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Molecular beam epitaxy (MBE) growth modes
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Quantum dots with
nano-fabrication
techniques
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Top Gates
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side gate
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Single electron effect simplest view
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Fundamentals of quantum dots
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Millikan’s o1l droplet experiment
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Single electron effect Role of power sources

®) p / e/2c V.
ArS

Power sources: Automatically supply energy.

Energy — Enthalpy H=U-PV

Fundamentals of quantum dots



Fundamentals of quantum dots

Constant interaction model, capacitor model 0 B
Constant interaction: U LN+
5 » ”,7
Electron number:N g = — o0 = NN -1)U _UWN —1/2) Erer UJ’,/» Er
Interaction energy 2 2 J@
Chemical potential AE,(N)= (N —1)U S M. I
N-1
Charge relations Q1+ Qs =—eN, @1 =CVy, —Ne
Q2 = Cg(vd - Vg) QZ | |
1 1 dot C\
Electrostatic energy  E = §CVd2 + ng(Vd —Vy)? / | |
Q1 . Cq
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Coulomb oscillation and diamonds

Fundamentals of quantum dots : Single electron effect

Conductance (e2/h)
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Quantum confinement H(N,V,) |

Zero-dimensional confinement to a guantum dot gives
shifts in Coulomb peak positions.
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Enthalpy shift by quantum H(N) (Ne — CgVy)? )
confinement 2C N

Chemical potential shift AH(N,N +1)=H(N +1)— H(N)

1
:Ois{(N+§)e_Cng}+A€N

AGN = EN+1 —EN

Shift in gate voltage Vox(N,N +1) = Ci {(N+ %) e 4 %AEN}
g (&

Fundamentals of guantum dots : Quantum confinement



Quantum confinement effect in a vertical quantum dot
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Two-dimensional harmonic potential

Potential shape: V(x,y) = %( >+ 9

2 2
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Quantum dot in magnetic field

=
(b}

e A)? By B
5 Hamiltonian with B = (0,0, B) T = (p+cA) + m(4;2(332 +9y%) A= ——y, —x,O
.E 2m 2 2 2
c
o
c - . (p+eA? B2 (82 92
£ Expansion of the kinetic energy term p — _ 4=
5 2m 2m \ 0x2  Oy?
> 2 D2
& _ iehB 0 B 2 e“B* 5
o 2m (Iay y(?ac 8m (" +y7)
O
©

i B

5 Cyclotrgn freq_uency and com_posne e = eb 6 _ V¥ (we)2)?
= harmonic confinement potential frequency m
- A A
@y 272
= The Hamiltonian is rewritten as e = v e {2 (% + y*) + Weliz _ A + welsz
E 2m  2m 2 2
e
é Fock-Darwin state eigen energies E(ng, ) =hQ202n, + [l| + 1) + Aw.l/2
S
-
>
LL



Quantum dot in magnetic field

E(n I)/ho
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Fock-Darwin states
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Fundamentals of quantum dots

Transport though guantum dots

Quantum confinement

Cascade connection of T-matrices

Single electron

Master equation




|Landauer formula: conductance quantum

A Transport through a 1d wire without scattering Landauer, IBM Res. Dev. 1, 223 (1957)

@

<= L R 4 ™)
= L, R : Particle reservoirs

S S R

e

= u | Thermal equilibrium:

o L i i i

Q , peedese: well defined chemical potentials
c I “

i < o eV g Instantaneous thermalization:

(% » > T particles loose guantum coherence
-8 i > \ J
= (%)

= e e dE(k

(- k — _ — . - - -

] k) = Tvg = 27— L: wavefunction normalization length

S kL L KL, 2

(%) € € €

= J:/ jk—dk:—/ dE = —(pr, — pur) = —V

£ - B)gxd® =7 o h h

S

,_% [ G=s= % =G, Conductance quantum (T =Gq spin freedom) ]
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Conductance quantum as uncertainty relation

Space coordinate-wavenumber Wave packet: Ak — Az = 27 Vg = ae
- Ak’ hAk
c ; . . . (& eAk
> Fermion statistics: electron charge concentration = =
= Ax 27
< e AE €
"g J = ENelectronVg — Ew = FV
7
- ]
=) Energy-time Energy width: AE = eV
2 m 1o R S/ h Conductance quantum
1= BYCARaC LW T MR R -~ = AE eV comes from fermion
5 e o2 statistics of electrons
- Fermion anti-bunching effect: J = — = —V
S At h
(@
1S < > h/eV
%)
C
=
(¢b]
=
G
: : o
T Q1 O | |
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LLandauer formula: multipath and guantum point contact (QPC)

