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Hopping conduction in Si nanowires containing Cu nanoparticles

Student : Zhi-Xuan Jiang Advisor : Prof. Juhn-Jong Lin

Institute of Physics

National Chiao Tung University

ABSTRACT

The material of our experiment is Si nanowires containing copper silicide
nanoparticles, and the nanoparticles-are randomly distributed in hanowires. \WWe measured
the correlation of resistivity and temperature.We found that for samples containing higher
resistivity, electronic diffusion follows activated laws. For having fower resistivity samples,
the transport properties follow Effos-Shklovskii- T=%/2 variable range hopping (VRH)
laws. This feature may verify electrons cotunneling in nanowires. For sample having the
lowest resistivity, we further found the Mott T=/* VRH laws. As a future work, we can

analyse I-V curves and perhaps we would.get-more definite conclusion.
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Below Canbe used Performance in

1K in:

Standard

Curve radiatio: magnetic field

T [ o | fsFaraovesnox_

Jobll JAN] Far obove s0x |

14K te J00K(A-]
Carbon 7 Good
0.28 to 6.2K(S)
Carbon-Glass 14Kt 35K Good
Cernox™ 010K to 325K o 0 Excellent above 1 K
Ruthenium oxide*| 0.01KtodIK 0 o (] Ib;law
Thermocouples 12Kt 1583 K 0 Fair
%3-1 2 RAFEREFEL
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be calibrated
temperature
Facilities | sensor position sensor name be calibrated? range
silicon diode
sample holder(ch1) DT-470-CU-13 0(199872) | 1.4K~325K
silicon diode
CRYO I DT-470-CU-13 X
sample holder Cernox-1050-CU-1.4L 0(2002/7) 1.4K ~ 325K
thermal couple X |
CRYOII thermal couple X
silicon diode
sample holder (B) DT-670-CU-13 0(2006/11) | 1.4K~325K
silicon diode
CRYOII DT-670-CU-13 X
Allen-Bradley sensor
sorb 270Q(carbonresistor) X
Speer 470£2 sensor
1K pot (carbon resistor) X
3He-pot CGR-1-1000 0(1995/8) 1.5K ~ 300K
Old 3He 3He-pot ROy o 0.3K ~3.8K
Allen-Bradley sensor
sorb 270Q(carbon resistor) X
1K pot RuOp X
3He-pot Cernox-1050-AA-1.4L 0(2003/5) 1.4K ~ 325K
3He-pot RuO 0(2003/3) 25mK ~ 4.2K
New 3He 3He-pot RuQ) X
Dilution | sample holder RuOp 0(2001/12) 20mK ~ 4.2K
#3-2 A% F Y AR RS BOEROE R
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Four-Lead Measurement Schame
(CU Package)

: 2.9 mm diameter,
4.3 mm thick 0.8 mm off center

8 mm
diameter

Leads: 914 mm (36 inches), 36 AWG
Mass: 1.1 gram (excluding lead s)
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3-4 ‘He i % 3t (‘He cryostat)

EF&RY VLR ERMIREL R E RO T Rt R
PV MR RORE R B RS BT D E R EL €2 - o A PR %
¥k By He kit BoHe A B 2 HPF FEHRAS 55 JRATRE R R
BAEFR RERFEORL B A NTRY A F 5 He cryostat

He MU Pl A5 @ AR SREARNR Y Pl RIFEF NRES A #Y RRG
He MR BB A 2et PPN S E > % RAFERIPFTF LR - # AP 5 g
iﬁﬁ&T&%ﬁiﬂomeﬁﬁiﬂ}ﬁjﬁa?~%ﬂii%%}ﬁ’ﬂ?ﬁ}ﬁ
TR GRS R R v R AP AR PR T A AR R 0 A
RS % R R R TR o He B BB S B - BEASER R

