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Electron transmission through a barrier tunnel barrier
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tunnel barrier

Tunneling
Rules: 1. occupied state to empty state r
Nl |\|2

2. No associated energy change
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A neutral isolated dot

C

particle — 27EgE T

particle

Inject electrons via a
tunnel junction

electron
@ reservoir

Electron Box

Eilled

continuous
states

AV = ¢e/Cy,

An applied gate
voltage can lift up
island potential




Circuit and a real sample
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Single Electron Transistor
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Effect of a bias voltage:

Two possible tunneling sequences: X
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Effect of a gate voltage:

Ve =2nEc/e+ (Cg/CE)\/g
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summary  v,xo, v,=0
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at V,> 4E /e and V =e/2C
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1(V}) vs. 1(V,)

T =50 mK
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Coulomb Oscillation

Source-drain current
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Each oscillation corresponds to a shift
in the chemical potential of the island
by an amount of e/C;



Calculation of single electron tunneling current

Assumptions: 1. Sequential tunneling (no co-tunneling process)
2. Global rule: Fast charge redistribution
3. Fast energy relaxation

( Calculate energy difference between two charge states
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3 {S, source

D, drain
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( Find out P, :the probability of having n excess electrons in the island
Master equation

B —

( Current|cyrrent | =eP -G |5E(---,P_Z,P_l,PO,P+1,P+2,--->

(3 G = (T 5T Te Ty Ty, eZ[ ]
r, =Zrni—>n, - n—>n+1 n—>n -1 pn
n;




Measurement vs. Simulation
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Asymmetric SET (simulations)

Coulomb Staircase

R,= 50 kQ, R,= 1 MQ, C,=0.2fF, C,=0.15fF, C,=16aF,
E=2.54K, T=20mK

appears when R,C,#R,C, appears when R #R,

sop_Vsn=e/C,=0.42mV
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Stability diagram:

Symmetrical Junctions

C, = 200C,
C, = 100C,

ref “NewTrans.nb”



IV characteristics for 1D array with C=100aF, R=20kQ
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Applications: Summary

(a) € € € € € € €

09900000 €4

- = = = = = = = V = (hi2e?)l

I
P O PF Ol>
k-~ O ol
or o0

(c) (d)




other applications:

\ A/

2.5 ultra sensitive charge detector,
a small change in the island charge causes large change in current,
sensitivity ~ 105 e/NHz  (R.J.Schoelkopf et al, 98)

2% memory cell,
use number of charge stored in the island as an information bit,
8x8 bit prototype room temperature memory cell array (K. Yano et al. 96)
a non-volatile storage cell (C. D. Chen et al, 97)

2 & Current Standard,
pumping charges one by one with an accuracy rf source, | =e x f
error = 15 parts in 10°, or 15 ppb (John Martinis et al, 96)

ﬁ Primary thermometry an universal constant
the full width at half maximum of the di/dV | v-o=aT, o =10.878.. x(kg/e)
Good for KgT >> E, experiment:T = 0.1~8 K, (J.P.Pekola et al, 94)

2% logic gate element,

forming AND, OR, NAND gates
Computers: Making Single Electrons Compute, Science, v275, p. 303 (1997)



Coulomb blockade «<—— isolated object

Charging energy (e%/2C):

Electrostatic energy associated with charging/discharging an isolated object

Criteria (for a well defined charge number) :

1. to surmount thermal fluctuations

e2

——>>kgT = smallC or low T
2C

C = total capacitance seen from the object

2. to surmount quantum fluctuations
electrical paths to charge/discharge the object

2
€—(RC)2]J = RZRKEiz%kQ
L At

AE

(tunneling transport -- not diffusion)

R = total resistance seen from the object
(two resistance in parallel)

Material:
any conducting materials,
including metal,
semiconductor,
conducting polymer,
carbon nanotube, ...

