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Definitions:

C is the capacitance of each capacitor.

(They are all the same.)

n, is the number of excess electrons on island 1.
n, is the number of excess electrons on island 2.

n,, = # excess electrons on island 1 before the tunnel event
n,, = # excess electrons on island 1 after the tunnel event
n,, = # excess electrons on island 2 before the tunnel event
n,, = # excess electrons on island 2 after the tunnel event

Thefore

Qbefore Ej‘_oo I(t')dt'

where I(t') is the current flowing out of the positive terminal of the battery.

Qqﬁer = f_{:w. I(t v)dt'

where I(t') is the current flowing out of the positive terminal of the battery.

My calculations show that:

0, = %(261’!1 +en, +CV)
0, = %(—en1 +en, + CV)

0, = %(—en1 -2en, + CV)

2 2 2
E= &) + 0, + 0, _ L [2e2n12 + 2621’122 + (CV)2 + eznlnz]
2C 2C 2C oC



For this case,

Ny, =n,

a

|<+

n, =n, +1

AG = Gbefure - Gqfrer = {E before — afte} } {Qbeﬁ)re - Qa/ier}

{Eheffore - Ea/ier}
1 1
= —C [2e2n,2b +2e’n), +(CV) + eznlanb] “C [2@2n120 +2e’n;, +(CV) + e2n1an2ﬂ]

2 2
e e
2n12b + nlanb] - E [2n12a + nlanth] = 6C [2n12b +n,ny, = 2(n,, + 1)2 =(ny, + 1)n2b]

2
e
[2’7121; + Ny, — 2(”121: +2n, +1) = (n,, + 1)”2b] = oC [2”121; + Ny, — 2”1217 —4n, =2 -nyn,, - nzb]

{ch{fbre - Qaﬁer} = f _t;: I(t"dt' - f _to: I(t"dt' = - f;’; I(t"dt'
Lafier
kM

=e- e Ipo/an_atlun (t ')dt‘ =e+ (leefme Qlafter)
1 1 1 1
(leeﬁ)re - Qlaﬁer) = g(zenlb +en,y, + CV) - g(zenla ten,, + CV) = 3 (Zenlh ) - 5(26}1111 )

2e 2e
=—(n,-n,)= 7(”117 (n, + 1))



For this case,

Ny, =n,

a

|<+

n, =n, —1

a

AG = Gbefure - Gqfrer = {Ebefure - qurer} - V{Qbejﬁ)re - Qa/ier}

{Eheffore - Ea/ier}
1 1
= C [2e2n,2b +2e’n), +(CV) + eznlanb] “C [2@2n120 +2e’n;, +(CV) + e2n1an2ﬂ]

2 2 2
e e e

= oC [2n12b + nlanb] T 6C [2n12a + nlan2a] = oC [2”12b + 1,1y, = 2(ny, = 1) = (ny, - 1)n2b]
& 2

2 2 e 2 2
= 2ny, + nynyy, = 2(ny, =20y, +1) = (ny, - 1)n2b] = 6C [2”1b + 1y, = 205 + 40, = 2 = nyn,, + ”21;]

(e = Q= [ 10 = [ 10 = = 10

tAI fter
= _f / Itlmnel (t ')dt' - ')dt '
Lefore

polarization (t

txl rer
1
’

i
hefore

Lafier ' '
=-e- t[f/ Iﬂolarizarion (t )d[ =-et (leefore B QMﬁ”)
1 1 ! 1
(leq;m - Qla_m) = g(zenl,, +en,, + CV) - E(Zenm +en,, + CV) = 3 (Zenl;, ) - §(2en1a )

2e 2e 2e
= ?(”w -n,)= ?(nlb = (ny, - 1)) = +?

62 —-e
AG = E[+4nlb ~2+my, |-V {}



+ For this case,
V n, =n, -1

AG = Gbefbre - Ga/ier = {Ebe/bre - aﬂcr} {ch/an - Qa/ier}

{Ebejare - Ea/ler }

L [Zeznlzb +2e'n3, +(CVY +ényn,, | - e’nl +2en;, +(CV) + eznlanm]
26%(n}, = 2n,, + 1) +2e* (13, +2ny, + 1) +(CV)? + & (nyny, +n,, —nyy — 1)]

e’ny, +2e°n;, + (CV) + eznlanb] -
2e°n}, +2en3, + (CV) + eznleZb] -

e - - =Y
Rl- & 8]~ m\”

2
[ [Ze (n,, = 1> +2*(n,, + 1> + (CVY* + &*(n,, - 1)(ny, + 1)]
[262”12b +2e’n, +(CV) +enyn,, | - [
[ [

