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Size dependence in charge transport and electronic

structure of semiconductor quantum-dot arrays

Student Wei-Lun Chaung Advisor Prof. Wen-Bin Jian

Department of Electrophysics
National Chiao Tung University

Abstract

Various diameters (5-20 nm) of PbSe semiconductor quantum dots were
synthesized through a colloidal synthesis technique and used for the investigation of
quantum confinement, Coulomb blockade, and atomic-like electronic states. In this
work, the size dependence of charge transport and electronic structure of PbSe QD
arrays were studied. Various sizes of QD self-assembled, two-dimensional islands
(clusters or arrays) were deposited on flat gold surface for the scanning tunneling
spectroscopy measurement at room temperature, liquid-nitrogen, or liquid-helium
temperatures.

For data taken at room and liquid-nitrogen temperatures, the double tunneling
junction model was used to analyze the current-voltage (1-V) curves of the QD arrays
to derive the tip-to-array and the array-to-substrate capacitances. It is found that the
array-to-substrate capacitances are not linearly proportional to the size of the QD
arrays, so the array cannot be taken as a simple island. We therefore used another
analysis method, applying the collective Coulomb blockade theory to exploration of
these |-V curves.

For data taken at 5 K (liquid-helium temperature), the differential conductance
(dl/dV versus V) spectra of the QD arrays reveal atomic-like electronic states. The
data were fitted by using the Gaussian function to find multiple quantized electron
and hole states. It is observed that the quantized states become broadened and energy
gap narrowed down as the number of QD is increased. This result implies that there
must be interdot, electrical coupling between the PbSe QDs, resulting in

delocalization of quantized electrons and holes in the QD arrays.
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2-2-1 BAHEE 2

% 1968 & H. Zeller £2 1. Giaever#= 3 B Fj > & 1 47 37 ks & 55 (granular film)
SF PP F I AR BB T RE B S RIeNT LG AR IR % o FRRIE & e
7% (Coulomb blockade) s & 57775 #[2] - 1987 & - T. Fulton 2 G. Dolan # % |- 5 %%
BEeaodE g3 rilﬁiﬂ TR R R G IEFTR[3] . van Bentum % A i * €5
STM g% 45 & ok » { & M| E & FE 3 % (Coulomb staircase)[4] -

BB A EARE ALY K258 STM B2 % » 4 5.4 @ * D. Averin
f= K. Likharev #74& & ) % ¢ orthodox I [S] k5 & 7 + 7% 5 > 19450 232
itk (AR E TS @EY PR GILFR S 0 0T % orthodox ik L A f#
8 7 "8 % (double tunnel junctions) e + & $A| 126 { FHwhp F7 234 2

FH6)7] -



2-2-2 T4 st
MTEE T AR BT AT R 0 kd Averin ¥ Korotkov #7#t ) ke
[8] 4™ B 2-4 #77r » gt ki Sid & B AT WG TEE S X FHEA R AR

Fo 7 ORBIACHAE A b 2 ¥ 5 £ > 400 STM TR B3 en [V o ¥ & 7 FE

4 o
C2 Cl
| N m r
N L amimnaniEEn
+] —> .
#* [ —\ ¥E4 [:j>
Iy I
o e 2/, . R, R,
| I I
e N
—o— o
24 ZB:E:SIMHFREFTE 7B +BELET e R NE>TRC R E - [6][7]

ARETAANBRFER AT @* orthodox #H k-8 7widke o H =

I Frdag fd 20¢ 3- B2EF ) TET AL BT FEL CoAarizn
2
% it £ Ec(charging energy)®& vt #iv k¥ < : E_. =%>k T 7 Bl ¥ vy i

¥
20 BTFLEP N B RS PR AHEAL L > AP ERE T §RP DR RS L
@ e B ALl A (TR A TR (e720) ¢
3. BT T RGP AT Lk TEIERT T -
4. @A FEGY FNR T ORE AN PIAT o B EFR ERE

