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Basic Advantages of Quantum Dots

E, E, E,
p (E)
QD

ATOM like Energy Spectrum

@ o-function like density of states.

No thermal broadening.
No inhomogeneous broadening for
single quantum dot

® Giant exciton oscillator strength.
Ultrahigh material gain.
Ultrahigh differential gain

® Lifting of k-selection rule




What Kind of Quantum Dots
Do_ We Neeg ?

@ Atileast one electron level should exist in the QD

(AE, > E™)

o

© Localization energies for electrons and holes

should be larger than 3 kT at RT

© Energy seperation between QD sublevels

should be larger than 3 kT ot RT:
(kT < E,™)

d”° must be smaller than 14 nm (GaAs-QDs)
d”° must be smaller than 20 nm (InAs-QDs)

@ Dislocation free, iow concentration of nonradiative

recombination centers (direct growth methods)

© Uniformity in shape and in size.
Dense arrays.




Selforganization of
Quantum Wires and Dots "

e —————— L

Nanofaceting

Alloy decomposition during annealing
— = 2D et d . 3D

Islanding
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Hierarchy of Oradering |
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1985: First Observation of
InAs/GaAs Islands and Vertical Ordering

15 periods of
2.5ML InAs
30nm GaAs

be of intef
to study
__oi-amam:mwo:m_

L. Goldstein et al., —
APL 47, 1099 (1985) 40nm



1990: Rectangular Ge "Hut" Clusters on Si(001)

%
i

® No size ordering
M_, © No shape ordering

[010]

Y.-W. Mo et al. [100]
PRL 65, 1020 (1990)
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: 1000M: Self-ordered InAs/GaAs Quantum Dots

D. Leonard et al.
APL 83, 3203 (1993)

Occurence Probability

©® Size ordering
©® Shape ordering

0 50 100 150 200
Dot Size (A)

J.M. Moison et al.
APL 64, 197 (1994)
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Lateral Ordering

of Quantum Dots o e
in a 2D Square Lattice . o0 .L
—— 30 .m |
€
&
0 T .
-90 0 90 H_
(100] _S_o_

Number of Dots

-90 -45 0 45 80
Next Neighbor Dot Orientation (deg)
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Self-organized Growth of Quantum Dots

Plan view TEM of ordered :
array of InAs/GaAs quantum o 23\ do ”.w_u objects of
dots grown using MBE similar size and shape

develop ?
® What is their shape?
® Why are they ordered ?

@® What are the optimal
growth conditions ?




0=5° :

0 <« relaxed

10nm

$=45° :

AE =" aD% m§ | ® Top of pyramid is
AE=- 8%E, strain free

M. Grundmann, V.A. Shchukin, 1995

~13-
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Energetics of 3D Islanding

Energy Decrease due to the
Island Elastic Relaxation (—AE,)

and
Increase in Surface Area

Change of surface energy AE,

Positive and large

Critical island size (AE,>AE,) is large
Dislocations are formed before islands appear

Posltive and small

L Islands of crtical size appear and undergo ripening

| Nmegatlve

At some size ripening is energetically unfavorable

-i?—



Strain-induced Renormalization
of Surface Energy

- ——— e —————

-Concept of intrinsic surface strain (™)
V.|. Marchenko, A.Ya. Parshin, 1980

172 A (e™)’ 12 A (e + ")

-_ S u rface vﬁ‘n

Change of surface energy per unit area
AE e =-TE+ SE"

Surface energy of a strained
wetting layer can be larger than
that of the relaxed island

Coverage of surface with islands
of optimal size, no ripening

TR R OW C o e T T e e



Anisotropy of Young’s Modulus in GaAs

1
JR— ;0'4
nn Y(n) nn

[001]

[010}




Kinetically Limited and Equilibrium Size Islands

%

100s Growth
Interruption

Equilibrium
Dot Size

Formation of 12nm
Size Pyramids

-.4—4..4—.414a.4.q.—..4-—..

\ 4ML

— 10 114 12 13 1.4 1.
1 M/»mM




Arsenic Pressure Dependence of Dot Formation

llllllllllll]lll

8K —
x10

4AML InAs 480C
514.5 nm 500 W cm™2

—

x 0.1

51!““ Aeiyqie ‘ALISNILNI 3ONIOSIANINNT

1.0 1.1 1.2 13 14 15
100nm PHOTON ENERGY, eV



Transmission Electron Microscopy of
InAs/GaAs Quantum Pyramids

Cross section Plan view

[001]

‘GaAs
AlGaAs

AlGaAs
‘GaAs

AT T T T T T N T
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Simulation of TEM of InAs/GaAs Pyramid

"HTEM

@ depends strongly on

foil thickness and defocus
® optimal defocus (d=-60nm

at t=8m) reveals true shape

136 22,6

almost no dependence
on defocus

height is underestimated
shape appears truncated/lens

-0 -



Simulation of Pyramidal Quantum Dots
\l\\“““\

Wavefunction of (001) excited ® 3D Strain distribution in
hole state in pyramidal

InAs/GaAs quantum dot

dot, wetting layer and
surrounding barrier

_g_l—.