QO ; i ___________________ \\\Q\\\
o : i W(x)
e I R T N
o)) X '
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O 72 82 82 §
o v 10
H = n J
S HOw) = g (502 + 5z ) r(0)0W e
+— e
= h? [ 02 nm \ 2 =z
- — n e :E n =
E! eng (505 + (3) ) 6@ = Benlote) £
= 2 2 5 4
S Vet (n, x) = f kel
5 A 2m \ 2W (x) 2
E 0 | | 1
& Transmissible one-dimensional system: Conductance Channel
S ~1.0 -0.8 ~0.6
Lf Gate Voltage (V)

Sensitivity to gate voltage — used as a remote charge (single electron) sensor
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Shot noise reduction on the conductance plateaus

Flow of single electron: Time domain: 8-function approximation

o0

J.(8) = ed(t — to) = e/

— 00

Flow of N-electrons

Q0
~—

Conductance (2e%h)

Current fluctuation density for infinitesimal band df §.J = d+/(J2) =

e2mif(t=to) g — 28] cos 2 f (t — to)]df
0

2e

V2

df = V2edf

(072) = (Jp + 3a€"®) (Gp + Jge ™) = 32 + j2 + 2jpigcos ¢ = jo + j2 = 2 x (V2e)2df

1.0
b) 1 b c)
2 0 | . 0'8_
& T & 06}
2 1 2
S 0 8 04f
-+ 2 B el
| | . | é 0.21
46 <14 12 10 11 y
Gate Voltage (V) 0 0.0

M. Hashisaka, et al., J. Phys.: Conf. Ser. 109, 012013 (2008) Veg (HV)

(6J2) = N x 2e*df =2eJdf (J=eN)  :Poissonian noise

o g°$
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o Data

— Model 7

% °°°°%°0 =]
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1

2

3

Conductance (2e2/h)
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QPC charge sensor and excited states spectroscopy

Charge sensor EXxcited states spectroscopy
~ 1 i ' T . T T T T i
| I 1 I 1 —‘g i M
~~ :08— -
g " g | =0 Bl 2 | 3
< 06} .
S 2 04l '
= o |
§ = (a) (0)0'2— 04 03 02 01
o= o= V4 center (V)
g =
< g 1 1 1 1
< = QPC
2. 5 ~ Signal
g 3 —E 3 il (a?t:].;;1
S g < '
= S 28F -
: e
< = !
E ] € 26f i
O o I
=S ivwumrsiuvanserall | U001 U0 1 00 O g VE
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 24r 1
Gate voltage (V) -
2_‘3‘125 017 015 il o1 0.10 0.12 0.14 0.16 0.18 0.20 0.22
(d) Vg center (V) (e) Vg base (V)
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Scanning tip conductance measurement
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scanning tip

Tip image potential scatters electrons
— conductance shifts from quantized value

Scattering amplitude « |y|?

M. A. Topinka et al.,
Nature 410, 183 (2001)
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Landauer formula: multipath, s-matrix

Fundamentals of quantum dots: transport through QD

reservoir reservoir

ettt - bttt <
: - >
(A) = T <
g! S —_ j
l > | >
i = I —
Electron Spin | o (a) (b) Transition to
€ other channels
Fermion antibunching i Waveguide connection
Waveqguide connection . :
J _ ai(k) — <«—— ay(k)  incoming
Scattering matrix ~ S-matrix 1 S 2 _
bi(k) «— —— b,(k)  outgoing

(2;83) =5 (Z;Eg) - (ZE f’i) (2;%’,3) S-matrices: Unitary

Complex probability density flux a;(k) = \/Uri¥ai(kr)
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T matrix and transport through a quantum dot

(22%) =5 (Z;Eg) - (:ﬁ ,ﬁi) (Z;Eg) Transmission, reflection: 7 = |t]*, R =|r|?

Conservation of probability 7 +R = [t|* +|r|* =1 Subscripts L, R are not shown.

Fundamentals of guantum dots: transport through QD

t .
Time reversal symmetry - t;, =ty Unitary - TR = &L
Formally matrix M, which satisfies M, (21) = @2) can be obtained as
—_— 1 2
T matrix
az\ _ (1/t" —r*/t"\ (a1 _ A (@
bg N —’I“/t 1/t bl o ¢ bl
- T \
a; 412 | a3 Ay
tum dot T matrix model ' Mip | Mip | M '
Quantum dot T matrix mode <b_ "b_ 4}?_ - -
1 W2 3 4

Quantum dot traverse — phase kL

Cascade connection (1/15* _T*/t*) (exp(ikL) 0 ) (l/t* _?,,*/t*)

— Product of T-matrices —r/t 1/t 0 exp(—ikL)) \—r/t 1/t
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Resonant transmission

8 Total transmission coefficient Tion (k) = 1 o = arg(t)
= o L+ 4(|r[?/[t]*) cos*(¢ + kL) 7

=

o

<

= Peak position, energy ~ , _ (n—129)m—¢ 0. ., _ 7k, (n=1,2,-)
S " L L’ " 2m T
g P 2

@ T r

S Skn =k —k, 4 cos?(p+ kL) = 4 (Ldky)? S
: g7 oS (e kL) M AT (Loka)®
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©

= Breit-Wi L f (n) By S
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Transport via discrete chemical potential levels

Fundamentals of quantum dots: transport through QD

The concept of transmission coefficient is applicable even to finite source-drain voltage transport.