FIS R PR OE F f E o BTt R CEIE T AR R R M oo i

BBk H(eryostat) PR A B BAE AT - BEA AR S A EAP
RS TRTRE TR EA ST - BRI R RS T RSN RATRF B e oo
[14][15][16]
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T R P B AOE kP N-grease ¥k ERE B PP AERE A G
ffeE A FAY L - RBAKO L FLRBAZ AR TR R S AR S
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(b)80K~4.2K
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41 5%
AEE R AL L R TR r AR R S M A T S

1R L AR S F SR T

Bl"4-1 XRD §= TEM Diffraction Pattern : ¥+ & [

crystal  ‘Cubic Cubic Hexagonal
0.226 nm X = é.lzozoz}mn
0.197 nm {5_12]0]; am {i];; nm é.lglg nm
0.137 nm X éillzaog}mn X
0.119 nm {5_311019} nm {5_511210} nm {El ;J138} nm

404-1 2 Fsmed i

s d XRD 4= TEM Diffraction Pattern = Z ' % K 4441+ iv 5 CusSi+CusesSi 2 1*

Lo
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42 BEFR

Length(um) Diameter(nm) P300x(Q-m)
Cu-01 0.60 81 3.85x107*
Cu-02 4.00 91 2.65 x 1073
Cu-03 4.08 90 4.03 x 1072
Cu-04 0.87 70 4.64 x 1072
Cu-05 1. 40 83 8.66 x 1072
Cu-06 2.95 70 2.72x 1071
Cu-07 1.20 82 6.05 x 1071
Cu-08 7.00 x 1071
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4-3 BRSTIEFEE R TR HIps T
ﬂﬁéi%@iﬁ%ﬁﬁﬂéf%%ﬁﬁﬁéﬁﬁvﬂgﬁﬁﬁﬁn?UEﬁﬁ%
NV AR AP PR AR oA A E o A A A Y E AT S
FRAEZ AP @ﬁs?J THEAr § 7 BT R - BT Y - SR
Mg ? oo d NARRERARE ¢ B F BT R B s i BReg o T
FEL REE BB DE Y - BRSO TUAIER ) R LRI BT %
7% 5N - R T Y - g Pl E - ATHE T S B E S o A PR £
2L¥ & 47 F epiF @ % ( hopping conduction )7 247 % o A d AP E K AR T
T0nm & 130nm » 4 3Ek e~ -] 5 5 2nm~Onm » 3@ B A2 K &g ¢ ehdp3p
pko Hw g o~ R B v s Ao T AP HRHR T B RS = 8G-D)

B 0 2 15 E R B RRAT L A PR B (T A e

Bl4-2 R+ &2k ®Y ch= BB ET X F
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1945 H Moreira % % % 2011 ##rg &> F[1T7]2 ¢ » L E~F 1R E A kit &
# 8 % H#L51(Gold nanocrystal arrays):h% + % I 7 " (Co-tunneling) %23
PR - Bl ez & 2 8 B4 (Alkyl-ligated gold nanocrystals) '3 -
o RIS AR AR RAFT S B S BT S

®l4-3. TEM image of dodecanethiol ligated gold NCs self-organized in a compact hexagonal
array deposited on TEM grids by the Langmuir-Schaefer method. (a) Gold NC monolayer

shown on a large scale (1 um X 1 pm). (Inset).Gaold electrodes on which the array is
deposited. (b) Zoom on the hexagenal compact array. (¢)—(e) One monolayer, two monolayers,

and three monolayers, respectively.

B R Ak R et (D SR T3 o Eg
BT T 2 &S activated laws T F 2R R DM B Loxe T @ e
e EM(ETFRA) DI HBE ARSI HFTRTLE S P ER

Efros-Shklovskii laws hié4] » B3 & 28 B b 4 % 0 oc e~ TEs/DY? o

27



MTEALE R RORY - BEEAPT up S N AT ¥ (Conductance)
Pftdcts 2R R (T b B Y > T EARK Az K SHpLs] o GBl Y AxARiT- B
s &= activated law @ T FARF g dg o plA&E = ES law -

100 50 25

C6S
N C2s2 100
- C4S2
C6S2
C8S Q
v C8S2 1 5
= exp(-T/T) O
- exp(-T_JT)"" -
ES O
0.01 £
?}
4
1 0 —
| o
ot \P | . | 10-6 ~

