Lecture 8: Single electron transistor
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Capacitor charges

Kirchoff: V = Q + Q

Q. C, C,
Qr
V, = % + %
+ g 2
Q' Qy Q2

C,] Q2 Island charge:

Qi - QZ o Ql o Qg

3 equations, 3 unknowns, solve:
o - V(€ +C)-CC,Q +V,) C,=C,+C,+C,

1 Cz
0, = C,Q +CCV + CgCZVg

, =

CZ
0, - —CgQi —CngV +Cng (C,+C,)
CZ

1/7/2017 EECS 277C Nanotechnology © 2017 P. Burke Lecture 8, p. 3



Electrostatic energy

Q. E Q12 _|_Q22 _I_QGZ

Q ] p—
: 2C,  2C,  2C.
CV(C,+C,)-CCeVe -CQ
Q2+ Q = C,
Q2 C,Q+CCNV +CCy,
2 CZ
—C,Q ~CLCV +CV,(C,+C,)
QG =
CZ
1
E = f[CGCl #(V =V, ) +CCNV?+C.CV2 + Qf}

2z
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Free energy :

G=E-QV -Q.V,



Can current flow?

0. AG=AE-VAQ -V AQq

Qr Before:

Q> Q =—Nee
Q. After:

Qe Q =-ne—¢e

E = L[CGQ +(V =Ve) +CCV 2+ CCVE +QF |

2C

)

. 2 A2
AE — 2n,e” —e
2C,
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Can current flow?

o.  AG=AE-VAQ,-V;AQq
Qr Before: Qi _ _noe
After:
((%ZJ_F Qi — _noe — e
o e-z o- CV(C,+C,)-CCsV; —CQ,

C,

A CV(C,+Cy)-CCV: -CQ _ -C, (-ne) -C,(-ne—e)

Cs Cs Cs

AQ, =

—eC,
CE

AQ, =
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Can current flow?

o AG = AE -V AQ, —V;AQ,
Q, Before: Qi _ _nOe
After:
Q,* Qi — _noe —€
Qy ~ —C,Q-CCV +CV,(C,+C,)
oo Qs = C,

AQs =A ~CoQ GGV GV, (6 +Cy) — —Cy (_noe) _ —C, (_noe - e)
G Cx Cy C,
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Can current flow?

o-  AG=AE-VAQ,-V,AQ;
Qr 2 2
AE — —2n§eC —e
Q2+ )y
Q. _ —eCl B —ng
o AQ, = C. AQg = C.
_ 2 _ @2 eC.C eC
AG = 2N —€ Ly -~ 94V, —°
2Cz Cz C2

AG = i[—noe—3+clv +(3va} >0
C, 2
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Similarly

Allowed only if:

AG :ci +n0e—§—C1V ~CV, |>0

2

N, Is the number of electrons on the island before the tunnel event.
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Can current flow?

O AG=AE-VAQ -V;AQ;
Qr Before:
Q' Q =—Nge
Q, After:
E:i[c C,+(V —Ve) +CCV°+CoCNVE +Q7 |
ZCZ G™1 G 1~2 G¥27G |
AE — -2n,e° — e’

2C,
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Can current flow?

O AG=AE-VAQ, -V,AQ,

Q, Before:
Q2+ After:

Qy Qi — —noe + e

_ CV(C,+C,)-CLC.V; -CQ,
1 Cz

A CV(C,+Cy)-CC:Vs -CQ _-C, (-n,e) —C,(-ne—e)

CE CZ CZ
AQ S = icl AQl,tunnel =€
1, polarization C
>
AQl total — AQl polarization + AQl tunnel — _eCl +e= _eCl + EC1 " ng " ECG =€ C2 Bl CG
’ ’ ’ C, C,+C,+C; C,+C,+C; C,
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Can current flow?

OQel AG = AE -VAQ, -V;AQs
Q; Before:
Q, =—ne
Q,* After:
@ Q=-ne+e
Q. = -C,Q,-CC\V +CV,(C,+C,)

CZ

AQ; =A _CgQi _ CngV i Cng (G +Cy) _ _Cg (_noe) B _Cg (_noe — e)
G Cx Cy C,

AQ _—ng
G CZ
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Can current flow?

O¢ AG = AE -V AQ, -V AQ,
Q"
Q. AE - -2n,e° —e°
2C,
((32; AQ, ot = e% AQ; = _gc;g
—2n.e° — e’ + eC
AG = 2N Z€ e Lt e 1y T
2C, C. C,
e | e |
AG =—| -ne-—=-V(C,+Cq)+V,C, |>0
CZ | 2 _
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Similarly:

Q"
Qr
Oe
Q"
Qy
Allowed only if:
e | e |

AG = — +noe—§+v (C,+Cs)-V,C

9

>0
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N, Is the number of electrons on the island before the tunnel event.

EECS 277C Nanotechnology © 2017 P. Burke

Lecture 8, p. 15



Summary:

e
#e = +V (G, +Cg) -VeCq >0 —noe—%+C1V +CVg >0
(v) ()
—/ O
— =
= C, Co C,
Ol Ol
—
C, C,
O
t
“ne—=—V(C,+C¢)+VeC, >0 e
075 2 T %6 G“g +n0e—E—C1V—CgVG>O
() Qe ()
-V + e -V +
_/ _/

Ce ICZ—II Ce ICZ—ZI
HeH — HF— @
 —  —
C, C,
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Current?

Let ny=0.

e
= |>+CV+CV:>0 e C
S V>———9V,
_@-I ‘ 2C1 Cl
Ic_z__|

0

Now ny=1.
(v)
/

c, B4

o
C e

Cl
CE +§+V(C2+CG)—VGCQ>0 V > V. —
2
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Current?

V

e C,
> B G
2C, C,

AV
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Current?

AV

<
®

2(C, +Cs) A
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Current?

e Cgv C

V
C

)




Current for 1 electrons on island:

Let ny=1.
/ -
e
— [->+CV+CV:>0 e C
Ce 2
HH F— 2C, C,
 —
C2
(@
Now ny=2.
U/
Ce Ecl
If O c 3
3e e
E3|+-=+v(c,+C)-V,C,>0| [V > V. —
g R e (C,+Co) © 2(C,+Co)
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Current?

3e
2C, |

3e
2C, VG
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SET I-V curve vs. gate voltage
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Band diagram

N
>
o
S
()
c
Ll




E
(5]
LL

S

-

Band diagram with Coulomb “gap”
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Band diagram under bias

Energy
z




11111111

_—

Gate voltage like a “plunger”
Moves island up/down by e?/Vg

_

Fermi
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Band diagram with Coulomb “gap”

Energy
VA




Zero bias conductance

G=dl/dV

Width of peaks set by temperature.
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Coulomd diamond

o D
Y 0.4 0.6 0.8
Gate Voltage (V)
_(b) Viad = 500V
=T Fe 17 v 0 7
} loUVoualloUlon
5 o[9Y IV /UlDUh
0.2 0.4 0.6 0.8

Gate Voltage (V)
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