AEAt > h

a
X

He AB=z— R R 3 EFRET S n B L AR CLET F R L P

@
>
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2

2 B o e NN | - ¢ © .

PR CGGAREF T - B 27 7 (C—)(chx)>h R
X

7T IR, EA LR, >£2=25.813k§2 v @ % # % £ F 1= 4= (quantum
e e

resistance) °

FBOARBRE Y FERIELE > AP STM G £ v $ T ol S ARG

ARBRTE S PPROEF - BRIV FLFEI IR EF A
PREDT G TR - BT FE- BT IR BT e F i -
RCTE - F *t4e- BLBYV ART e fRhad o 2Re 1 {oike 2 17
- TREV eV d P BFEFET DR FIEEEBRBEOLE T TR

o P Ee BV P BFRRITEEN T I EN LT 0 7 BB RE
C2 V_Ne_QO

C,+C, C +C,
Cl V+Ne_QO

C +C, C +C,

V, =

V,=

HPEHEF IR E T PREZ R -TFEZC s EFEERSEAFR
#r 2PTIES Ry RF 5 Cuo NE S T REY FRted 4 gt 2 ik o
FUONTBRVENZEDEE Flo? FE2F Ffra FT Py A 287 -
HoFY FLRA 2RO S AT J7 (residual charge)Qp > 7 %3 N #
RELEA R SRR FROF AR EFTLE 7 RF]S Bt e S b

EF P EORET rR g, o LT RIFG Y EF 5P ORET R

(2-14)

13 FRBRAEF LHPRFPNS §EHIINE o

THEPNVY S A BEV AFR ] NBREAITS a2 FE3 § s
B B AASTRURE ¢ R R RS § DTS HAr o 5
il e R

Sp(N, V, 1)

5t =[r(N-LV)+L(N-1V)]p(N-1,V,t)
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HL(N+LV)+5,(N+LV)]p(N+1,V,t) (2-15)
(N, V)+1L,(N,V)+15,(N, V) +L(N,V)]p(N, V,t) =0
ViR DC BRI B AR TR R T RS LA
T ZF T I T i g s> Fl v 4
X(N,V)p(N,V)—y(N+LV)p(N+1,V)=0 (2-106)

2 x(N,V)=(N,V)+L(N,V) ~ y(N,V)=L,(N,V)+1,(N,V) « & p(N,V)hjf -

quZmeq, 2@

N=—0

[1vG V)H 11 y(i,V)}

P(N,V) = [

— S 2-17)
2 {Hx(i,w}{ﬂ y(i,V>}
TR Rt T AT
I= 3 e (N, V)= LN, VIp(N, V)
= i e[ (N, V) =L,(N, V)Ip(N, V), (2-18)

§ 33 QI8)T R & E 0T F pNVIRT @ LV F S -

4y

tq 2l B
'&\Z"IF”": ﬂa-r B

TS P AT ¥ AR & 28 (Fermi’s golden-rule)3* & &

%Y E a4 e Bk BB AT T8 6 F F hy AR 2 T2 |T(E)|2

He g i

(s

F A b ol B e RS ARG Beodkd o Herh A B2 A R (NV) ¢
(N,V)= I+:2—;|T(E)|2 D,(E—E,)f(E—E,)D, (E-E)[1-f(E-E,)dE (2-19)

# ¢ f(E)E_F o » i# i #c(Fermi distribution function) » D(E)&_+ i T &t & %

B DuE)E? BLEEF )N %A - E L7954 %3 kit $ 5 Bn A

Y enE 3§ § ki £ o 5K D(E) s Du(E)fe|T(B) 22 i £3 40 M » #| D(E)

=y
=

=Dio * Du(B)=Do @ [T = T[> 3£+ 2-32)7 ff * fi » 17
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| e 1 E-E,

r(N,V)= o f(E-E )(1-f(E-E_))dE = R e (2-20)
B ¥ - BT e ¥ BT R R =1/ (2ne’D, D, [T,[) 0 T+ T s o
E T £ 5 (E,—En) © B3R & J7 chtse B (relaction time)tt 7 "g pF 72
e2
E-E =eV,—— (2-21)
2(C,+GCy)

