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Applications of QD devices @)

* Single-electron transistor (SET)
 Single-photon generator (SPG)

* Light-emitting transistor
 Optical signal control (slow light)
e QD lasers & detectors

* Non-linear optical devices

» High-density memory

» Biosensors

 Spintronics devices




Theoretical approaches R’
for one-particle states

Envelope Function approximation

K.p theory --

Effective-mass model (for spherical conduction Band)
Luttinger model (for degenerate valence bands)
Effective bond-orbital model

VFF model (for strain distribution)

Tight-binding model

Density-functional theory (DFT)

Physical effects R)

Quantum confinement (size effect)

Selection rule (light polarization)

Discrete energy levels (0-d density of states)

Strong Coulomb interaction (Coulomb blockade)

Strong electron correlation (many-body effect)
A—

— Artificial atom




Self assembled quantum dots Q)
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Schematics of QDIP test structures
[Z. Chen and A. Madhukar (USC)]
n+ GaAs contact layer )
Doping: Balance between PC & Dark Current
Gads n-i(MQD)-n
e ;
n-n(MQD)-n IR Light
PN -
e &
Bias: t+
- - 5 layers of { —I
- - 9 PIG 3ML InAs QDs:
GaAs (2ML + At + 1ML) n+ GaAs contact layer
- S G [y with 150ML GaAs/AlGaAs spacers Gals

— AlgGaAs




- Microscopic modeling -

[S. Sun,Y. C. Chang, PRB 62, 13631 (2000)] =
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@ Valence force field (VFF) Model j[
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i labels atom positions ‘ d, d,
j » k label nearest-neighbors of i

djj = bond length joining sites i and j

do,ij is the corresponding equilibrium length
o= bond stretching constants

dij= bond bendlng constants 4
We take d.Jk = djjdix




\ Strain Potential
@@ Along Line A and B of Dot 1

™

* Fig. (a) : UNIVERSITY OF ILLINOIS AT URBANA-CHAVPAIGN

strain potential
along line A

* Fig.(b):
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along line B
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Comparison with continuum Model Q)

J. Appl. Phys

/P

| oy

. 104, 083524 (2008)

using Green's function method one obtains (see Refs. 8-10)
I

(1)

where C=e,{ 1+ )/ [4(1-)]. v is Poisson’s ratio," e, is the
interface dilation defined as &4={2in—den )/ @ext (Texr. @iy are
| the lattice constant of the external, internal {inclusion) mate-

p—
"

rial, respectively) and it coincides with the compression
T

FIG. 1. The schematic representation of the QD-WL system (in gray) in a
plan containing OF axes. The specific regions Ly, Ty, My Magp, and 1T are
shown.
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FIG. 3. (Color online) The strains on OZ axes: (a) the radial strain e,,, (b) the strain e, (<) the hydrostatic £y, and (d) the biaxial strain &y, on the OZ axis,
for the ratios R/ H=10/39, 14,9, 10/5.9, 10/6.9, 10/7.9, with R=100 A, The dots are for the VFT medel and the continuum lines for CM.




Piezoeletric Potential

FIG. 5. (Color cnline) The piezoelectric potential V! fa) in the horizontal
plane, z=0 containing the wp of the cone: (b) in the horizontsl plan z
=H/3; [c) in the horizonial plane z=#. The left side Agures are the hree-
dimen=ional plots and the right side figures are the contour plotz The red
circlea in thes=e plots represent the cross sectiona of the QD with the hori-
zontal planes. (d) equipctential surfaces of plezcelectric potential v, for
QU065 W (red), <0065 W (dark blue). 0.04 ¥ (orange), and 004 ¥ (bloe).
In the left zside fgure only the positive equipotential sufaces are plotied. In
the right side figure are plots with a top view,

Effective bond-orbital Model
[Y.C.Chang, PRB 37, 8215 (1988)]

UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN

Strain Hamiltonian

- AV, + D, Jf3de, J3de,

y

H,=| +/3de, - AV, + D, V3de,,
J3de,, V3de,, - AV, +D,

eij:(gij+8ji)/2
AVH:(al'*'az)(gxx"'Syy"'szz)
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ai, a, b, d = deformation potentials.




