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Synthesis and Properties of Single crystalline Ge nanowires

Student: Cheng-Yu, Tsai Advisor: Dr. Wen-Wei, Wu

Department of Materials Science and Engineering
National Chiao Tung University

Abstract

Intrinsic single-crystalline Ge.nanowires and nanosphere chains have been synthesized
on Au-coated Si substrates through thermal evaporation and vapor—liquid—solid mechanism.
The influence of different.growth parameters on Ge nanowires was systematically studied.
The size, morphology and density of Ge NWSs can be controlled by adjusting carrier gas,
growth temperature, and-chamber pressure. Single-crystalline Ge nanowire and nanosphere
chains grown along [111] were "determined by HRTEM and FFT diffraction pattern.
Diamond-cubic crystal structure of Ge was also-observed from XRD spectrum.

Global back-gate intrinsic Ge nanowire field-effect transistors on the SisN4 dielectric
were fabricated through successive steps of e-beam lithography, nickel deposition and lift off.
After RTA process, Ni,Ge/Ge/Ni,Ge heterostructure was formed. The electrical transport
property was effectively improved by the heterojuction. Orthorhombic Ni,Ge was
determined by HRTEM and FFT. The epitaxial relationship between Ge and Ni,Ge were
Ge[110]//Ni,Ge[110] and Ge(TlI)//NizGe(lif). The formation process of Ni,Ge was
observed through in situ TEM. Ni,Ge grew at a speed of 1.29 nm/s at 550 ‘C. The linear
growth behavior of the Ni,Ge nanowire along the Ge nanowire indicated that the growth

may be interface reaction controlled.



From electrical transport properties measurement, we found that the resistivity
exhibited a linear relationship with diameter of nanowire. The resistivity of Ge nanowire was
much lower than bulk Ge material. From FET property measurement, intrinsic Ge NW
showed p-type behavior and field effect hole mobility of 44.3 cm?V*s ™. Room temperature
photoluminescence spectra of Ge nanowires possessed a broad blue emission around 462
nm, which was attributed to the oxide related defect states. Due to the existence of oxide

defects, Ge nanowires were able to detect visible light.
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1-4-3. #F»c 7 5 W (field effect transistor)
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BT o £ 532nm en® Rk G sl KR TR % o 4ol 124 477 o d FF W
«’rr'ﬁ'ﬁ,é_ FA e ek sg R T L #F ok B Z (photoconductive gain) 0 F 45 % F A

7



53 BRI RBIRDLS %0 RET ARERIEN 2 T RET LR BIRE R~
fi[44]o

Moon-Ho Jo B Ff 7 2010 Z ¥44 3 K MR RI B 7/7 7 » AL ET F B8 Ten
Bk o BB R Y T3 AN LE - 248 LRERT BRI A EHUG > 4o F
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Cross sections
BYvYVO® &, OO0 | ==
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(d)

Q0
N o~ L
©ovVvVao

B o1 10 1LAC OR
VaVi(V) | VoY)
5 -
s3F 0.0(0) 0.000) | 0.00(0)
5 f: 0.0(0) 5.0(1) | 4.58(1)
0 5.0(1) 0.000) | 4.57(1)
00 012345
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sLE F AND
b e i 11 |[Va™M) V(M) | VoY)
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2 01 \;. s 5.0(1) 0.0(0) | 0.88(0)
l -
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5FH 2 I NOR
4l 00 4 Vi(V) V(W) | VoY)
z3
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> 0123 438
1k v,() 5.0(1) 0.0(0) | 0.06(0)
ok || 5.0(1) 5.0(1) | 0.01(0)
= 01 10 11
NOR Address Level

Rl 1-2. 1% 2 fen2 fpie (7 8ERM HUF 2 2RI[1] -
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B 1-3. 1 AFM & {7 3% “ 4R T HF 2 R[2]

.
-

Coversion of p-type SINW film
1o n-type SiNW film by thermal
phosphorus diffusion

Si wafer

.