He 5- B I b4 g BRATERBSDRE > ¥ 2 B E B0 #5 L7 a £( electrostatic

charging energy) ° = ;% + (2-13) % » X 3+ (2-21)® » ¥ &

eC 1
E -E = 2 _IV-[(N+—-)e— /C, ¢, 2-22
T m CI_I_CZ{ [( 2)6 QO] 2} ( )
d N3 (2-22)F o h B g b4 TR VALERR T & & (threshold value)=

1 ) . . " L
[(N+§)C—Q01/C2 P FRF B AT ERA AL TR o A L(NHLV) %

s BB R E (N V)EApF o B F manF s 4

1 E-E,_
LNALV) = 5=

(E,—E,,)/kgT
’ =1

(2-23)

fo g — TR ?@[(NJF%)G—QO]/Q”% PR ET RN R S BT ARG D

7R 'ﬁ:}iﬂ*@,‘p[(N—%)e—Qo]/Cl °

2
€

—,:‘,’?g:'}ig:%ﬁfb%ﬁabi— %i Il+l«— ‘J K* Ig}% ,{‘go
2C, +C,) TEEEREESC ) Apdes BHT

F RN RAT R GRS TR B AT L AR o A

TR TRH e T VI A Vo R R AT R 4 § B R E LR
B G REE A DR S A W%*@cw Q)/C. 8¢ C 23 Cl+
(Dﬁ@*ﬁﬁ°%{ﬂﬁﬁ%@%’ﬂﬁ%?@é+%+%wgOE$LV&

=

. L= . 1 1
E'J'— ¥r ?_.inl} ;}’2 E’ﬂf\ffi‘"—,ﬁ: Fé&rﬁ %fi (EG—QO)/C> +(EC+QO

BT

‘."'_')\"\

Yo@] 2-7 7T o HRA B AT IR T HEFTOAAENEREF - BB E



Q,
C

>

1 1
_(56+Qo)/c> + (Ee_Qo)/C> =—

0.50

0.26

0.00

r_I_FiIII1|IIIFI=|

I (na)

-0.25

an

-0.50 [

i ! i i i i | i i i 1 r i i i i I i i i i ]
-100  -50 0 50 100
V (mV)

B 2-5 o A LR MR STMBERUFRE K3 pf -V d &> o 8B 24 A addpdt & 5% -

-0.75

[6]
WGBS T RS B RER L RRE R TR G R o ¢ o RC
BV AEA-PFRAEK "NETE FETRTET R TR o

=5
R.C, TN 15 \; ot 4w
R C > AT TR RES B R AR B R CC 5 F e ¢ RS

<7<

Fapp o FRRINERATRE T FTAEFFEL > BV RE T - AL

P2 + 4 A e ~»R>C> L v+ a1 I+ = Sh e gy s > T 2

Mia s 2N BEEIEFFT L o F RC W ERAE S AT R RT RIES B
< <

PR AR A 1S o ﬁ%&;k ThEAF e Fnhup » R F 5T - B
A - B B LV FRE TR R o IR RHZ R G

(Coulomb staircase) *» 4] 2-5 #7771 o



2-3 MW(Middleton 4= Wigreen)32 %

2-3-1 383 kit

o o [T,

Bl 2-6 MW #3728 (- 28 F 225 (b)- a3 850 [9]
1993 & Middleton f= Wigreen #7# 13235, & * Lz L | R 32 HE

FEEAE N E S kAL AT

~=h
W

ESUM T j;’?f;i;ﬁ;f]f—? Lo rgr_;/,;é At T et

IR 4o B 2-6 #7oF o /P A H R f{—ﬁgm& G FF sl > #TI0G F AR

) h iy , .
ek i 2 0 LEC>>KT ~2.R >>— o 07T k- i Sl ¥ Rt
&

|k

:%E

3

ek

Wi BRI B B R T C, T 2 WP C ~C 8

g
BT S chp £ 7 F C(self-capacitance) i #cC, » VAR 5 B - £ 3 Zhen
RETF D FTHRITER,