\ Ground Transition Energy Varying With

%

‘ez’ Dot Height (comparing to Experiment) =
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PL/PLE Characterization: Electronic Structure
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Intra-band Transitions
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Intra-band Transitions

Table 4 Inter-sub band transition matrix elements of ground electron state to upper three
B=200A, h=80A.

electron states, ‘<¢,‘JT\¢.‘C>2-

Symmetry state i X y z
Al #2 (0.111) 0 0 0.2
#3 (0.123) 0 0 57
#4 (0.197) 0 0 201
A2 #2 (0.106) 0 0 28.5
#3 (0.114) 0 0 0
B1,B2 #2 (0.109) 0 0 15
#3 (0.138) 0 0 42
#4 (0.201) 0 0 14
Al-Bln #1 (0.062) 446 446 0
#2 (0.162) 0.2 0.2 0
#3 (0.218) 0.4 0.4 0
#2(0.049) 536 536 0
B1-Aln #3(0.061) 659 659 0
#4(0.135) 376 376 0
#5(0.161) 10.2 10.2 0
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Theoretical Analysis @)

« Energy and wave functions computed using a
stabilized transfer matrix technique by dividing the
system into many slices along growth direction.

« Envelope function approximation with energy-
dependent effective mass is used.

o Effective-mass Hamiltonian in k-sapce:
[(k2+k,2)m(E)+32my(E)-E]F(K) + X [V (K K) V(K K)IF(K')=0

imp

is solved via plane-wave expansion in each slice.
* 14-band k-p effects included perturbatively in optical
matrix elements calculation
» Dopant effects incorporated as screened Coulomb
potential

« The technique applies to quantum wells and quantum
dots (or any 2D periodic nanostructures)

Charge densities of low-lying states in lens-shaped QD ( | :

s-like Plpy like

p, like

12



Quantum well intrasubband photodetector (QWIS
for far infared and terahertz radiation detection
[Ting et al., APPLIED PHYSICS LETTERS 91, 073510 (2007)]
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Fig. 4 A& schematic illustration of the laterally repeating supercell geometry used in owr simulations. Note that the
supeteell also repeats in the x direction with periodicity of L (not drawn).  The exaraple shown in this figoe
llustrates a quanturn well contairang several randomly placed dopant npamities.

@

Quantum well intrasubband photodetector (QWIS

for far infared and terahertz radiation detection
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FIG. 1. (Color online) Schematic illustrations of the energy dispersions and

energy band diagrams of (a) FIR/terahertz QWIP; (b) QWISP showing in- FIG. 3. (Color online) Low-temperature FIR/terahertz QWIP (set P) side-
tersubband and impurity scattering assisted intrasubband optical absorption incidence responsivity and QWISP (set S) normal-incidence responsivity.
and carrier extraction mechanisms. Modeling parameters are listed in Table 1.

13



Quantum well intrasubband photodetector (QWIS

for far infared and terahertz radiation detection
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Fig. 5 The zero-bias wave functions of & pair of states irsolved in an intra-sibband transition in a QWISF structure
The enexgy of the lower state is slightly below the Fermi level, and the energy of the upper state is just sbove the
barrier band edge.  The left panel shows the in-plane sveraged probability densities as functions of = (growth
direction). The random dopant distribution induced in-plane fluctuations of the wave functions are displayed in the
right panel, which shows the translucent probahility density isosurfaces, overlaid on top of probability density color
contour plane located at the raiddle of the quantum well.

Submonolayer QD infrared photodetector

[Ting et al., APPLIED PHYSICS LETTERS 94, 1 (2009)]
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FIG. 2. (Color online) Measured normal and 457 incidence spectral respon-

sivity curves for two SML QDIP samples.

structure where a SK QD, consisting of pyramidal shape QD resting on a
E welling layer, is embedded in a QW structure. The right panel show two
L stacks of SML QDs embedded in a QW.

FIG. 4. (Color online) 80 K images taken with a 1024 X 1024 pixel SML
QDIP FPA with f/2 optics.
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Principle of the SET transistor i t

Like a MOSFET, the single-electron
tunnelling (SET) transistor consists
of a gate electrode that

electrostatically influences electrons HINLE
travelling between the source and .
drain electrodes. However, the

electrons in the SET transistor need gate M\m
to cross two tunnel junctions that /mm
form an isolated conducting o /
electrode called the island. Electrons gl
passing through the island charge ek |
and discharge it, and the relative
energies of systems containing O or

1 extra electrons depends on the @
gate voltage.