m m PV device fabrication via

standard silicon solar ccll
technology

B 1-4. #he PN o 2 F Sk R~ (3] -

Synthesis of oriented single-
crystal SINW film on p-type
Si wafer

B 1-5. &% PN#&&d 2 F sk iE[4] o
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nanoFET nanosensor
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AL SR AL R

Key Electrical Properties of Germanium Versus Silicon

Electrical property Germanium Silicon
Mobility(bulk)

Electron 3900 cm2/V s 1500 cm2/V s
Hole 1900 cm?2/V s 450 cm?/V s
Band gap(bulk)

Direct ~0.8 eV

Indirect ~0.66 eV ~1.1eV
Bohrradius 24.3 nm 4.7 nm

£ 20 SEFNBUE A D R H R B
Gas Laser ablation Ge target
Enviroment Thermal evaporation Ge powder

Chemical vapor deposition Germane

Liquid Supercritical-fluid-liquid-solid  DPG,TEG

Enviroment Hydrothermal method Ge, GeO,

Bl 1-8. & &ij pix £ = 7 & HI[20] -



VAPOR

\l/

SILICON

VAPOR CRYSTAL

\J/ Au-Si LIQUID
ALLOY

SILICON SUBSTRATE

a

Bl 1-0. § R EH &+ % 4 87 L W21 -

Furnace | Furnace Il
Flow control 1 l
VOVWW WUV WP W
HJAT e
UUUJTQ u‘l‘v uvv.f oo .1#__‘
Carrier gas Pumping
Ge Powder Quartz tube Substrate
Bl 1-10. 4 & & 4R2 B (7 2008 E F 3K 1 & RI[7] -

High Temperature CVD

hot wall reactor

Low Temperature CVD

+ |SiH4

cold wall reactor

Bl 1-11. B F g is 2 K R E <7 LRS-
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B 1-12. R/ TR FLE XN ERFEFMRE X F T R BI32] -

F o4O

nanowire growth
redistribution

GeH,

thermal

decomposition Geo T\

O+oO=0d0

Au-cata
decompositio

2+

diffusion

- — —
Bl 1-13. % i&-;‘&-g;!l!i Eﬁ AL RE ST A BI34] -

nanowire growth
—_—

Oxide-assisted Growth Metal-Catalyzed Growth

Semi-liquid SIO_

),lqnu of Fe-Si

L-S interface

Twins/
stacking
faults

850 - 900°C 1100°C

B 1-14. 5 * P afer S L B382 5 F £ 4 #1[38] °
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B 1-15. rookgus & & 00 @ 452 of ) R 35] -

GeH, (10%)+
PH, (20ppm)

|I|E>

Si(111)

GeH, (10%)

||r_>

Si(111)

Bl 1-16. ™ % X R fs

p-type Ge shell

GeH, (10%)+
B,Hs (20ppm)

depleted
shell

Si(111)

Fo b e E A2 S PN G 7 2 BI[39] -

400

300f

200F

Temperature (C)

100

| 50 sec nucleation
Ge NW elongation

-

P

p-segment n-segmen

30 sec purge

"

B 1-17. 1 3%

2500 5000
Time (s)

16
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After cycling

Facile strain
Efficient 1D Kot
electron transport
Good contact with current collector

[

A
tmn o o
. .

o
2]
L

Potential vs. LilLi*
P

0

Capacity (mAh/g)

450 7

850 -
750 1
650 1

550 1

1000 2000 3000

Capacity (mAh/g)

© Discharge

0 10 20 30 40 50
Cycle

B 1-19. §5% 4 SUEY T4 BiET L WA £R42) ¢

(a)

* Source B Dran

B 1-20. 45 % f 8+ MRS 37
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(@) 10°f (b)
10%F .u"."‘ @00' GeO,
@ GeNW  _aoT @a"f N Ge ) Air
3 1 0.77 + 0011 .u“ -4
10° ” s hv
4 " 7 SiNw
0 1.01+ 0008
»*
L T O
. . -
(©)10 Light Intensity (W/enr') @2, B renel
1150, \.30
£ : b e e
8 E ZJ:;OEISO!’ -.- \ -- ‘jo
' O | . .
8l- ! Q: \ “arSaf® '--"/'(
: = 1} /
ol i m\\ i
10" 10" 100 100 100 10 E S e 25300