KO frComp e N2 g+ 82 FFenfg & B AT v &£9¢ > F
C,>>C, » BIEF Bho [ enil £ ™ 11 £k 5 2 Cy o] 30 8 a5 C, » AR
+ B2 B ehig & PR A LR o b % k- BB Jr& R A(screening length)

AA-EFBIOT RV LRI ESBA S AR R (t £ 3 BEG H )0 &
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B ARR EREF AR A E O LEEE I B C/Cuk A R e f Cy>>C B

St B IRER ] BE S B2 T odin

72!\ “\

Ax(C/Cy)? o SRR BT
fb

BT ORAHAE - BB AP B T S o F Ao ¢

W H - B3 2 ko k45 orthodox I 0 R KT FF A T pehiE 2
h .
1.LE. >>k,T ~2.R, >>—’L“Bé? G T P T 5
- AE 1 (2-24)

'R, ~-AE
1-exp(——
Xp(kBT)

BPAEEZF5%wiemn 4 ROATHTIE T L9 HER » ky L4
% ¥ #(Boltzmann constant) » £ k% g & F B 7] % o * B (xR k& T

% rg;’ «:’
’/4‘ ENE -

E=V, Q. +ViQp + Z(Q +q1)cu (Q;+gy+ z ViQ (2-25)

dots _i

BV QLAZHTRRINOTR-TF Vi QA&+ Rt T BT j7 o

Qe GESRTRE R E R CUER I BT FELC, kB VI ER

23w g e Viextzzcxzjc;vx Y x=L-R- g Fj§ BfELazty |

FooER - BES B STRV,=(Q+q)/C; + BERIEEP T 5 (229)
S
FN%gL, (2-26)
e'R;

e 1 gL 5 axm - e
FRAENE- 587 RIAPADE B AURR LV, >V +

2-3-2 —apr - ag 3 e ?ﬁ@ﬁ;’]f—? %

TR M AMABBME PEFIRT > e — B VR T EES
z
BT RATENEFRBE TR ORI TR TIAHESB TR q
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PR R o ERLEE IRk B R faE

FE T - BEF B AoB] 2-7(2) 7T o B R A BERT

T
V. | -
L] S Ve
————————————————————— 4_
(a)
. T
\'.L | [ ——
— 0
| | | | : \__'R
Le—a L _—
————————————————————— 4—
(b)
. [
Vi | | Q5
g I N
| o
| | I———l
|
] {__J' Vi
————————————————————— 4—

W27 @Q+FEFHalfiRkEr 283 R EFTFAZFTHINT - BESF Z o (b)fr(c) ik = H 4c

g FINERATRIFT P ZHTET I 54 - [10]

BEF 8- ALz

TFF R AT RINELHETRE IR L2 G FEfE o p &
— L e
th — 2(Cz)

& v=(V.-V,)/V,

LT TR TR



V-V, AE tor N3 (2-26)7 7 PP I TR = V.-V, § (227)F
L e eRL
Ltw @HT ol V0§35 5| BT i M s
2RC,V,, 2RC;

BT R B BRI B A § R N TRR TR EF R 4 T

2

2o m AR e g ~v

%

FRLI R § 45 R

B - Mg F Y AT REINBE F B o B L7P £ 5 N/ o

T IE o JEm S dr- kA IRC, v ad
+ B S8 T R S
e é
~ VN/§E, ~ Nv3 2-28
(2RCZ) ) (2RCZ) (2-28)
=1~ (V/V,-1)° (2-29)

v b - dfes ksl ?Em@%ﬁiﬂ B Bk R
T OARE AR T 0§ L AN B T § R - iy B 4
TR TR (2-42) 0 BP (=1(- 2),53(- @) LR AR Ll BE 28