Structure:
any structures with isolated

objects accessible through tunnel
junctions

The simplest structure:

Single Electron Transistor (SET)




Controlling and Detection of Charge number in a Box
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NATO, Single Charge Tunneling, p121



Single Electron Pump

C c’ c*

C, =

Q2 = C2 U2

Ql =Cl Ul

ref “Q8Final&.nb”
NATO, Single Charge Tunneling, p128



N-junction Electron Pump

time

Tunneling from 1, to I via J,

before tunneling: Q3 = - e/2, the rest = (+e/2)/4 _
after tunneling: Q3 = +e/2, the rest = (- e/2)/4 Qc=¢e/2

optimal operation condition

Cg2Vg2 + Cg3Vg3 =€

Example:

CgZVgZ_ +€ - Q(t)
CoaVgz= QD)

Ref: H. Dalsgaard Jensen and John M. Martinis PRB 46, 13407 (1992)



Accuracy of electron counting using a 7-junction electron pump Appl. Phys. Lett. 69 (12), 1804 (1996)

Mark W. Keller and John M. Martinis

National Institute of Standards and Technology, Boulder, Colorado 80303

Neil M. Zimmerman

National Institute of Standards and Technology, Gaithersburg, Maryland 20899
Andrew H. Steinbach

National Institute of Standards and Technology, Boulder, Colorado 80303
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Co-tunneling

NATO, Single Charge Tunneling, p218
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Effect of shunt resistor on a small tunnel junction:

R, C Rs=YRg

—HE-

P(E) ---- Probability for the tunneling electron to
emit energy E to the environment.

H. Grabert and M. H. Devoret, E/EC V/EC

‘Single Charge Tunneling’, . . ) .
(Plenum Press, New York, 1992) Lower shunt resistance — lower jUﬂCtIOﬂ resistance



Additive energy for an oxide-encapsulated nanoparticle
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Single-Electron Devices and Their Applications, KONSTANTIN K. LIKHAREV,
PROCEEDINGS OF THE IEEE, VOL. 87, NO. 4, APRIL 1999 . . . .
Likharev review article, Fig. 2



Electron transfer through a quantum dot with charging energy E.

eVQ -
c.  tunneling




What makes electrons flow?

J, J, biasing: p,-p,=qVp

Fermi function: 1
f,(E)= =
1+exp[(E — 1) /KT ]

(E— 1)

L = f
1+eXp[(E _ﬂz)/kBT] e

f,(E) = (E—1,)

Coupling strength for J, and J, =y, and v,
l, = e(%)( f (&) - p) I, = e(%)( f,(e,)— p)
p = average number of electroninthe QD 0< p<1

rifi+7, 1,
V1TV

At steady state, I,=I, pP=

=l =1, =22 [§ ()= f,()]
Iy +y,

Handbook of Nanoscience, Engineering, and Technology Quantum transport: atom to transistor
Section: 12.2.2 Current flow as a balancing act Sec. 1.2 What makes electrons flow
By Magnus Paulsson, Ferdows Zahid and Supriyo Datta,

Edited by William A. Goddard,lll et al. CRC Press, 2003



Electronic Spins in nano-particles: Zeeman Effect

n=0

Discrete
energy
levels in
a dot

Hamiltonian:

H,=5,(9,/2) ugH
c,=11/2

von Delft et al.
PRL, 77, 3189 (96)
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Kondo resonance in Quantum Dot systems

U“ QD DOS electrode DOS
Er
I‘c’i’" Kondo temperature
]
T, =~TU exp 738 +V)
« ru
Duncan Haldanel978
g,= impurity level process time ~ h/|g,|

U = charging energy T =level broadening

In Quantum dots with odd number of electrons

Single channel resonance

S
:‘
DTS an
s ——— — N —r— [—
I S g b R KK
. . . . .o
* * 0
A : o 0
o AN: Y I
f =
BE3 H
£

Provide a new conduction channel in Coulomb blockade regime



