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Quantum Dots
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QD devices:

3 #1100 nm
.

Electrons in GaAs, T=300K:
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Outline:
* QDs: Dreams & reality
* The physics of single QDs

- Laser applications
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Why care about QDs?

Or: The QD "dream"




OD Narrower gain makes
better lasers

Gain calculation:
Gag 7Ny 53AS/InP

Arakawa, Sakaki 1982 T=300K
Asada et al., 1986 tin=1x10"s

N=3x10"%cm3

| Box 100x100x100A° NB

wire 100x100 A Idealized
QW Film 100A picture i
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* Lower threshold current
* Lower temperature sensitivity
» Larger modulation bandwidth
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Real QDs

Or: The shattered dream?




op- Nanostructure fabrication:
Quantum Dots

- Top-down fabrication

® Need high-resolution lithography
® Etching [0 Nonradiative defects

- Bottom-up: Strain-driven self-assembly

© High crystal quality [0 radiative properties
® Uncontrolled nucleation [I Size dispersion

High local In content

1300 nm on GaAs




QD> Inhomogeneous broadening

1 um diameter:
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oD Can we do better?
Controlling self-assembly

 SK growth on prepatterned substrates

© Site control
© Improved unif.

o Baier et al., APL 2004
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Courtesy: E. Pelucchi, E. Kapon, EPFL Andrea Fiore
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Radiative properties of
self-assembled QDs
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293K QD characteristics:
21 Alecm?

* 1300 nm emission on GaAs
* Radiative efficiency =20% at RT
* Long carrier lifetime = 1ns

« Density: =3x10'° cm-2

095 1.05
Energy (eV)
A. Zunger, MRS Bulletin 1998
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Single QD physics (and
applications):

Like an atom?
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QD QDs behave as

* Discrete electronic transitions
« Coulomb and exchange effects...

|

A solid-state toolbox for optical
spectroscopy

PL Intensity (cps)

Energy (meV) °

 Single QDs generate single photons

o N Application to
° I .
( —&— AN Q-

time
mm) See invited talk by JM Gérard this afternoon Andrea Fiore




Ds do not behave as
» Q atoms...

Homogeneous linewidth:

_2n _ 2n

I
T, Tiife

+ thonon (T) + 1_‘Auger (n)

norm. intensity

At RT: '=5-15 meV

Borri et al., PRL 2001 ‘
Birkedal et al., PRL 2001 ‘ : 1.24
Bayer et al., PRB 2002 energy [eV]

(Bayer et al., PRB 2002)

Interaction with crystal and carriers must
be considered
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QD lasers (1):

The physics of a different laser




OD A summary of laser
perforimance

On GaAs, at =1300 nm:

. J;,<30 A/cm? at RT (Huang et al. EL 2000, Park et al. PTL 2000)

. Linewidth enhancement factor <1 (several groups)

. 10 Gb/s modulation (Hatori et al. ECOC 2004, Kuntz et al., EL 2005)
° T,>200 K and J,,,<200 A/cm? (Shchekin EL 2002)

On GaAs (metamorphic), at =1500 nm:
« J,;,=1.5 kA/cm? at RT (Ledentsov et al., EL 2003)

On InP at =1550 nm:
¢ J,;,,<400 A/cm? at RT (Ssaito APL 2001, Wang PTL 2001)

. Linewidth enhancement factor <3 (Ukhanov et al., APL 2002)
. 10 Gb/s: -

T,=84 K (Schwertberger PTL 2002)

see also A. Kovsh's talk Fr A1-1 Andrea Fiore




op- Vhe quantum side of QD
lasers

Quantum Dots: Are they really different (better?) than QWs?
Fact:

Inhomog. + homog. broadening makes gain linewidth " QWs

... But still it is a different laser!

Confinement-related aspects:

* Discrete n. states

 Excited states

 Localization




The role of the density of pu

v states

Transparency current:

Maximum gain per pass:

1300 nm QDs on GaAs:
(gs - 3X10100m_2,AEinh = 20meV)

QDs have =10 times lower — - Low transparency current
density of states - Low max gain
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op- Record threshold current

=

8.4 um x 4 mm
2 QD layers \

&

N quantum dots [1 2N states

Room-temperature:
J;,=33 Alcm?
J, =9 Alcm?