2%, P 2. B
JAELTE s AT B

PRGBS D E > BEARE AT RN B T P AR S -
MR TR F LA kA - B AR BRBRVY, 0 FlERFRGT ERa
PR R a2 dd PR FAEGIEFR  TTVARZBGET o R
B TITRR TR 0 R n B e L I~ (V/V, D) 0 5 AR
WAL EFREAL AR 2R AT LR LT E B - L RBRI I
TRV (offset voltage) » "7 ¢ 7 L E 30 7 > F AR G375 - AP Sl i
F &

FARAER A I~(V-V,) c FREFBREL LRD [V 4 RT L= BFR

a

et LRSS FEES S L N B A S A

34

B ILV<V, tEGEFFEEFGFHE 2.V, <VV, " HHEEF 3.V, <V

FEEE? HESREAIAMWEAESY &1 &GO RE 0 doB 2- S(b) T °
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' woF
200+
a b
(a) G
100t -
ﬁ T'E. 100+
3 O CHI 5 -100f
100} CHCHE)
_Em_
CHHCHHCH
=200+ 300}
-40 20 0 20 40 600 -400 200 O 200 400 600
voltage {mVy) voltage (u¥)

Bl 2-8 (a)- ‘a4r® F g7V e REI(b)= 4EEF BV B - [11]

O\'

F LT
2 363 5

LR i IR

12 (Effective Mass Approximation,

S 2V Rz 4.

A4 » 7+ ‘ff’?.,/ﬂ" 'T%' i B

EMA)E

5 '?qz #B 5

BRG]l T gt o - ;t:r FiTy - B

E#F
QLEEINLIN 355 4 By Bt RN R

2 it (Wannier jg=)> ¥ @& #* i /i + Hamiltonian 3T 745 it :

2 2 2
A=-oyio v (2-30)
2mh 2me 81’e_rh|
$4 myme LR F R R e LEFMN T He - 80 T

HFRAF PRI FRAB L2 - TR TEAA T IR ITRELE

Ja )
"\

(4

B ]S rF BB AR AR S b dpanE JT ) 6nm ©

CEPETEMAN T VB FAS~120 AT R ARG Mg A

e

a4 e S T A S BIF R T - L R blde L R 45 (CdS)

1984 # Brus = — BATe0A AEA[12] 0 * KA i et e S 2

I B~

ST F IR R W I A S B g Skl KRR A B s ] 45

nm PF§F A AR o3RS N AR R TAE DS X ART

\

i)
Bi
@
L
et
S
=
F_L

v NI AVF R s Bldet Bt AR R RS 0 3

+ -

ek G o PR AT LSRR g T

I

SBT3 T
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£ Wannier Hamiltonian(% &+ 2-30)i7 2 > ;4 ki {73+ 8 o

TRTLEFTE  VHE RORNED - B itk DR G £

EARL R AT e - XS RAME AT K die, - BERAT VIS g A
e ARABFTEL e MR HAIY R S oS, o 4oF] 29 Hw o

B 2-9  Brus 323 504 o

TP BZEZHRT A GATE (Fans

— e — IR _
V(SI,S2)=¢T+P(Sl)+P(S2)$PM(SI,SZ). (2-31)
SZ‘SI_ 2‘
TEP G
_ o S 2n ez
POS)=>a, |=| — 2-32
(S) Z{; {R} R (2-32)
He
[e,(en+n+1)] g
M+ (2-31) ¢ 9P, &
S5 Sg OSiS)
Py (S.8,)=> 0, wanet Pa(cos0), (2-34)

n=0

He 0ES 4rS, 4 & P 3 Legendre % 3858 o a8 T @ An F Bl 3 (2-31)

Bp L EA T RTEARER NS Q30 B
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2
e R>>S 'er o T Vo 0 WL N F(2-30)en % - Fe,>E 0

%b -S|

R P(S)H B R4 » 274 3 42 % flee, THOR AR BF > 4 T3 H

o

R G AAS o P(S)fs it - AP hiF Sk THF 0 £ F T I S=0 Ao Pk

|
=i
i
<l
3

4 T o PSS, H- BE G OENIE > TARL - TEEY -

THTAA DA GIBRC TR AITEY o @ P &S 4rS, chG =% 5 B > » e

TREF TR A S ki ff 5= BiRM i £ 75  Hamiltonian 45 &

_(e- e’