2e°n}, —4e’n,, + 2 +2e’n}, + 4e’n,, +2¢" + (CV) +éen,n,, +e’n, —e’n,, —ez]

_%\~%\~

=-— [—4eznlb +2¢" +4e’n,, +2e" +e’'n, —e’n,, - ez]
6C

1 2 2 2
=~ [—3ezn1b +3e" + 3ezn2b] = —é[—nlb +1+ an]= —;—C[—nlb +1+ nz,,] = Ze—c[nlb -1y, - 1]

(G = Qe = [ 10ar = [ 1dr = = 1)

afier
- _f Umnel (t ')dt f y polm ization (Z ')dt'
M/IB!'
=0 _f Ip"l‘”iz"’i”” (t ')dt' = (lecfft)re - quffer)

Lpefore

(Qietore = Oraper) = %(2enlb +eny, +CV) - %(Zenla +eny, +CV) = %(2enlh +eny, +CV) - %(Ze(nlb -D+e(n, +1)+CV)
- %(2enlh +eny, +CV) —%(2enlb -2e+eny, +e+CV)= %(Zenlh +en,, + CV)—%(2enlb —e+en,, +CV)

= %(28}1117 +en,, + CV =2en,, +e—en,, —CV) = %



+ For this case,
V n, =n, +1

Ny, =Ny =1

AG = Gbefbre - Ga/ier = {Ebe/bre - aﬂcr} {ch/an - Qa/ier}

{Ebejare - Ea/ler }

L [Zeznlzb +2e'n3, +(CVY +ényn,, | - e’nl +2en;, +(CV) + eznlanm]
267 (), +2ny, + 1) +2e* (12, = 2ny, + 1)+ (CV) + & (nyny, — 0y, + 1y, —1)]

e’ny, +2e°n;, + (CV) + eznlanb] -
2e°n}, +2en3, + (CV) + eznleZb] -

e - - =Y
Rl- & 8]~ m\”

2
[ [Ze (n,, + 1)* +2&*(n,, = 1> + (CVY* +&*(n, + 1)(ny, — 1)]
[262”12b +2e’n, +(CV) +enyn,, | - [
[ [

2 2 2 2 2 2 2
28°n}, +4e’n,, +2e° +2e’n}, —4e’n,, +2¢" +(CV) +én,n,, —e'n, +e n2b—e]

_%\~%\~

=-— [+4eznlb +2¢" —de’n,, +2e> —e’n, +e’ny, - ez]
6C

1 3 2 2 2
=~ [+3ezn1b +3e" - 3e2n2b] = —é[ﬂm +1- an] = —Ze—c[+nlb +1- n2b]= Ze—c[—nlb +1y, — 1]

(G = Qe b= [ 10 ar = [ 1dr = = 1)
= T O = [ ()l
=0 [ L paion OV = Qe = Or)

Lpefore

(Qietore = Oraper) = %(2enlb +eny, +CV) - %(Zenla +eny, +CV)= %(2enlh +eny, +CV) - %(Ze(nlb +1)+e(n,, -1)+CV)
- %(2enlh +en,, +CV) - %(2enlb +2e+eny, —e+CV)= %(Zenlh +en,, +CV) - %(Zenlb +e+en,, +CV)

= %(23”117 +en,, +CV =2en, —e—en,, —-CV )= _?e

2

AG = Ze—c[—nlb + 1y, —1]+V{§}



For this case,

Ny, =Ny

|<+

n,, =n,, —1

a

AG = Gbe/bre - Gaﬁer = {Ehe/ore - Ea/ier} -V {Qbe/bre - Qq/}er}

{Ebe/nre - Eaﬁer}

22 22 2, 2
2e’ny, +2e°ny, + (CV) +enyn,,

2 2 2 2 2, 2
2e’n} +2e’n,, + (CV) +e nlun“]

Zeznlzb + Zeznfb + (CV)2 + eznlanb - Zeznfb +2¢° (ny, — 1)2 + (CV)2 + eznlb(an - 1)]

2.2 2.2 2 2 2.2 2 2 2 2 2
2e"ny, +2e'ny, + (CV) +e'nyn,, |- 2e"ny, +2e" (ny, —2n,, + 1) +(CV) +en,n,, —e ”m)]

2 2 2.2 2 2 2.2 2.2 2 2 2 2 2
2¢°n;, +2e’n;, +(CV) +e nlbnz,,] - 2e’n} +2e°n;, —4e’n,, +2e +(CV)* +e’nyn,, —e ”1;,]

2 2 2 2
=- C[—4e n,, +2e +e'n,n,, —e nl,,] =—

y efore ’u fer 'u fer
(O = Qb= [ 1Gar = [ 100t = = 1(aydr
_ _f'um b ([')d[' _ Lafier I (l')dt'
P tunnel P polarization
before before