T-matrix method, though, at least needs some modifications.

Occupation numbers of energy levels in the quantum dot: {n:} = {ni,n2, - }

Partition function Z = » _ exp

{n:} i=1 g

1 o0
Distribution function P({n;}) =Z "exp |——— | Y _ Ein; + U(N) — NEy

kgT —
The joint probability Peq(N,n, =1) = Y  P({n:})on,5>. n,0n, 1

{n:}
o= 2 vy Bl p oy D[l - f(E,+UN)-UN—-1)—E
_kBT;NZ::lF;JrF}E eq(N,np =1)[1 = f(Ep + UN) —U(N — 1) — Ey)
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Transport via discrete chemical potential levels (2)

2
At high temperatures 0 E, % < kT < Ep G=(G'+G ) ! = GG;GEJ
62 00 df 1 r
From the Landauer formula G, , = _F/o dEﬁ,r(E)d—E Thermal energy (a)-(d) 0.075, 0.15,
0.3,0.41in
T (E) S

I (E) = v(E)Ti:(E) =
ﬁ,r(E) — hFl,r(E)p(E)

62

Gl,r — ﬁ l,r(EF) — €2F1,r(EF)p(EF) - f
LI e? T, 04f i
G = e2 = G
Effective tunnel barrier A(N) =U(N) —U(N —1) + ptaot — Er~ ,| 1
Apin = A(Npin)  (Possible minimum value of A _ _
6E < kgT < €*/C /o S\
1 2 3

hp(E) -

06F~ ()~ T~ T~

G /G

Fundamentals of quantum dots: transport through QD

G  (un—Ep)/ksT _o (N — EF AE; (e2/C)
= — ~ cosh
Gmax Slnh(([JJN - EF)/ICBT) 2.5]€BT
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Coulomb peak and temperature sensing

Fundamentals of guantum dots: transport through QD

kpT < 0F

G max 2kpT

(R13)(hI%)
(E — Eo)2 + (L)% + (hI})2

Coherent case T(E) =

82 o’} df
G — _?fo AET(B) %

incoherent case & _ . o2 (MO — Ly

)

-2

: 3x10 |
This can be used to measure the electron .
temperature of the cooled sample. =
)

-~ 2

(Primary thermometry) S
©
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>
©
c
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Fundamentals of quantum dots : Master equation

<I)L37 (Markov) @12 (x(t1),z(t2), -, x(t;) = t;LUIFDP(x,t)HRESND
A BR{E
GE~ /L7818 | EREOMHFEZLEL T 5)

Mg?ﬂzpw@wﬂ D& IR FRATERE S
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Y A X —7F 23 (master equation)
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i > OBEBHE R,, Z Rijpj — Y Ripi  <wzx&—hes
J
. BFFy NEREREL LCEE
PN

REEDAERS>BTFHNTRE S = Ry N—1PN—-1+ BN N4+1PN+1 — (RN—1.N + RN41.N)DN
- BRIIBEERIRREE D A

BBHERD:FLA4Y>, S:V—X) Ryn-1=[p(u(N),up)I'p + fs(u(N), pus)I's
1

. T TRy I

D REE (W(N)LE D ZE [RAER) filu(N), i) =

Ry ny1= 1= fpo(u(N+1),up)l'p + (1 — fs(u(N +1),us))ls,
Z DM, [RIERIC { Ryii,nv = fo((N +1),up)I'p + fo(u(N + 1), us)T's,
Ry-1,nv = (1= fo(u(N),w0)I'p + (1 = fs(u(N), ps))l's

Fundamentals of quantum dots : Master equation
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BT Ry Malie <24 —JifA(2)

dp;

EBRRE 5 = Rii—1pi—1+ Riiv1ipit1 — (Ri—1i + Rig1,4)pi =0 sz- =1

(—Rl,o Ro 1 Ro N \ /0\ (po\

Riop —Roi1—Ra1 -+ Ri N 0 p1
THIRE A= : : : : C=[:] P=] .
Rn_10 Rn_11 o+ —RN_1 N 0 '
\ 1 1 .. 1 } \1) \pN}
P #ERY

_ . — A1
1=K % C=AP, ie, P=A"C

B [ =-—e¢ (ZpiFD(l — fo(u(i), up)) =) (1 —pi)FDfD(ﬂ(i)aﬂD))

Fundamentals of quantum dots : Master equation
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