¥ - 32455 (V42 F M F nres
w3 @@?Jﬁ EW iy

Electrical Transport Properties of Single Co:ZnO
Nanorod at LLow Temperature and-under Strong

Magnetic Field



¥- 8§ 8 A RKERBL TS BNFIFY
Electrical Transport Properties of Single Co:ZnO
Nanorod at Low Temperature and under Strong Magnetic

Field

G L R e L

=2 < &

LIRS SRR TE 5o R

A Thesis
Submitted to M. S. Program in Molecular Science
Department of Applied Chemistry
National Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of the Requirements
for the Degree of Master
in

M. S. Program in Molecular Science

Department of Applied Chemistry

August 2013
Hsinchu, Taiwan, Republic of China

PEAR- @R E A



=
|
S6
1
oy
%
I
>\
—
[
=
Rd
% N
(“
@3
4y
@
&
o
?,\s‘&
bt
o+

Electrical Transport Properties of Single Co:ZnO Nanorod at

Low Temperature and under Strong Magnetic Field

CEE NS LRI th R g g

BRAERTIRN & SINTE- SrWS S SF- ¥R 54

iF &

AW P L BEFTEZI N ARBERENRE Y TGRSR O
WAl B s R -5 Tesla® 7 Tesla» & 1% FF &P~ 1 T d#2 2 R
B G TERY L EnER~ Ry L2 B2 R BT TE DD

IV S S R A BET B A R LA K A TR ?-J‘Wﬁ

BRI A ST TG G L A HEFHT RS 1% T
GBI BEF NN B HAIBIRES T FOERTAS G G RIS

Aoodm AT CELRET TIRREE T P DTS H R FRFN

b BRI T 3 A AR N R PR FE o
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Department of Molecular Applied Chemistry
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Abstract
This study examined carrier transport in single cobalt-doped ZnO nanorod
under magnetic field of -5 Tesla to 7 Tesla at low temperature. Measurements
were taken on single nanorods deposited on a Si template, where two point
metallic contacts were previously made using e-beam lithography,
dielectrophoresis, and focused ion beam. In two probe measurements, the
current-voltage curves were clearly linear and symmetrical with respect to both
axes in temperatures ranging from 1.4 K to 300 K. The Co-doped nanorods
exhibited ferromagnetic behavior from room temperature to 5 K and the
remanence permanent magnet of the nanorods increased with increasing Co
concentrations. When applied magnetic field, the electrical resistance of
Co-doped ZnO increases about 1%. We attribute the increase of resistance in the
Co-doped ZnO nanorod to the splitting of conduction band and the re-distribution

of electrons under magnetic field. On the contrary, the magnetoresistance of pure
Il



Zn0O nanorods was decreased because of the breakdown of the weak localization

under magnetic field.
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-1 § @A
3 1“4 (Zinc Oxide » ZnO) teiT # kAR ZA7 7 > F L i a1

(intrinsic defects) = ¥ 7 4* -4 & F4 /o + (interstitial zinc atoms) > & 7 3 it & =

P

n-type sPET L > ¥ T L ST hW 2 B4E 2 [1.1] [1.2] [1.3] -
= AR RRITIE AR PG TR R dodR i I & X & 5 4 (shallow donor) [1.4] -

4 5 %A *5 48 (deepdonor) [1.5])] o &/ TERB RS R o 230

ey

B d F A F M AEERRY > BIMd 4 FHHR £ 4 RS 0 B(1975°C)

o

frf el > %A 5 5.60/cmd S wurtzite Bt (B11) [1.6] > Hipsady
sk skt O i+ > ABABA... £4F - & hexagonal close packed(hcp) £ #.%% # -
s 12 # #c a=0.325nm > ¢=0.521nm > c/a sFt B 5 1.603 - &= B4 (2 ) B+ 3
F4G e BF (8RR REHEE G i E o R 5 i
frdFaF BEM > A 2 Pl ARM R B R AR w A o optig

B o
1-1-1 i . Z Ea

ERLFEEY > TEHLMEROTF AL L RED LS
(periodic potential)fgst » 8 i L £ FLBR M4+ 735 = it M (energy gap) @ # &

i

(electronic band structures) - & X H A8 :Hi + (valence band) x4 1 & FF

>

T+ e d Fr M % (dispersion relation) & ¥ kA F o B T T F A

ik

( conduction band ) & = 2_ ¥ e £ £ o ﬁf‘wﬁii % av % M (energy band gap ) o



@ F e 4 M (Wide energy band gap ) L E88H 4L > H i F M- AL
WL S o - L Eer (95112eV) ~ 45 (930661eV) ~# itz (5
1424eV) £% o & KR ¥ BerHilt = 7 5§ 1 4(9346eV) s - = %
F i 4(933eV) mi & (92251325eV . i H B Al A )~ 457 (95.47
eV)% % [17]