@® Confinement potential

@ 3D effective mass
Schroédinger equation

® Electron and Hole levels

|
R R s i, e ittt e W - k. . ol gk, A i i A A A W A W e

AT * b

[T R T



Confinement Potentials in
Strained InAs/GaAs Pyramid

Electrons

Holes

200

-200

o -400

-600

200

-200

H -400

-600

(meV)

(meV)



Electron Ground State in
InAs/GaAs Quantum Pyramid

— ~70%
XQG‘%’/

12 nm

-2
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Hole Wavefunctions in 12nm InAs/GaAs
Quantum Pyramid with Piezoelectric Potential




Quantum Dot Levels
as a Function of Size

Electron Energy (meV)

Heavy Hole Energy (meV)

-100

150

200

-250

-300

InAs/GaAs

Il]l‘ll

l]lIIllTl

'\ 1 1 L l 1 i L

U‘T‘III!TEII!IIIII

10

15

Pyramid base length (nm)
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Excited States of InAs/GaAs Quantum Dots

(Syun-ge) Ansuduj (syun qae) ANsudug

1.3 1.4

1.2
Energy (eV)

-

1

1

1.0

R — s



Spot Focus CL Spectra of InAs/GaAs Dots

I L ] k| L} I L

0.15meV

—l}= T=20K -

IIETII

CL Intensity (arb. units)

L. . 1
1.375

1.380
Energy (eV)
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o-function-like Density of States

. 4 v - | v

FWHM of
Single Quantum Dot
Luminescence (meV)
N

0 10 20 30 40 50
Temperature (K)

_ Spectral
4 Resolution

Q% -



Se
ey

Intensity (arb. units)

lectively Excited Luminescence of InAs/GaAs Dots

InAs/GaAs

1.10
Energy (meV)

Nd:YAG

1.15

— &, HH_.O

.II..Mo

Phonon modes:
INAS, = 29.6 meV
_3>moo = 31.9 meV

IF = 35.0 meV
GaAs = 36.6 meV

L
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Optical Properties in Quantum Dots

Quantum Dot Phonon
hv,, (InAs) = 31.9 meV

o-function like (I' < 0.15 meV) ground state
juminescence is resonant with o-function like absorprtion

For the same ground state energy there are dlfferent |
energies of excited states for different dots due to shape
and strain nonuniformities.

Different LO phonons participate in scattering:
InAsQD, InAsWL, IF, GaAs.

Phonon resonances are broad indicating participance
of acoustic phonons.

* EFFICIENT MULTI-PHONON RELAXATION
MECHANISM BY PASSES THE PHONON _
'_' BOTTLENECK EFFECT (‘t <1 ps, T ‘ 40 p')

 INCREASED OSCILLATOR STRENGTH AND
'TUNING OF QD PL AND ABSORPTION PEAKs BY
COUPLING OF QDs.
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Shape Transformaiion i=..tt..s

' Annealing

Size increases

Indium composition decreases
Pyramid like shape is maintained
High energy shift of QD luminescence

) interruption |

InAs molecules evaporate
from pyramids and cover
free GaAs surface

_Growth of vertical stacks ]

Formation of
quantum dot
superiattice




Vertically Coupled Quantum Dots
e

Ledentsov et al. 1995 (loffe Inst., TU Berlin, MPI Halle)

Cross section

Arrangement
of quantum
dots in
3-dimensional
tetragonal
lattice

[100]

-0 -



Luminescence Intensity (arb. un.)