0.02.' 004 0.06
1
Temperature (K )

®l4-4. Zero-bias conductance of the-arrays with.varying ligand lengths. The weakly

conducting arrays follow the activated /law (dotted line). The more conducting arrays follow
the ES law (dashed line).
(B 44435 FaAaRRI[ITD
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ppau|

Sipw PR A3 IR AR R 2 R R R R w(2D) kst B R o e
FT R A B E G-I activated law #

3 K

FA ARG AR avad B4-4193
= ES law-

ﬁ&ﬂw?ﬁﬂﬂwﬁ§%ﬁmﬁﬁ@4@ﬁ%ﬁ’ﬂwﬁ§$ﬁ{%*iﬁ@$)
th i @ R 2-1 7 g JaF e & ez K AR AL B (disorder)sh A # A 7 kAR
Fd o AR @Lm%"@%’ﬂWEi%éﬁﬁ{@Jgﬁﬁwﬁéﬁwm@’%¥
L R Al s S L E N L Sy

AP i %k- 2 BRI AR R E FAHP A nE R R D
A AT E R AL DRI R AR 0 AT EPTERIIINT IS S P ESL
BoRAPREABREDETIHERVRBA-4TH GE > A PEEI T RS

10000 = : : - T
4 = Cu-01
1000 4| * Cu-02
E Cu-03
4 Cu-04
1| ¢ cu-os
- 100 4| ¥ Cu-06
- : Cu-07
= 1| « cuos
g 10 > B _ — = Aexp(-T _IT )“
oy Ry - - __ 1= - Bexp(T_mM™
= T - - cexpeT,m)
=
g
8 "o '
[ ) :
0.1 & =
0.01 -
M 1 3
0.04 0.08

TIK")
B 4-5 7 F4E A B8z M %E
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“® 45" "\IF“ THER IR &E Cu-08 BTN G A FEH K
FETFOERF > T 'JF]‘ Pl & Cu-04 2 & ES VRHZ2:% > @ b"i"ﬁ HEmET FRB
Cu-01 > AP g - W B 4817 Mott VRH e932 35 » i 3 % 0T & pe 7 3 (W)

44 5 % o NS b B S B (T R A 4T o

(a) Cu-08
1 | 1 1 1 Ll 1 1 1 1 1
40F n -
aofF " .
| |
E 20k y
c =
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| |
10 | e -
| |
oy
n
"Epgy
all IIIIIIIIIIIIII-..
L | 1 L 1 " 1 a1 1 1 L y 4 "l L 1 1 1
100 120 140 460 180 200 220 240 260 280 300

T(K)

B 4-6 1% 5% Cu-08 e 1o X 48 & B (%8
P B R -
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p(C-m)

&

“l
*,

0.003 0:004 0.005 0.006 0.007 0.008 0.009
-y

B 4-7 & Cu-08 & Inp T~ LicH

% 8 el o B fitting S o

A R 5 Cu-08 e Inp ¥4 T IE Bl 8 58 3> B B 220K ~115K % /¥ 5 2 4 » 49

i

¥5 activated law e 58p = poexp(E,/kpT) » % B4FE ¥ 3 g & chds i > 7 10§

F|] activation energy = % % 5H8. lmeV o
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(b) Cu-04

T T T T T T T T T T T T T
70 | .
60 |- —
50 | -
|
40 - —
.0 "
& 30 - al E 1
= "
20 E
L ™ 4
10 | )
0 Lll—l_ .
»10 1 " 1 " 1 " 1 " 1 M 1 " 1
0 50 100 150 200 250 300
T'(K"

B 4-8 3% 5 Cu-04 a7 rex $8 B B % B
BB R HH o

10" F { _H=38K 4
i -ﬁ/ f

10° 3

p(Q-m)

10" 3

0.08 0.16 0.24
T-1/2(K-1f2)

Bl 4-9 % Cu-04 & Inp¥T~ /2 i+ ]