L%) |

Single facet power (mW)
=

=

I L | 0
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urrent (mA)

0

Theoretical estimate for J,: B egs )
(Noo=2, ge=3x101 cm2, 1=800 ps) MEM =12 A/cm

it
: * Low-loss cavities
BUT: Modal DI = 3-4 cm-
odal gain per QD layer L . Stack many layers
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QD Gain limitations

Strain issues in QD stacking

» Strain compensation (Zhang, APL
2003, Lever, JAP 2004)

_,,__,________________ * High-T capping (Ledentsov 2003,
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pulsed, T=293K, length=2mm pulsed, T=293K, length=2mm

“increasing
-injection
current
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Wavelength Current [mA]

Markus et al., APL 2003
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4 light
Violates population population
clamping theory ?7??
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The role of intraband
relaxation

Photon number

8 16 24 32 40
Carrier injection rate (e/t )
I

Population

ES threshold
GS threshold
8 16 24 32 40 Current (mA)

200 400 600 800 1600

Carrier injection rate (e/t) ]
L Predicted by Grundmann et al., APL 2000




QD A more general view

Carrier accumulation in non-lasing states:
- Large gain compression

capture time from WL to QD O Any,,

relaxation time from
ES to GS I Angg

capture into nonlasing QDs [ An

nonlas QDs

* Small f_, in lasers
* High P__; in SOAs
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QD> Modulation characteristics [EREet

7 — | | |
_ 6 tot 3 3 QD layers
o 5 3
T ;
~ 4 i [@KelJES
o ES |
o 3 = ‘
£ 2 GS }
(1) E
o 1 WL

0 A

0 8 16 24 32 40

Carrier injection rate (eh—r)

w
n

Carriers / dot

16 24 32 40
Carrier injection rate (elrr)




400 mA
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Wavelength (nm)

Inhomogeneous broadening +
absence of thermal equilibrium
[ Broad laser line = many =independent lasers!

Andrea Fiore



Thermal equilibrium

> = 2 2
NN A SN 0

Occupation factor

real space

Elect QDs more prone to non-
Y equilibrium distribution
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QD lasers (2):
Prospects for application?

~

 Low threshold current
« Small linewidth enhancement factor >~ =) Lasers
- Temperature performance

* Broad gain, large saturation power mm) SOAs, SLEDs




Linewidth enhancement
factor in QD lasers

20 30 a0
Current (mA)
Markus et al., JSTQE 2003
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Coherence collapse threshold:

¢ OC1_21+oc2

crit 4
0

a: linewidth enh. factor
[: damping rate

QDs:

el _ _ Reduced feedback sensitivity
- [ large (gain compression)

___ M Potential for isolator-free modules |
Andrea Fiore

I, -1

O'Brien et al, Electron. Lett. 2003




QD> Temperature

Hol ong
clo vels

o tberimal abtidatiéno2
MattheyesatahkAPL 2002

- Use p-doping

T-dependence fixed by
electron distribution

and T:>200 K

(Shchekin EL 2002)

50 100 150 200 250 300
Temperature (K)




QD QDs as

Size dispersion

| |
Broad gain
spectrum

Carrier reservoir
L |

Large saturation P..~19 dBm

power & fast over 120 nm
recovery time

350 1400 1452 1500 1550 g
Wigeelenglh [rim)

Polarisation sensitivity ? Preliminary evidence of
polarisation control by shape engineering (Jayavel, APL, 2004

ndrea Fiore




D superluminescent
o QD supgrumi

Chirped QD multilayers

GaAs
InGaAs

Current (mAmp.)
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EPFL & EXALOS AG (Li et al, Electron. Lett. 2005) Current (A)




D lasers: Real
v app%a’rlons coming up?

QD lasers are different, in some cases better

Low chirp

Feedback insensitivity

Large T,

Broad gain

d_J Low-cost 10 Gb/s transmitters

__N SOAs, tunable lasers, SLDs

Andrea Fiore
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