Electronically Coupled Quantum Dots

T
Z 15}
"
£ 10}
'%\
L
-0 d . =15A
o GaAs
(O i " "
) () 1 2 3
Number of penods
2 10°
= F PL
N=3 £, /] DWW
S 10 ‘
> a
£ QD QD* '\
§ 103}
=
)
N=4 ar
an
GaAs, . A
1.1 1.2 1.3 1.4
Photon Energy (e V)
I L ] L

1.2 1.3

i
1.4

Photon Energy (eV)
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Electron Transport in
Quantum Dot Superlattices

QD SUPERLATTICE ANTIDOT SUPERLATTICE

Rl



InGaAs-GaAs Quantum Dot
Superlattice

. randa 9 Ty
259, MR T
o 4 M
r ¥ k] i
P

25x{InGaAs/GaAs}
DENSE ARRAY OF COLUMNS

CONTINUITY OF COLUMNS THROUGH
THE STRUCTURE

35—




L aterally-Associated Vertically-Coupled
Quantum Dots

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ ]'III"IIII‘ "I’I""l

Vertically-Coupled QDs / \ T=77K
_ Laterally-Associated %\k Ne3

Vertically-Coupled

c

=

0

e

S

e

o

qc, QDs

L)

£

o I N=§ J

O

8 ’/\ | 7

@ | N=10

£ |

E .

S | N=15§

Par

o -

-

Q. ‘
N=20

09 1.0 141 12 131415
Photon Energy (eV)
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Energy <« Optical Confinement -

ination V
g n-doped - Recombination o_E:oV
Lower Uk
[100] Al GagAs- Al Gl AS
—> Cladding Claddir
GaAs mc_umq_maom |_ / .
Substrate Superlattice
@b _.m<mq GaAs Barrier

Wetnng Layer Energy O_mn:wﬂm QD Energy

GaAs
Contact
Layer
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~3% -

1.0F
<
5 .
S 0.8+
C 4
©
MWAer
)
o
, i
First Evidence M 1.0}
for an Increase of T @
of a Bulk Laser m 0.8f
placed in a Nm 0.6 | —8— vith Magnetic Field T =313«
Magnetic Field | —A— without Zmozm,_o ﬂ_m_a T =144K |
(Arakawa and Sakaki, 1982) 200 m&o 280 320

Temperature (K)



(A/cm?)

th

Threshold Current Density ]

Vertically Coupled Quantum Dots

Lasers Based on

I“GaAS QDS 10“*'I-G'lAsl(}.aAs;1=10' .
300K 1040 1 ", -
I
1000 { %’
B ) of
E 1009 { A
I3 ".
o [ 3] r
1000 L l 1019+ .
~
Mo / Maad o iasing wavelength
\\ ™
R se 160 150 200 250 300|
. Tt T (K
in GaAsS Matrix---._ ©
100 Tm
. - InGaAs/AIGaAs N=3

| i 1 i 1

62 A cm-?

in AIGaAS Matrix

EL Intensity (arb. um.)

)

d =4.5 nm

spacer 960 980 1900

A (nm)

1 v 1 Y ! v 1 M 1

2 4 6 8 10
Number of Stacks in VECOD
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High Temperature Operation
of a Quantum Dot Laser

260 -
Shallow mesa stripe
- W=114um 15°C
. L=1100um -
200 o —_—
— CW
Jud
0 5
&
= 30°C )
150 |
s
E 35°C
o 43°C
% 100 50°C -
o
59°C
5
§ 50 = 6500 -
71°C
o _ ‘ 75°C
0.0 0.5 1.0 1.5 2.0

Drive Current (A)

—H -



Cross-Section HRTEM Image

of MOVPE (In,Ga)As
Quantum Dot on GaAs (100)

(M)

|

-+—inGaAs QD

14 am

'3 Pyramidal shape ( 20 hm in base)

& Bright PL at 1.36 pm (300 K)
W Possibility of Vertcal Coupling

Ledentsov et al. APL 69, 1095 (1996)

.



QD Self Organization in MOCVD

® Chainlike ensemble

alignment along
<110>

® (100) oriented square

QD base (in larger
magnification)

F. Heinrichsdorff et al.,
APL 68 (23) 1996

_*3.-




MOCVD growth of InAs/GaAs QDs

“Normal”
growth
conditions

£ Gressure
o growth

| and growth
interruption

LY

SRS i

® Lateral densities up to 1.5 x 10" cm™

* Coupled and decoupled QD stacks possible

F. Heinrichsdorff et al.,
Jpn. J. Appl. Phys. 36 (1997) in print



MOCVD InAs/GaAs Quantum Dot Lasers uw

ke —

Da,
] 1 1 .|~k\h|q_ ¥ mm.
1293K 2
1.0 . 1.5 >
S 0.8- ..mp 77 K :
8 0.6- 2 1.0
> e
m 0.4 o
2., PL =05 293 K
£ 0.2+ EL !
1T
0.0 .lpﬁlll
11 12 13 1.4 15 0.00 0.02 0.04 0.16 0.18 0.20
Energy (eV) | (A)