Bt X EMRFL BpRFOTFELTEE R AL T A
2 AT AL — o SEEH A 7k ¥t (electron-hole pairs) ™ & # i a;

N N =4 ﬁl;}iy\—r o ;ﬁ:’}’, » K14 Eljﬁ’{f@;i& (0rder) E’f’]i g LE{];;#—%.}:J_-_? Bh 3%

\\—

PAANA L EH A2 AF BT P aBF M AG it 2 FRRE S

™

@B e 12 o 4o Sk - &8 (Light-emitting Diodes > LEDs ) ‘T} LA

F g (EERHER) 283 1Y 2 R papga e

&
b
4

W CLp e ko o

V- By sl A ik s ﬁ*m%s c I EEM A TR T S ot o &
3 s g+ LR (Exciton Binding Energy ) o 4 % A AL AR
LgpP s RN 7 H4meVo ik L 2R (KeT~26 meV)
BEMF S SEAEHROFE TR R E S GaASALGaxASE FLH]
FESUER L B RN o hF VB F RS R A I R 2
TRy v Aoy éﬁ‘ur’% Z60 eV - o g g R G T iR

e s

BETTREMEEER DN OEE DI EE AWMV AR AL E

WY > T R SRR P R A v R [1.8]



1-2 ffm X H0Y
1-2-1 ﬁi&—l— BWEA

22 448 (Diluted magnetic semiconductors, DMS) & dp 22+ 2 448
¢k A R 3 AkiE R &~ % (transition metals, TM) B~ % 1525 & epa b X
EWo P EREHF G AEUTAM LY 25 BHE(clusters) & 7
(precipitate) i % - BERE & RAF I AFE R R SR o LS PR S S T
5 G LB T T Ao SR FERT T Tl S
pd &k FlaalAeF KPR AL o PR iR BT LG M
Vo ek TG e Bl DMS AL = BE P FIERRS AR
FEL G RRMSEE DBEARFRERG M B AR 5k
Bl BB wmms B33 R8EE BHEF T kARG M LS
B it + (BMP)HCA] 5 434 kBt ? B R R 22 4of] 3 -
1-2-2 p %2+ £ A X B

A e+ F (spintronics) = LA TR BRI XA 0 2 RABLT LA A4

PR BUERS PR AT AR o A R AP B Y

.3;
—=
]
=

N

2 d BB SRR AR - o BET L EFREY N
o g B E L B R LR T AT Y R g
BETI NI AR p R G e 0 & IR IR 3 T K
t& it 3 (spin polarization) » #* % e L E R eh- < g - ¥ - 2 5 o L E

W B L RS Mep R ARl B S B P
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» R FR AR o
1-2-3 ffwéd $M 0l 3f

e - v kX B A A S P LI-VE(GaAs ~ GaN ~ InAs)
2.1I-VIP%(ZnS ~ ZnSe ~ ZnTe) - 3.5 i ¥ ff2 2 HH(ZnO % TiOz) - ip it 2 4
W Ap wehL pflfer ¢ SHB LT ERY oA P P L2
AR TR A RATR AR S P OFEER o
1-2-4 B 2§ R 3F iR

EAFE L Y o B2 R RS - B AT PR AR o AT DR
TIRRE ﬁ%@ﬁiﬁi“ B e TR R e R R B 0 i‘u‘@a&ﬁiﬂ iy
aiE- UEREEAZ B GHEAFL AL ER -

TR BRACIE A 28 B BF 5 '8 Ez(paramagnetic state) o & 2. 0 F R AR MO A
2 8 KB P 5 4 (ferromagnetic state) o ¥ e M h R 2 R R LR F R
13 BE DRt B o A R E R PR R s o3 R
SEER R N AeeSE R SRS R AT T X P EAR o 22000
& o d DietlBFFI2amz- B i@ eh LR R - 4oRl4 [19] » 7 ug I3
MnehGaN AL 7 B4 & 5 % B 2 R ohfpe 2§48 - 2 ¢ HGaAship il &
FREFREEAPG oD F CEPEIAER G PBERLELIEREA T TR

2R SRR DT E T SRR M g R
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FIMKEZELER  EAHADAHBER L LERFFP 2EEE{0R

1-2-6 B kiR

FUUBABRlC BRARLBBEORAE- HH ST A LA L RITY
- L5 Bt ko p 8+ e gk (carrier-mediated exchange) > i+ £ 5 BER
FIWH Y - RPN G BEELEES IERA S 0 L E B4R S (bound
magnetic polarons » BMPS) 5 H X & o BRI H -4 am 3 > U 5 ¢ B4
oA BB RE SRS 2 e §+£$m§¢ uice
¢ Sato MIFp4& 1 [1.10] > M3 T A d PH(RFSRF)F 7 B4 o
B o'+ R RV UIEER EH D d S o AP AR
FHBRI ARG RERS DT I A o ke R
b AT BT EE AT L R 0 A e p gL A
SR DR R > 3 B IEE G R A RF P e Rk R > W MER B RS
FitHRaEL- BRI OER s R EBEE 3 ] A Coey BJFf4-¥M
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FReEmt+ BE - o QIRBEELT > 4ol 40 5B IH B A EER D
EEM TE- TR EER D R EER G NIRBE o