%7 %5 P, an21pF5i 2 0 @ n=0 P, = P S S HEM o FA

€,

THREMAE 40 3BT F > PP, " n—Oiﬁg"EP(S)frP(S)F‘ n=0 it

FARF 0 N F Q23 S

_ - 0 SZn SZn) e
VoS,,8,) = Z R2n+l 2 P (2-35)
HY TR0 A RAE TSR 0 Vo b £ Mk R T B il o %

AR AR R BIE & ehimi Vo 5o

2 2 © 2n 2n 2
e +2(8 e +Y g (57" +8") e’

V,=+——— . - . (2-36)
’ 82‘81 —Sz‘ g,R = R 2
&3 (2-36) 5] P BEF T ABETIRLRTA G A BT ARG
fofh A BRI NIRRT el R IR 0 A2
—K? i’ N — —
Lm Vit Vi +V0(se,sh)}1>(se,sh)=Ec1>(se,sh). (2-37)
e h

% R 43 + e "X ;4 + (2-37)¢ Hamiltonian ¢ % = ;% =+ (2-30) : ¥4+ < Wannier

Hamiltonian » j£5%+ (2-37)% S kehic £ E@Z MM KT B o



tLR?Q‘kﬁ?Eﬁllf’,ﬁ‘,mﬁ;(Di&-g @ hF Ak FFooom @ g).' 'If]:[“?-
+ B R i £ E 22 8044 o0 Wannier 4 it B & (102 eV)e & R #] B s
oD §AT S B Ea R E GRG0 FH AU 3 PRY Ot

Mfz > e -+ AP SA Sdiep ALK

N (r)— n(2T (2-38)
Ha®E:
h*n’n’
" omR 239
#P miFafE o
Ph@Ezp MR
D, = ¥(S)¥,(S,), (2-40)
TE AFFIR Y HEILIT IR Rk Sl D) B A E
2t 2
E=E, + Z;z [L+L}_I.Se +smaller terms, (2-41)
me mh 82
Ho %-0f B e S22 RA&FY 4 B0 F 47 it @152

SEAHA A B AT IE TR PR R LR AT EF R A

In
(g
t
&k
34
[k
4
7l
o
P
5

(FZF)EFR AR AN EER L wp
TR R Tl RARAR 0 A ME AR B 4 o B 2-10 24 B

<SR ] 0 A X e ZnO 2 CdS BE K 6
nm FF T iE DB A M e B ) Jﬁ—z% GaAs £ InSb B £ |3 /= 20 nm £ 3 30

nm b A E B e
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5.0 T T T \— T
APPROACH OF CLUSTER LOWEST EXCITED ELECTRK;
45 STATE TO THE BULK BAND GAP
L]
40k "\  CLUSTER i
35| —Zn0 -
BAND GAP
; T \ )
2 ds
— C
> 25+ -
&
w
E or \ |
LY
1O \\ -
o5 \ Insb |
0 1 | 1 | )

1
30 50 100 200 300 500
DIAMETER (A)

Bl 2-10 2 HFE s Gn BEFBC9 bl 4B 0 REE D kehE % > kT ey

LR s B - [13]

2-5 AR BE < ¥ AR
2-5-1 #* STMER £+ 8.2 T 1+

STM # B ek » % ARZFZ A M OEFAREF RS © - B4 MERR
TR% AR R & FRF E R G FE IR R [14][15] >t R g B¢ 4 - Rk
FLPIFI[16] - 1995 & > L. Wang % < & * ®;8 STM ER| 7 L A + £ 83 g.en
RAL[17] %0 42 KT RBEIE A LFEEGHEHRE  © LR F e fiF
FOARETIERHFF- BEFRRE FEREOLVE AR F7 %8 57