Light Intensity (W/enr')

Bl 1-24. k5g B e R H@)ER F 2 ()R F B (d)X iR B iR £ [44] o

b 532 nm laser

chopper

_| lock-in

amp. ‘2
beam
splitter
objective
lens
D S
-—
= |
O—==k

— XY piezo-scanner

B 1-25. H {3457 F SRR R4 E RIF R RI[45] -

] b IR Py 1.46
Visible Light o 2
1 = T
-— - )
=4 < ]
[
g £ 142 .
= = :
O o '
~ 140 % )
10 -05 00 05 1.0 100 200 300 400
Voltage (V) Time (s)
1
m E 0.5 On On On On
Visible Light - =54
GeNw < ‘é
Network = = = 0.3
c
. 2 2 o2
%7 5 - -
eom !6:’ ey © e off Off Off Off Off
ATD3ar 3 3
SINJ/SI 10 -5 0 5 10 100 125 150 175 200
Voltage (V) Time (s)

B 1-26. ¥ +a§ﬁ 3OF AR Bk R R R Sk Rl 1 46] -
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Vacuum level

Eg~ 0.66eV

B 1-27. &5 1“4 /45 % 4o v 7 B 05 R1[49] -

~500nm

X

(020) = 0.42nm

Interface \/ D

Snm (201)=0.228nm  Inm
e —
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¥R REAEAE

2-1. R =& 3

T &I ALACE] 2-1 977 o fI* Z IR HORT pRFEBEFH R N RDE S LA
TR FTHEEREEFZARDREE XEEHLFTRE TET T BME ki
FAA MR AR e EE ARETRMBEE BHETL w2 AR 5
R f s R 3R FE ISR R 272k~ s ks~

FALERIE 24T 0 ¢ P QNGRS 2 N T 5 DR LOR T BRI 2

i
AR 2R RS AR ER AN RA S AR S T A S S
N R F R A § s D S SR ST T E R CR Aty

B P BREE AW 2-2(@)40 B R AR L 0.2 (BRI 0 393 R 8 g

ey

fegm 4 N~ % Si(100)& Si(111) &% Fl56 BOE ik 445 Mk » AT 3 A4
G L 0ASs FAESFAETR 3nm A N5 T 4 ) A o e At E (V4R
G RIS DT P ELE BN - B RO RER S 90T B ERK S
700°C » #5440 LY PR A CE NS BT T RLSZEF S 560°C > I
BRI FERE AR ET »E A frE F 2R e F AL RS 2T
AFFEZAR BALBRAPF > BLFHRIEFER ZHFE- B F FER

25 REP RS I EER D EEENKE B4R 2-2(b) 7 o

oML P HREAHEREFREE LA E DR ng‘j v 5T R BlAc B 2-3(a)T 0
Fo AT AR E OAHT BT H B RRGTHR 0 LR R BRSO BT - B R D

WARGEAY 950°CHE D 750°C o HF kAR KK L RENNZERI A B

ZRFRFEAIRAH BRI TREAR ARPFRAIINEARER > TR FR

21



=B RFEP AL EREERMASKE BB 2-3(b) T o

2-12. ZKRURBRE BHRET
#Fh TS REkE
WEF AAROAFE S SR F AP PR P LTI R ST K

BETRE  Hh AT MMM AR S 0 TR EAE VAREE F AR

X Sk $E84 2 17 &
MR RAMRDRFE T NG AT o b BRIFER AR AR TT G X

K GEit A 41 enFEET > B iS4 * JCPD A AL R TR

BPFTENTINMBEFETD A RFR YW AFT I R EN
£ F AOESDAE P ST AT RF et A I RFART
BT HRASORYT 0 REBY s KSR E G F IR > TR IET RS o

2-1-3. THER~EHA

% IR Y F AP A 4 S (LPCVD) &€ 38 32 ehF A 97 (0.001-0.005 Q-cm)E 300
nm 7§ i (SisNg)fs > % F Sk fElfet-k kP THRBFETI LG § I H W A
PO ARk St 20 nm ek R 40 Nm s F LR fRE R TR S TR
WE - ARRE LBRP AF FLIRTHUER DT » FiRR Y > 0§ EL S
MR HMAG TR RS AR UK B SR