® Stacked QD laser: Ground state lasing (220 A/cm?), cw operation at RT

® Single sheet QD laser: 12.7 A/cm? at 100 K (ground state),

181 A/cm? at 283 K (excited state)
F. Heinrchador ot &.
Appi. Phye. Lett. 71 (27), 1997 in print
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Quantum Dot Injection Lasers
Room Temperature (300K) Operation

_u.._ocqmm of Merit

® QD electroluminescence and photoluminescence
coincide in energy: Lasing on QD ground state

@ High temperature stability (T,=385K)
® Low thresholds (j,=60A/cm®)

® Differential quantum efficiency up to 70%

Dmm_o: _U::o_v_mw

® Stacked sheets of quantum dots, N~10 gain 4
® Increase of barrier height escape rate v



Quantum Dots for VCSELs

® Basic Advantages of Quantum Dots

o No interface recombination at oxide-
defined apertures

® Reduced lateral spreading of carriers
out of the aperture region

cavity

light out

imtracavity

1.78 L. (n)GaAs spacer ‘

e e sns

GeAs substrate InGaAs QDs

Single Quantum Dot Laser at ultralow
Threshold Current is possible

¥ -




3-Fold QD VCSELs at 300 K
=  ———

QDs as novel gain medium for

oxide-defined aperture VCSELs:

threshold, /-V, light output

— 200 T T Y T
3 top DBR periods

|

S top DBR periods —{ 0.50

0 T 0.50 10

180 uA Current (mA)

Ultralow threshold currents.
CW output power: 180 yW

-

1.5



Threshold Current (mA)

Influence of Annealing
¢

Tuning of Properties Dy
Post-Growth Processing

0.8
1 t | 1 1 1 T T ..
.l‘
"
o8 ’ _
04 o Gf -
\.. .ﬂ'
R, . o
02} post growth as 0"0'!"! _
anneal
l A l L ] | | 1

0"05 l 990 (17 1000 1008
Peak Emission Wavelength (nm)

Decrease in threshold current.

Shorter wavelengths. |

_K9-

1010




QD VCSEL:
Ultrasmall Threshold Currents

250 N=16% (10 pum)

QD VCSEL. Lott et al.
El Lett, in print (19397

150} W VCSEL, Oh et al,

Threshoid Current (uA)
g

APL 59 11996)
[ A
100 /A
= QW VCSEL, Huffaker and
sol A—A Deppe, APL 70, 1781 (1997)
e+ o
"' 4
4
£ |
ﬂ
2 \ 4
| —~— o
0 1 i 1 i 1 1 — I . J
¢ 1 2 3 4 5 6 T 8 9 10

Diameter (um)

68 YA for 1 um aperture
fits to the best QW VCSEL values
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Future Trends

‘- Lasers:

i

Ultralow threshold current density (~10 A cm?)
for reasonable QD size dispersion (10%)
(Theory: L. Asryan, R. Suris, 1995)

Ultrahigh temperature stability.
Ultrahigh material gain. Ultrahigh differential gain.

No transport of nonequilibrium carriers:
reduced surface recombination,
no overheating of facets, high power lesers,
lasers in highly dislocated or type-il metrices

(e.g. InAs QDs in Silicon).
1.3 um and 1.5 um wavelength range using @aAs substrates.

QD lasers will replace QW lasers for most
of the applications.

Lifting of the k-selection rulle fer infrared light.
No need in surface gratings.

Quantum Dot Celiuler Automata. Memory Devices.

-Sil=




Conclusione:

around 4 years passed since the first
report on lasing in self-organized QDs

Ledentsov et sl. Semiconductors 28, $32 (1984),
submilied December 29, 1993

QDs and VCQOs Can Be Used in a
New Generetlon of Devices

VCQDs Alfow Realization of High Quality
Lasers

InGaAs-AlGaAs VCQD Edge-Emitting Lasers:
- Low Threshold Current Density
(60 A/cm’, 300K)
- High Quantum Efficiency (»80%)
- High DifYerential Efficiency (70%)

COMPARABLE WITH THE BEST VALUES FOR
EDGE EMITTING QW LASERS

InGaAs-GaAs VCQD Vertical Cavity Lasers:
- Low Threshold Current Densities

(170 A/cnv’, 300 K)
- Low Total Currents (<70 uA)

FITS TO THE BEST VALUES FOR QW
VERTICAL CAVITY LASERS

NEXT STEP: TO OVERCOME BEST QW LASERS

-8~
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