Lafier
=0 _fh/ Ipa[urizanon (t ')dt' = (lecfm'e - quft@r)

1)

1 1 1 1
(Q][;g_ﬁ;rg - quﬁe,) = 5(28111,, +en,, + CV) - g(2enla +en,, + CV) = g(2en1b +en,, + CV) - E(Zenl,, +e(n,, -1+ CV)

= %(26"1;; +en,, +CV) —%(Zenlb +en,, —e+CV)

= E(Eenlh +en,, + CV =2en,, +e—-en,, —CV) =%

2
e

e
AG = E[4n2b -2-n,n,, + nlh]— V {5}



For this case,

Ny, =Ny

a

< +

n,, =n,, +1

AG = Gbg/z,re - Gq/zer = {E},e_/ore = Hafier } {Qbe/,m, - Qaﬁe,}

{Ebeﬁ;re - Eafter}

= é [Zeznlzb + 2e2n2b + (CV) +é N1y,

2 2
”1b +2e n2b +(CV) +é N1y,

[2e n, +2e’nl, +(CV) +e’n,n,,
[2e n, +2e’n, +(CV) +én,n,,

o _
_q\Ho\H

2 2 2 2 e
“~%c [+4e n,, +2e* +e'n,n,, +e ”1/,] [—4;12[’ —2-n,n,, _nlb]

{Qbe/b,f - Qtl/ter} f I(l')dt fa/r 1(t"dt' = f:::‘l(t')dt'
o O = [ (O

Lafier

=0- lot Ipu[urizaliorz(t')dt' = (legf()rg - Qluﬁer)

Quvgre = Qrapr) = %(26”117 +eny, +CV )~ %(zenla +en,, +CV)= %(26"117 +en,, +CV)- %(Zenlb +e(n,, +1)+CV)

= %(2@;1”] +en,, +CV) —%(Zenlb +en,, +e+CV)

1 -
=§(2en1b +en,, +CV —2en, —e—en,, ~CV)=—

2
e

e
AG = E[“‘”zb =2-nyny, - ”1»]+ V {5}



For current to flow from left to right, we need the following transistions to be allowed,
for example, if the initial state of the system is (0,0), i.e. n1=0, n2=0:

0,0->1,0

1,0 > 0,1

0,1 >0,0

For the first, we require V < -e/C.

For the second, we require V < 0.

For the third, we require V < e/C.

However, all 3 transitions must be allowed, so the only way to satisfy this is if V < - e/C.
Thus, no current can flow in that direction unless V < -¢/C.

By a similar consideration, you can show that no current can flow in the opposite
direction unless V > ¢/C.



Problem 2:
In a 2d gas, the Fermi energy is well defined,

and so is the Fermi wavevector.
The answers are: 3.5 meV
and 80 nm.
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Prob 3

Prob 4

Prob 5


EECS 277C Nanotechnology
Homework #3 Solutions

What is the Fermi wavelength of electrons in aluminum? Is it possible to fabricate 1d Al wires using
photolithography? Is it possible to fabricate Al wires using electron beam lithography?

3.6 angstroms.

No.

Find the resistivity of pure copper at room temperature. Now, find the density of electrons in copper,
assuming one free electron per atom. Now, calculate the scattering time and the mean free path of the
electrons from the Drude model. Is it possible to fabricate copper wires in the ballistic limit using
photolithography? Is it possible to fabricate copper wires in the ballistic limit using electron beam
lithography?

10 microohm-cm 8.4510% ¢cm™

T=410"s I=VpermT

Vrermi = 1.6 X 10% cm/s so 1=6.4 nm

No

No

For a 2DEG in GaAs with n=10"" cm™ and a mobility of 8,000 cm2/V-s (typical of room temperature
HEMT operation), calculate the scattering time and the mean free path from the Drude model. Is it possible

to fabricate devices using lithography that are smaller than the mean free path? Remember you must use the
effective mass of electrons for the Fermi energy, etc.

u= ez; t=0.3ps | = VeermT 50 1=1.3 10° m/s x 0.3 ps = 40 nm
m

Yes



9.) A ballistic wire has a long length, but the height is one Fermi wavelength tall, and the width is 10
Fermi wavelengths wide. What is the resistance?

Need to find number of modes. Each mode will carry e”2/h of current/conductance.

Approximately 10 Fermi wavelengths fit in the horizontal direction, so there are
approximately 10 modes. Each mode carries spin up and spin down.

So total conductance is 10 X 2 X e”2 /h. Total resistance is h/(20 e”2) = 1.25 kohm