AR REEARACE] 2-4 9T B G AN MDA FE A PF A ENFES EA
R EELY b N PR R RV INC fRRG o BEFERRSIE R ART BES
BRI RZAMNEAFLAPIF e @ > {1 EFERBEBTF 3 A RDe BIF

HEPRIAFE > FBIEFETTT 2 ARICE AT > BFHR PMMA g A
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oo TR AR ROTEHEAFEENBOER 60F) 0 HE RS Z
FAPE MR REHBG BT RY LI R ERIACIRDT R AG g b g

ke a2y oo

2-14. § B EWE v NG

FOVRENT v RS WA ARACR) 2-5 Ao o RS E eh(100)F s {1 ICORR T
B F Ak S(LPCVD)E 17 § 1“4 (Si0) 2 § 1 7 (SigNg) e ff » & 1 % § % A28 738
PRIREE ERFRY F RN HEFT BIIBRIE)ER kT A B OF TLE’AQ?TLP%K/%,
FUR R R K’% v Bt d F (L4 (KOH)E (747 crndb 3 (8 TP & § 1L & g
v e

BEEDEERA QRGN Fo J1 HRFE P A e @ F

CRERT T oA ST T A AARILENE T R T MR A

W
&3
s
=
‘N

U R R BT AR B B SR e T 3

2-1-5. F{LE R

AL I * P ¥ AR R A B TR R ;;@gvfz,uiﬁ/fz/ézw#
B R BHEY S B AR E R R U AR LT
15k HPA156B 2 (T2 K RE BB R R * P Z LB F RBORE RIS ST
FHEX LT ER > AT RIAIRE-ALVLV PRI TR B des; AP
@ % L g A % A 47 ik Agilent B1500A it 732 LA 2 LR R E R B HHERT
S A 7 I1d-vd 2 I1d-Vg (R B0 & 1d-Vd R PIZRA > B2 Vd % -1V~1V Vg 12-5 V/step
JE5V 225V i 78R o fld-Vg shE RIFRA > B Vg 2-40V~0V > Vd 12 0.1 V/step &
0.05V~0.45 Vit {7 &R o R R A 0.1V i BT {7 I4(T - ) g Bl R 2
5005 f)F- TinE o FHRBLEEFR AT TITERETL BT W RBHE A

At AR EE I SRS M P RR o X RET I ) o
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2-22. REHEREAN L
221 RBRE BHET
2-2-1-1. #FH ¥ T 3 B4 (scanning electron microscope, SEM)[53]
Frfe s T+ HAELSHET L RIACcR 2-6 #77 - T %ﬁ%ﬁd SR AERSREE L R

Fod REREREFTR I ARANBELEET I RAITARY Y T F RER ST fégé_i

IXBRFFHTF CRRRF WA T S S BFMHEX R EEF kI HY -
FREARINTFABFLALBERLDHTF > BN B 50 eV HiTE e 24 i
ZRFAFWELRRET LA TSR AL PREL IR A AR BT B

Fo T EAET Y GRBRF D T AT A e
Pl SRS MMALS T SRR s p H R T S ML B 5
AF o4 dos RS R B A T & JEOL SEM 6700 & (7 % F BHERE > A1 TR

15KV ~ 1 iF§ES 8 mm F JF 1T o

2-2-1-2. 7N 3 Bikd (transmission electron microscope, TEM)[53]
TENT T SR AE T ABAcR 2-7 95 0 TAENT RS SRS sEF