+V12

Single-electron transistor (SET) R’

U11

E- +V, J

Coulomb blockade

e




Tunneling current with Coulomb blockade R>

) =255 [awr T, (- 1) - o (w- )] MG, (w)

1_<nd,a> i <nd,a>

Gy, (W) =
o (W) [W—go+iF W—g,-U +il

]

<nd 7a> :<nd a> zi wa fL(W_ﬂL)—l_ fR(W_ﬂR) ImGda(W)
’ ’ e, 2

CdSe nanoparticles ( 2
(as fluorescent tags for biochemical analysis)

average diameter of particles (nm)
2.4 2.8 3.4 5.8 4.2

Fluorescence from Nanoparticles
of Various Diameters
http://unit.aist.go.jp/kyushu/mischel/eng/theme/theme2.htm
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Tunneling current spectroscopy of a nanostructur
junction involving multiple energy levels

David M T Kuo &Y. C. Chang

Substrate Substrate Substrate

E..E, ,E,

P. Liljeroth et al, Phys. Chem.chem. Phys. 8, 3845 (2006)

Enerqgy diagram for STM-QD junction Q’

E2
el 1]

E ™ -
F
~ Va v
—
Ve
Dot .
Source Drain
(a) No bias (b) Forward bias  (c) Reverse bias
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Experimental results Q)

« Differential conductance oscillation
{a} il

AL

Identify current spectra.
L. Jdira et al, Phys. Rev. B 73, 115305 (2006)

Multi-level Anderson Hamiltonian@’

H=Y" al 0.0+ Eed} de, (1)
ke 8 £
+ Y Uegdl deodl djer + Y Vipeal,, sdee
£g,00" ko838

+ Y Vigudl anas
L e

(a) (b)

Tip Substrate
Source Drain

H. Haug and A. P. Jauho, Quantum Kinetics in Transport and Optics of Semiconductor (Springer, Heidelberg, 1996).
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Tunneling Current formula I t

—2e de . .
J=Tg[ﬂ[fﬁﬂ(e_#{-ﬂ)_fG’MLE_#W*:I] (2)

1_‘f,in F g
Lout r'f,iﬁ("::lrf'ﬂ"dej ITHGE l:EII

Liinle) + Tiout(e)

Is it possible to have a simple, efficient and reliable
spectral function for a QD with arbitrary number of
energy levels to determine the electronic structure of
a single QD?

H. Haug and A. P. Jauho, Quantum Kinetics in Transport and Optics of Semiconductor (Springer, Heidelberg, 1996).

Mean-field approximation Q}

+ + — + + _
<d,,*d;, djo’ dj0,>_<di0 di,>< djo’ djo,>for|¢1

e One level case
1 1

Gl = (=N, )X )N =)
e-E +i=2 e—E -U +i=2
2 2

The mean-field approximation is adequate for describing
the Coulomb blockade, but not the Kondo effect

N,=<d*d> is the average one-particle occupation number, which
determines the probability of each resonant level.

How about the expression of retarded Green’s functions
for two-level, three-level and n-level case ?

H. Haug and A. P. Jauho, Quantum Kinetics in Transport and Optics of Semiconductor (Springer, Heidelberg, 1996).
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Two-level case (n=2) R}

3
Gl ()= (A-N, )Y P -
m:lg_E/_Hm_}_iip
' 2
S p
+ N, 21 s
m=le -E,-U,-1IT , +1—-
2
Probability factors Interlevel Coulomb factors
p=a=1-(N;,+N, )+(n,n; ) I,=0
p,=b =N, +N; ,—2(n.n, ) I, =U,
p3=Cj E<nj0'nj—0'> 1_I3=2U/j

0 # ]

M-level case R?

(#j#]

al El—(NJ’J+Nj|,g)+<njani*<7>
bl = vaa + Nj,—(f _2<njan1*°'>

] =
c :<njanjig>

a'=1-(N;, + Nj.l_g)+<nj.anj,_a>
b =Ny, +N;_, —2(n;,n;. )

= <nj.(,nj.,a>

p,=a'a’,p,=bla’, p,=a'b’, p,=c’a’, p;=c’a’,.
I, =0,I1,=U,,I1,=U,,I1, =2U ,;,IT, = 2U .,




‘We define the (24 n}- and (1 + n)-particle (n < 2M — 2) Green’s functions as

v . o
Gltgrmgn = Ne—oy NG, deadi )

and

\
y
alr

r [ .
Gf.,n, = {mny n;‘ndf-adl,

sdn
where ji,- - j, label any n states out of the 2(M — 1) states (excluding spin up and down
states in level ¢). Here j, is a composite index for energy level and spin. In general, the
(2 +n)-and (1 4 n)-particle {n < 2M — 2) Green's functions satisfy

n
(= U =3 Uri )G, o = Neca(myy o mg)
a=1

W
D Ue st Gy it (32)
7
and

n
= E E"YI.JQJGE‘_"'L dn ‘i”ﬂ ”Jn:’ + {:I(;;IJI— Jdn
a=1

"
+ Z[;ﬂi"cg-jx. dndd? (33)

7
where the "double prime” on the summation indicates that j' is not among the n
states and not in the level /. In the n-particle state labeled by jy,- -, j, if there are
m levels ocenpied with two particles and the rest singly occupied, we can label them by

J1sd1, 7 s Jmy Jme Jamet, -0+ Jn. We then assume that the n-particle correlation function can

Ne—o [T e
(i —Ue— 23 U5

where pg = e — Ep+1({Te, . +T¢ r)/2 and Uz ; denotes the
on-site Coulomb energy in level £. N; _o = (nj_o) and
2; = (n; _on; ) dencte the one-particle and two-particle
average occupancy in the level j. Here and henceforth,
]_[; means taking the product of terms labeled by 7 with
j=1.--- M, excluding ¢.