FooBRL RAsdicdy 0 A fitting & -
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AR 5 Cu-04 o Inp T V2 1F Bl 153 > 58 B 166K ~350K % ¥ 42178 4 >
EREEA P - TG gu2% 0 F Inp o (1/T)V2pF > 3 hopping 41 ¥ At 5
Mott VRH ¢ ¢— a(1-D)®rEE » » 3 ¥ it £ ESVRH e0d] & » e d »0 A iR e & Rl e
B (I 4-2) > 242 0 Mott VRH sh— pris @ 3 > 427 %3V 4345 BS VRH oo 5t
p = pesoexp(Tes/T)? » A P4 E RTe B IR E chbe (7> 7 L F B HOE B Tes 5

3.27 X 103K » @ pgpgo#) 53.01 X 1073(Q —m) » HF R T F T Iopr B R T 3op i

o

EEV AT AT R 5\'[10][18]

2
At B

Rig 5= 5 § (FE2)1/2 (4-1)

W sop 5 :ikBT(%)l/z (4-2)

A ek 5 Cu-04 ch 2 e dies] 2 T 4

PESO TES Tob Ehop, S Whop, S
(2—=m) (KD (KO 3 (meV)
Cu-04 3101 x 1073 . 3.27 x10° 100 14.30/T/? 24. 66

# 4-3 # & Cu-04 & ES VRH #4158 » Typ = BEIE A
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(¢) Cu-01

p(Q-m)

p(Q-m)

0.06 1 I 1 ' 1 I 1
- ]
005 | | i
004 | ‘ ’
003 | J
002 | J
001 | J
000 | J
0 %0 100150 /500 250 300
T(K)
B 4-10-4% & Cu-01 =7 [ $HR R b (% B
F B S R -
a I 1 N 1
107 | s
T=45K
100 | T=290K :
7 " 1 i 1 " 1
0.2 03 0.4 05
T1/4(K-1/4)

B 4-11 & & Cu-01 = lnp&':—]»T—l/‘L F 8]

Fou B Raedicdy 0 2 ARG fitting e
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Bede Cu-01 A7 &AL T I Eor] ch- B> VI — BT R 8RR PRl %> 2

5 R InpHT V4 TR PE > BB W 40 B 200K~45K 2 N ihiT - F A AT AR R T
Fenl g > AP tagrEd Mott VRH P = aptiF @ ori % > &P Nott VRH s 2
70 =puoexp(Ty/THV* » HEHIRFREIRL s 17> 7 R HFHCERE Ty s

1.39 X 105K » @ pp0 69 5 4.51 X 1076(Q — m) » & Mott cHI2 3542 § 3 T g peggeyr T

B EER BT 47 5 4T A 2 [10][19]

Ehop,ﬂlott: ZE(TTM)I/LL (4‘3)
Wi e = kpT (S 1/ (4-4)
18 w _ L. . . v
I Ty = [W] v AR LR R ERE I Tk iy A ‘%.” F e FE AT 0w

it it R ARN(Ep) > izt i g3 (YR R T 4v e i & 3k ch+ /) = 3nm > &

g £ e & 7T 4

pMO TM N(EF) TOb Eﬁop, Mott Wﬁap,}{att
(0 —m) (K) (J7'm™3) (K 3 (meV)
Cu-01 4.51x107® 1.39.x10° 3.48x 10** 170 7.24/T14 19. 60

# 4-4 4% 5 Cu-01 & Mott VRH ¥ Fl 5 ek > T, 5 BLZE R
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Bofs o ANPLE - TAPD R ATRAEERF o AP HRAT - BRI N BRSE
dONE A AR RN E RS T AZ MY Y TR BRERT R ORI
R AR o 50 R 3 0l AR T activated law > @ RS ] ok & 0 R
PERTF NBES Ny ’L;Txu*“v)l%" # Pl co-tunneling eI % o T AR K AXAR:T
ES VRH e ] » @ $20 R 25 { Menfi&m 5 » AP L &- % 5 715 Mott VRHIR % >

3R kena 17 FRE- #4247 [-V curves 7 W EF I L P rEeniEh o
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