). As, on the other hand,
can only contribute via direct impingement. (B) Top down view of positioned Au particles, defined by EBL. The dotted areas indicate the
available surface collection area. (C—E) Tilted views of nanowire arrays with the same diameter but with an interwire distance of 0.5 pm,
0.75 um, and 1 wm. As the interwire distance increases, the wire growth rate increases. Small triangular pyramids are visible at the base
31 N anor of the wires. which consume some mate_u'al but are of s_ubo%‘dinate interes? to the wire growth, since no relation between pyramid sizes and
wire lengths could be determined. (F) Histograms of wire diameter and wire length. Red curves are fits to the data. All scale bars are 1 gm.

L. E. Jensen, Nano Lett. 4 (2004)1961.
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d Vapor-Liquid-Solid (VLS) Growth- lateral growth
- ex) Si

Ai110)
N\ Si(110) layer

SIHI dhlntr

(110) S0OI| wafer altemmg of lre 5

\‘_L‘

VLS growth of Si nanowires Dspersnng Au clusters

Nanomaterials

“II-II-I

EAmEX

10um .

R. He, Adv. Mater. 17 (2005) 2098.
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SYREsSIS off Nano Materials- 1D from gas phase
O Vapor-Liquid-Solid (VLS) Growth- nanotube
- ex) AlGaN:Mn

Nanowire Nanotube

_\ F
() = (e)

o
(b} ®  conve )
~ F 3000 —p—
C
(g) : - 2000
et :
£ 1000
C
() ) o
" X ‘.i
I I 0 5 10 15
Photon Energy (keV)
®

-l

33 Nar
() H. K. Seong Adv Mater 18 (2006)3019.
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SYREsSIS off Nano Materials- 1D from gas phase
d Vapor-Liquid-Solid (VLS) Growth- nanotube
- ex) GaN

264
ke
K
%
GaN ZnQ I
epitaxial template
growth removal <
%
R : K
X K
B2 R K
B »
o352 »
R
/z

-
.

Zn0o GaN/ZnO GaN
nanowire core—sheath nanotube
structure

34 Nanomaterials

J. Goldberger, Nature 422 (2003)599.
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SYESISTof Nano Materials- 1D from gas phase
4 Vapor-Liquid-Solid (VLS) Growth- superlattice
- exX) GaAs/GaP :

a A

o

B A
b -

A B

A
-
B A
e e ol il B A =) A

ke 3
K
r l \{ _5_"} . |

35 Nanor

M.S. Gudiksen , Nature 415 (2002) 617.
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SYESISTof Nano Materials- 1D from gas phase
O Vapor-Liquid-Solid (VLS) Growth- heterostructure
- eX) ZnO/ZnMgO (noncatalyst)

il

%iT—

36 Nanomaterials
W.I. Park, Adv. Mater. 15 (2003) 526.
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 Vapor-Liquid-Solid (VLS) Growth- core-shell
- Ge/Si

Shell

b Cross
Core section

d
Shell

37 Nanomaterials FoEe ) JrEeR
L. J. Lauhon, Nature 420 (2002) 57. o N s =T L L =
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 Vapor-Liquid-Solid (VLS) Growth- core-shell

-InP/INAS

38 Nanomaterials
X. Jiang, Nono Lett. 7 (2007) 3214.
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 Vapor-Liquid-Solid (VLS) Growth- composite
-single catalyst confined ZnS/Si

T

A B

I » o-:::' : __ :-—-
| I 1 AV e L 2"y
.' :‘ -{:t
i ,‘
- 5 =
* \{1'0§b .6 .
C [ [ % [N %
. . &o| &® . .6
[ s (9 .
100nm R [ l&”’ e
Lo . [ [
39 Nanomaterials 'L.“ T i e &8
[ S

Z. John, Adv. Mater. 17 (2005) 225. «S *Zn  «Si
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Q Template-based

NS~ Vi

=

Fig. 6. Schematic illustrations of procedures that generated 1D nanostructures
by A) shadow evaporation [58]: B) reconstruction at the bottom of V-grooves
[60]; C) cleaved-edge overgrowth on the cross-section of a multilayer film [64];
and D) templating against step edges on the surface of a solid substrate [68].

40 Nanomaterials
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SYREsSIS off Nano Materials- 1D from gas phase

1 Template-based

ex) TIO,/Zr0, (PC, ALD)

"# r‘j'c ‘” s 1 a.' Wi
. "i‘f' =y
"’:E" ! ff‘r' \ 1 V..‘_ 1 & f -“

NN . 8 .; \ fn ‘,E*m‘,*ﬂ.
' | \ v

41 Nanomaterials ZrO,
H. Shin, Adv. Mater, 16 (2004) 1197.
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 Template-based
ex) T1I0,@Sn0O, (PLD)

Vi 7 -t
AW, <
o ; ¢
Nanoribbon Nanotape '

"Ll
.........

Counts (au.)

1902 200)

1 #sn0z(111)
111

42 Nanomaterials

R. He, Nano Lett, 2 (2002) 1109.
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 Template-based
ex) Al,O,@GaQ(Tris-(8-hydroxyquinoline) Gallium) (ALD)

43 Nanomaterials ﬁ‘e% -
C.-C. Wang, nano Lett. 7 (2007) 1566. ]
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 Template-based 4
ex) AAO on Si, evaporation of Au and Agg®

Fig. 3. Images of the array of bimetallic dots of Au and Ag: a) SEM image,

44 Nanomaterials b )SAM image. In (b) the signals from Au, Ag, and Si are shown in green, recl

and blue, x'especm'ely.

H. Masuda, Adv. Mater. 12 (2000) 1031.
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 Template-based
eXx) oblique evaporation of metal
on V-grooved InP (001)

200N, 75 nm Pd wire

“200nm :np(om)

Figure 1. Schematic picture of the oblique evaporation of
metal onto V-grooved InP(001) substrates.

20 nm Ta wire, ‘( (

45 Nanomaterials
J. Jorritsma, Nanotechnology 7 (1996) 263.

VL AP
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25isiol Nano Materials- 1D from gas phase

S\

d Template-based (\V-groove)
ex) Ge-nanowire
V-groove on (001) Si by anisotropic etching and oxidation
Implantation of Ge, annealing in N, atmosphere, coalescence of Ge precipitates

Hlllll llllllll
! ll
|

«— precipitated Ge

\

(b)

46 Nanomaterials
T. Muller, Nuclear Instrum. Mehtods Phys. Res. B175 (2001) 468.
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SYESISTof Nano Materials- 1D from gas phase
d Templa \/-groove)
ex) GaAs-quantum wire

organometallic chemical vapor deposition on the V- grooved (lOO) GaAs
@ se- T

(b) 708 nm B
(©) 742nm B8
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SYESISTof Nano Materials- 1D from gas phase
d Template-based (carbon nanotube)
ex) metal compounds inside carbon nanotube- arc discharge synthesis
cathode- graphite rod
anode- graphite rod with a hole filled with graphite and metal powder
~ metal carbide
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 Self-Assembly
ex) BaTi10;-CoFe,O, nanostructure (PLD, Ba-Ti-Co-Fe oxide target)
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