PR E A4 UL IR S P R L 0 f AR B I F
$% o 2777 117 JEOL TEM 2100F i& 7 % o 4L HfnE %> 200 KV ik (e R T it

CE N ALY tye ST XN A EVETPCE:

2-2-1-3. X k $84 £ 7 ik (X-ray Diffractometer, XRD)[53]
X k¥Esa T R FRIZT L BB 2-8(@)% 1w » R BB IR RIL L F PR T
» 4o @) 2-8(b)# 7o > T 2dsinB=nA > d 3 S FEE -0 52 St AP X K X 83 men
AL R NG 8RR o AEFTMERT > JEAPAL G S AR 0 R AT
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A AR EER > AL EREF N WRIE AAPET X kA B2 e 20 chin ¥ ¥
Ao Rl st L8 Jhd ¢ drah X B L & R BRACTINELNL AT S drd B> Ta B
FEX o[ > 1% JCPD + i T Hcyp 0 B A IR Y R A o AR @ % D2 phaser i {7

X Sk YEid A 47 HE o

2-2-2, AERE 2 LR
2-2-2-1. & F & #&® & ¥ (e-beam lithography)

T ARMBEHM Y R FAREL B N Akt &4 ol R PRt B
RN TF AP FERE AT T F AR RS B - BB R R &

RS T PR - AR B e R MRS R ALY 4E o AFT 7 % DC2000LT i 7 i

13’93

THATKY LA 23 A AR AR L RE R

2-2-2-2. § 3 &4 4 5u (e-beam evaporator)[54]

TIWEE AL IEF A BB -9 T oM RS TR A 4 AT S > D

FEF BRI D e ;-ﬁd T ESautg T dln e St L_j_\ R % 2 &
oo T F R M A BN BERFER S IEE RS TAL FF AT HRY

T IRFERE > LT ETE 10 torr ARE Y rERT BEFWE PP R
FEERE S TERF R R e RS 0 Y B RS g al
W] e AR Y AL R R A R &

AR -

2-2-2-3. -3 i% L & b (rapid thermal annealing, RTA)

AT @ 2PN kR A R ST E30C/s 4n;§f§$‘ o & 2cmx5cm O F
FR o BB T eI 900 C o i3l kipet B §T 0 M E 27 & 1x107 torr
VR RERAEZIFF CEF CF A BRI FHAE )T FHREEIRIES
B R R ST PO f S A SR F b1 3°C /s n Rk S 4o B3 350 °C
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EEREIIN  RAHAEE B SRR

2-2-2-4. kg ¥ kk# & (photoluminescence spectrum scope)[55]

EH

FAMERST AR I F KA BAT I BRI BEF A AL RS
FHOFRFITFHEFL S5 § A2 Ho s b TR e § i d P A
BRGSO RET PRI FFEL LN R EFY L RFERE - BRI
49 @ LR B %ﬁ“’ Pl H kT Hu Rl A U2 RTAEEE

KHETRBAR 2-10 #77 > AFT T @ * £ 5 325 nm 0§ -4 F BTl 17 R o ¥ ok ok
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' Growth of Ge nanowire]

Properties
measurement

Device
fabrication

Morphology
Structure

SEM E-beam lithography Effectof RTA on I
XRD E-gun evaporator electrical transport R——
TEM RTA process property prop

B 2-1. F koA -

(o) L

Pump
out

(b)

ey 4 . —

sy /)

=
\__/

T20 40 60 80 100 120
time (min)

Bl 2-2.(a)% E Y%7 LB 2 (b)E 44235 K TR -
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(a) carer

. gas

(b) 750; ——2Zone 1
_ 2
Q 600{ —Zones
o
5 450
©
© 300-
o
E 150
0

E-beam lithography
SisN,

Heavy doped
silicon substrate

Ni deposition and Electrical property
PMMA liftoff measurement

VS D
Vs

W 2-4. RAEE RIS EWE IACHE o
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