(double tunnel junction model) k #& & 4 17 o 4@ 2-11 #7571 >

=

[ o <

@ﬁiﬁ??(hgﬁ%ﬁ%&ﬁ%@ﬁﬁ$$+ﬁiﬂ: S S S AN

34

s

ET R CuArR I d % o AR B EFENAERR o L RAF A A
2 B M KR (gap width)s ¢ EFHE S 2SR iED § APz % AL PH TR

= peags Wﬁﬁ)&@&ﬁﬁ’fcmﬁawnﬁugce

» BT IR
C A

> > 1
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% & (gap width) § F] Cy 3 4c @ % |

Iy
o
=
@
T

4

o
=
S

e
]
T

b
@

Tunnel current (normalised to peak value)
- e
=)

-
e
T

600 400 -200 o 200 400 600

Tip bias / mV Tip bias / mV

Curve Tip offset (A) Gap width (mV) C, GF) C, (aF) R, (M) R, (M) Istand area (am?)

(a) 30 137 117 047 16.9 678 131
4.5 114 140 0.42 62.5 313
6.0 80 2.00 0.40 20.6 82.6

(b) 15 98 1.63 0.65 375 1500 257
3.0 74 2.17 0.65 238 1190
4.5 62 2.60 0.65 49.1 343
6.0 49 325 0.65 23.6 212
75 37 4.33 0.65 6.7 80

Bl2-11 AP EFBRFHFBERETI FREFREFDLV Y L LEE - [17]

FrianBO eI Mo a2 FE 2R 3853 8N G 2000
#>oB Wang ¥4 411D Ta FRFEEp 2Xr3Ew L RFEBL
4T 5 P2 4T R[18]c* STM 2 BRI A+t 4EF8ES KLV

PIEGIFEREGIFHIRG o 4oB] 2-12 ¥ #F T > EFBFIE 4

&
B
FN
‘% 72!\ “

T B R (gap width)ik | 0 gUEF RS BT 4 B4 A f Rl ik

% 2 orthodox ik kiR e dcdh 0 AN 0 S BRI KA @

<k

Pl R hoR] 2-13 #T o P 0 T AR L FHAA NS R R LR > TS
IACIREL L2239 BE 5 B3 A PLON L T2 X SR R X S
WA LER - BARRE IR AKT S e R AR D S e A2 s Rt

EaEadk o
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2.5

Set point: -1.8 V, 2 nA

20 k T~-5K

1.5

1.0

0.5

Tunnel Current (nA)

0.0

-0.5

-1.0
-1.2 -08 -04 00 04 08 1.2

Bias Voltage (V)

212 TRk 483 %AV ARE - [18]

14
3 ®  Experimental data
1.2 : w-eo- Parallel plate
i Anisotropic model
— | . —-= [sotropic model
S 1.0 :
A
= 0.8 1
=2
Z 06
[=9
o
O 04 1
0.2 4
0.0 - . '
0 2 4 6 8 10

Diameter (nm)

B2-13 FHATREZEEFIHOAHAER BRITFFTIHAF TS FRLBEXE
TEEE G e FRAE B KT 5 Rk BamiE B o [18)
2005 # H.E.Romero % % #-% /&%) 2 5.5nm 2/ (“ &2 & 3 B3R F &

FUPAFL O S B TI/AU R E - P2 25 (C plzad 7))o s i
B3 % T(10° torr) B RHE & B & 77K ~ 300K 4r 373 K 2 = 5 I-V o 4 < 4c ]
2-14 #770 » pt Z iEW REIRZERME T T 5 A M L £ R D B PR

Bed fRIEoRd PR EOFRINTEFRE-BIP » FRTPEDES EFF
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Hiph T BRd 77K 144V F 300K 13 Vo 5 FF R b A

34
-
)
e
)
\ -
N
o
o

"
11 L
A
(S

=
I
=
=4

Bepl 2 EW A T~ (V/V —DF B R3S R EmA 24 2

oSS B ROk Shegt & (disorder)F B 0 A RER R A R o
10— .
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