Lecture 8: Single electron transistor
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Single electron transistor circuit
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Capacitor charges

N Kirchoff: V = % + %
C . ¢ G
¢ C,[ QU
VG+ V _% QZ
+ ¢ C, C,
+) - @] =
Q,"Q, Qz
) Island charge:
C2 i | Qi:Qz_Q1_Qg
3 equations, 3 unknowns, solve:
Ql — ClV(Cz + Cg) — C1Cg(Qi + Vg) CZ = Cl + C2 + Cg
CZ
_CO+CCV+CCJ,
2 CZ
0, = _CgQi B CICgV t Cng(Cl +C,)
CZ
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Electrostatic energy

2 2 2
Q,* E_Ql +Q2 +QG
Cq Q. B
C, 1 2C, 2C, 2C,
Ve CY(C,+C,)~CCly—CO,
Q, Qy 2 - .
C| & G0 +CCY+C,CY,
0,- &
~C,0,~CCV +CV,(C +Cy)
QG =
CZ
1
E=o CoC+(V =V ) +COV + GOl + 0]
>
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Free energy :

G:E_QIV_QGVG
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Can current tflow?

0. AG=AE-VAQ -V,AQ,
Ce C, Q, Before:
_V + —
GQ +Q - Q2+ Ql — noe
9 9 C[ Q After:
Oe Q. =-ne—e
]
E=3c | G+ (P =V +CCP + o2 + 07 |
AF — —2n.e’ —e’
2C;
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Can current tflow?

Cs C.
-V g+
Q.7 Q,
C,
AQ, =A

Oe

AG = AE -V AQ,

Before: _
Qi e
After:
Q. =-ne—e
_CV(CG,+C,)-CCV; -CO,
1= (:,2

i VGAQG

CV(C,+ Cg) -CC.V,.-CO, _ —C, (—noe) —C, (—noe — e)
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Can current tflow?

AG =AE-VAQ, -V .AQ,

Q,*
C - Before:
¢ C, Q, Qi = —n,e
Ve After:
Q. Q, (éz_ Qi — —n,e—e¢
C 2 | —C,0,-CCY +CV,(C+C,)
Oe v G
AQ, = A -C,0,-CCV+CJV (C+C,) _ -C, (—nye) _—C, (—nye—e)
0 CZ CE
AQ, = —eC,
G CE
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Can current tflow?

Q. AG=AE-VAQ, -V, AQ.
SR —2n.e’ —e’
— 0
Vgt =
Al s 2C,
g g
c,] @ AQ, = —eC, AQ, = —eC,
Oe CZ CZ
2ne’—e°  eCC eC
AG =— + £+p, —=£
2C Cs Cs
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Similarly

Allowed only if:

e
AG =— +noe—5—C1V—CgVG > ()

n, is the number of electrons on the island before the tunnel event.
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Can current tflow?

Oe _
o AG =AE-VAQ, -V .AQ,
Ce C, Q, Before:
_V + —
A Q, O, =—nye
Q" Qz_ After:
C, 2
Q. =-ne+te
1
E=3c | G+ (P =V +CCP + o2 + 07 |
AF — —2n.e’ —e’
2C,
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Can current tflow?

Oe — AF — -
Q,* AG = VAQI VGAQG
Cs C, Q, Before:
Q.*Q Q,* After:
g
C2 Qz- Ql — _noe + e
_ CIV(CZ + Cg) - CICGVG - ClQi
1 Cz
_ CV(C,+C,)-CCV, —CO, _ —C, (—noe) ~ —C, (—noe — e)
1 Cy C, C,
_eC A =e
AQl,polarization — C—l Ql,tunnel
2
—eC —eC eC, +eC, +eC C,+C
JAN =A o A = 1 — 1 1 2 G _ 2 G
Ql,total Ql,polarzzatlon + Ql,tunnel CE 4 Cl N C2 N CG + Cl n C2 o CG e Cz
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Can current tflow?

°% AG=AE-VAQ, -V,AQ,
Cs C, Q11' Before:
Vg Qi = —Nye
Q.*Q Q,* After:
g =g
C[ @ Q. =-ne+te
o -G-GOV +CH(G+C)

—Cng. — CngV + Cng(C1 +C,) _ —C (—noe) —C (—noe— e)

AQ. =A
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Can current tflow?

O AG=AE-VAQ,-V,AQ,
Cq C, Q, _ —2n.e’ — e’
Vgt 2C;
+ Q2+ — - G +G _ —eC,
Qg Qg C2 Qz- A, o C. AQ, C,
2 2
AG 2 2 —e GG N eC,
2C, C. C,
AG = —| —nje—=—V (C, +C,)+V,C, |>0
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Similarly:

Q,*
Co C, Q-
Vgt Oe
Q,"Q, <’
C, Q,
Allowed only if:
e i e i
AG:C— +n06—5+V(C2+CG)—VGCg > (0
2 L .

n, is the number of electrons on the island before the tunnel event.
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Summary:

e e
+n0e—§+V(C2+CG)—VGCg>O —noe—5+C1V+CgVG>0

o) o

/ U
Cs C, Cq IC1 I
Of— o O
—
C, C,
O
—noe—g—V(C2+CG)+VGCg>O +noe—£—C1V—CV >0 )
2 &
U/7° W
Cq EQE Co EQE
= O
— —
C, C,
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Current?

Let ny=0.
-/
~Licy+Cy,>0 C
.. B2 v Sy
1 G
— 2C. C
—
C2
0]
Now ny,=1.
Y
c, B4

ol C

= ) ¢) Ve 4 £ V.- <
ECZ +2+V(C +Cy)=VC, >0 >(C2+CG) = 2(C2+CG)
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Current?

AV
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Current?

v € C, C,
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Current for 1 electrons on i1sland:

Let ny=1.

U/ 3
= —§+C1V+CgVG>O 3¢ C
C V> - =V,
— 2C, C,
=
C,
o
Now n,=2.
U/
Ce EQ

Of e & w

% 9 ¢) Ve 4 £ V.-
ECZ +2+V(C +Cy)=VeC, >0 >(C2+CG) = 2(C2+CG)
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Current?

FAV I
26, N
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Current?

C
V> V.- 3¢

2(C,+C,
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SET I-V curve vs. gate voltage

V:(n+lj c + © Ly

2)C. 2C,
— Ve=n—t—
C. 2C.
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d diagram
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agram with Coulomb “gap”
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Band diagram under bias
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EEEEEE Band diagram with Coulomb “gap™

L. §

2C,

Gate voltage like a “plunger”
Moves island up/down by e?/V
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/.ero bias conductance

G=dl/dV

a

£
CG

+—>

A\ 4

Width of peaks set by temperature.
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