(4)

L —
GQ};I -

s s
Gyole) = [ [(a; + b5 + ;) Goar / [ |
K] i
3.'.{-1
T IJJ'I"A kY
= .?\"f__ — (5}
7 "-_Z=:1 e — g — I
and
ole) = (B N2+ 1)GY ,(e) (6)
3,\4—1 p 3.\{—1 p
= |:1 — Ny _ :I _rm + Ng _ *_

where Eag. iy, and 5_?- are operators that put a factor
by = 1 —No_o. a5 =1 — (Njo+ Nj_z) + 5. and
bj = Nj.o + Nj—o — 2¢5 in the numerator and increases
the value of the denominator by Uy, 20U, ; and Uy ;, re-
spectively when acting on a fractional function. For ex-
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Differential conductance dJ/dV is determined by:

-1 gn=1

G=(1-N )Y — N, T P

mzlﬁ*Eﬁ*Hm#»’f:% mzlE*E,q*Ug*Hmﬁ»?:l%‘}

IL,, = sum of Coulomb interactionsin configuration m.

P = probability of finding the system in configuration m.

Level j(j # £) can be occupied by 0, 1 or 2 particles.

For a two-level (n = 2) system (£ # j), we have three configurations:
p=a =1—(Njg+ N, o)+ {n;on;_o)

(the probability with no particle in level 7).

P =V =N, + Ny —2nj,mj_s) f
(the probability with one particle in level 7) pm - H ( ':-!.-' + 'r'J‘ +cy )
m=cd= (nj,anj,fu) ’
(the probability with two particles in level j)

I} = 0, Iz = Uy; and 113 = 2Uy;.

Ug; = Coulomb interaction between level £ and level j.

2. Three-level system at symmetry case
Based on three-level case

E 10
—_—J

~ ol ——dJidv,
~ =

£ 4

E [J

= - P3 PI

= 2 1P‘ PTI

Metal Metal 0 J l_'?s Il.u;

100 125 150 175 200 225 250 275
Bias, V_(volts)
a

At zero temperature e d-orbital
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Asymmetry tunneling rates E%

* Tunnelingrates [, and I,

(@) Shell tunneling

(0) Shell-filling

N | 1_‘i n N
I 1—‘out [

I

out

1—‘in >> l—‘out

The characteristics of tunneling current of junctions can be classified into
either the shell-tunneling case (no charge accumulation) or the shell-filling
case (with charge accumulation)

Effect of asymmetric tunnelingR)

out

dJidV, (arb. units)

=1meV
8
6 E, E,
] E2+U12
a4 24U Eg+Ug+2U43+2Up3
| (@ E
z - . A
(@) Lo L Jp |
0 (c)_, - - ___.-I;._ e e _I- LB FUAA Radl §
IHOY
2l @/ |
Eq+U4 Ey+2Uqp Ep+Us+2Uy5

[}, =0.1meV
Shell-tunneling

Shell-filling

100 125 150 175 200 225 250 275 rinzlomev

Bias, V_(volts)
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Current versus gate volatge at V, = 10 mV for various ratios of
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Ditfferential conductance

Theory vs. Experiment for STM-OD tunneling spectr@)

[Data from L. Jdira et al., Phys. Rev. B 73, 115305 (2006)]
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Proximity effect for coupled QDs
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1.390

1.295

1.400

Energy (eV)

1.405

100nA 1pA 10pA

Z. Yuan et al., Science, 295, 102 (2002)

Including optical field Q’
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Coulomb interactions vs. QD size Q)
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Intensity vs current Q)
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Quantum dot array(QDA) memory @)

Substrate
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Coupling of degenerate p orbitals in QDA R’
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Bistable behavior of occupation number @)
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Bistable behavior of occupation numberR)
in the QDA bands
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Effects of in/out ratio of tunneling rate @)

In 1D QDA
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Summary @)

® A simple, efficient and reliable closed-form
formula is derived to reveal the tunneling
current spectra of a complicated
nanostructure junction

® Negative differential conductance arises
from interdot Coulomb interactions

® The formula can also be used to study the
transport properties of coupled
nanostructures and QDA

® Memory effects of QDA with degenerate p
orbitals are demonstrated