A LG D PN G gD FRET 0 RGF I EE 0 g
S ot fEIR R £ R ZnO fRe L Rt kR R F R { S

-'? ‘%Eff',gg ;Ln j\ 13:_?%_ °

1-2-7 Co $# % ZnO
BredBRA~F N0 5B LR R OFEL E[112][1.13][1.14] -
ARa ZnO ¥ Znhe fe HRBE T A EAE AL - B ER A~ F 0 S NP ER

4>

2w

WM e b fe IR FIH 5 o ehfh3-4E 2t (Crystal field
stabilization energyes'CFSE)> #-1-1 3 % = Z|:& & =2 3 1 ey H-42 T4t o
"4 Co 3 b+ fie 2 OFSEE® il fn2 CFSE (B % - 4§43 CoO #-
]‘i’iafiiﬁﬁ"gk"ﬁﬁ%i ¥ C0304» g LmCos v @ g @ »fe

few fe R BTG b0 A e § FIFICFSE T 1% T i
1Co - & A B+ kg o COFRRIR e s fe R Y o F‘J‘lé
DB R CoBiEZn0 FAE § HA o BEARFEE 0 Bk & £ B3 Zn0 ik R
SIF S PE R L DT .

hofe 2] Co £.F 7 50§ V47 > 5 TA MBI 0 LXRD: £[002]>
TR Bleh s @ PE TR 2 2584 I SR
w e g S d 0 P ARt GIAR % 4 0 B.PL Sk 1 45 € ¢ & d-d transition
Hf et HALNIL . A BREASFET PRSI QT D0 4
(spin split) » &~ % it & & B EF 1 & & selectrons » § 4rik B et » 5§ It 4

\

-

P )*T%g %] % s-d exchange interactions » % = H @ E 4 & 2] > 4o@ 6 #7710 i
Peehs Bl AT £ e T+ & B osubbands ehs oo i a R AT A & 5



(Fermi surface) 7. & %t pF fF (relaxation time) [1.11)]

1-2-8 L H -4 B i 7 5 (Contact)

EFE A EMZ A LR Y EME A e BT B
(contact) 7 ¥ 2% & & ¢ c AEREXEMZ K- B AT
(intrinsic properties) » &4 2 » 78 A Fo4* 3 ff (ohmic contact) ¢ &_v* fd# o
Eff(contact) o — 4@ 2 L HEH A K ek T R A2 hikfF (contact) 3
& % @ (1) w4 478 (ohmic contact) (2). # 24 4% /¥ (Schottkycontact) ; 7% A-4v
P T 4 AN - fE R (contact) e VB~ At S I PSR (At R F AT F)
2T s LA K4z B Sficwork-function (y )ehE B oo Gderl —
Bp AL ERA 7 > H 2 S #c(work-function) (yp) 7 BEE £ BT R Sk
(work-function) (ym)~ > & T (yp)> (YM) » 7R AE- #7375 = ek ff (contact) fL 2 =
# 75 ¥ 78 (Schottky contact) ; & 2 > (yp)< (WM) » #735 = % ff (contact) fi-
2_ % %o & (ohmiccontact) - B7 5 3P % 2k i F(Schottky barrier)fogr4* 4

f (ohmic contact) - [1.15]



2 1%- 7R~ 2F P and 3 i (kmolh) [1.16])

) Octahedral tetrahedral
1on

stabilization stabilization
Ti® dt 87.4 58.5
\Val d? 160.1 106.6
cr* d? 224.5 66.9
Mn>* d* 135.4 40.1
Fe* d® 0 0
Mn?* d® 0 0
Fe?* d® 49.7 33.0
Co?* d’ 92.8 61.9
Ni* d® 1221 35.9
cu? d® 90.3 26.8

B 1 Ragdaos £ 24

8
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Band Gap (eV)
Bl 2 e &R H e on

Bl 3 (AL Ea(B)fFe L $a(C)2piit L H 1Y
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10 o100 1000
Curie temperature (K)
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Impurity ba Impurity band Impurity band
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A A A
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B 26 (a) Sample A 7 SEM B - (b) Sample B 57 SEM B] >
(c) Sample C 7 SEM B] » (d) Sample D =7 SEM ] » (e) Sample E 7 SEM ]

%2 3P FERBEF BT EBRE

sample label adding Co*" amount(%) doped amount(%)
1:0.1 0.02
B 1:0.6 0.08
C 1:0.8 0.11
D 1:1.2 0.18
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