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What’s in a title ?

Colloidal Quantum Dots

for
from

Optical Gain to Ultrafast Modulation
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Photonics : why bother ?

“ Photonics “

Field of Science and Engineering that occupies itself with the
generation, detection and manipulation of light (photons) for
applications in imaging, lighting, detection, energy conversion, ...

But also telecommunication and (bio-)sensing !
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Intermezzo: What is light ?

gire, light
a wave !

James Clerk Maxwell _ _
Albert Einstein

Both are correct | The ‘wave-particle’ duality
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Intermezzo: What is light ?

El Fiel
Magnetic Field ectric Field

D M
A

<«—Wavelength ».—>

The wave is traveling in this direction

>
>

Light is an electromagnetic wave, periodic in space and time

Characteristic:
Wavelength A
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Intermezzo: What is light ?

But it’s also a particle ?!

Electric Field
Magnetic Field ectric e

«—Wavelength ».—>

The wave is traveling in this direction

Light is stream of particles called ‘photons’ (hence: Photonics)

Characteristic:
Energy E

Il UGENT PHOTONICS RESEARCH GROUP



Wave - particle duality

Electric Field
Magnetic Field ectric e

«—Wavelength ».—>

The wave is traveling in this direction

So, who’s right ?
De Broglie: “ Both !”

Energy X wavelength = Constant (= hc)

Important:
Energy (wavelength) cannot change in ‘regular’ media

De Broglie, L.
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Intermezzo: What is light ?

Gamma ray X-ray  Ultraviolet Visible Infrared Microwave Radio Radiation Type
102 1070 10 0.5x10° 10° 10° 10° Wavelength / m

" : 7 roximate Scale
Q % ﬁ % }2@ ‘H AppofWa\t/elgnglh

Atomic Nuclei  Atoms Molecules Protozoans Needle Point Butterfies  Humans  Buildings

N T —

-

10 10'® 10'® 10" 10'? 210 10* Frequency / Hz

Visible light is only small
part of the total
spectrum !
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Photonics for data transfer and telecommunication

Copper is reaching its limits in terms of bandwidth and energy
consumption

Use light instead of electricity to carry information

Around the globe & within data centers / supercomputers
Optical fiber

light ray

N

{1/ cladding

| |
' Q ' &
! a ‘ plos.'lc ,':‘.
\1 l" coahng ’;,’,‘

" S o
NN — o o
— \ ——

© 2006 Encyeclopaedia Britannica, Inc.
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Guided Wave ?

Glass fibers Waveguide

Optical fiber

light ray

[ 1 cladding

: I’
| i plastic 4
| coating ||

A g

© 2006 Encyclopaedia Britannica, Inc.
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Light guiding through

“Total Internal Reflection” .
Glass Fiber

Laser

Total internal
reflection

Critical angle
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Photonics ... for telecommunication
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Fibers are the backbone of the internet

imec

100s of Gigabit/s through a hair-thin glass fiber
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Photonics ... for telecommunication

Bandwidth (=different colours) much higher than in electronics
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Photonics ... for optical interconnects
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Photonics ... for sensing

1 1 | | 1
CH, so? o & aromatics °
(%Y 4 '
r SO, Cg 6 - NH, aromatics
H.S acetone glucose
NO NO g @
E ‘, ‘ - S0 ‘ethanol
2

-~ @ °°s N . s% [V ‘ 8B ethylene
."20 i 002 - Hzo 2 . 4 3 : . .
3 4 5 6 7 8 g 10 11 12 13

wavelength (pm)

Every molecule (gas or liquid) has a specific
absorption band

gy -
w"'wll"x’ i
./

Use light to trace molecules for:

- Medical examination
- Analysis of the atmosphere / Safety
- Scientific analysis

PHOTONICS RESEARCH GROUP
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Micro-electronics shows the way ...

Integratlon leads to: The world's thinnest notebook. MacBook Air.

* Smaller device footprints and =————————
lower energy consumption
* Increased functionality
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And Photonics follows !

Replace bulk optical
components (fiber
switches,
spectrometers, ..) by
integrated (photonic)
circuits |
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Photonic Circuits

Based on silicon, the CMOS standard of
micro-electronics

v’ Large volume fabrication = low cost
v Increased functionality
v’ Dense integration with electronics

A"
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Photonic Circuit: Building Blocks

Light Source

Generate light

Guide Light

Modulator

Electrical-Optical

Routing/Filtering/.... Conversion,

Wavelength
conversion

Photo-detection

Translate optical
information back
to electrical
domain
(processor, ...)

Il UGENT
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Amplification of light

John (BE) Alice (USA)
Light Source Photo-detection
f\ P 10.000 km of
\ optical fiber

11001100
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Amplification of light

John (BE) Alice (USA)
Light Source Photo-detection
rf 9 10.000 km of
| ’ \ ’ \ optical fiber
B N, Z=
i
11001100
3 Lamasuns rf » rf » Photo-detection
, ANA —
| ' \I » | | Amplifier | |
11001100
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Amplification of light

Photo-detection

.
‘‘‘‘‘‘

. " ) Premise to build ?
Light Source = “Laser
A material with net
optical gain
( = Amplification)

v" Single Wavelength (i.e. 1 user)
v’ Coherence in time and space

Il UGENT PHOTONICS RESEARCH GROUP



Wavelength Conversion

John, operating at red light, wants to say
‘Hello’ to Alice, operating with blue light. We

-
need a convertor/switch to change John’s V\\\f,
information on his red channel (wavelength) to o%)

the blue, the channel (wavelength) of Alice

John
11001100
Hello !

Light Source Modulator

w“ é; / \\ I‘\b Convertor

o | ’ /Switch

11001100
Hello !
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Wavelength Conversion

Optical-Electrical-Optical

Photo-detection Modulator .
Energy consuming

= s and
5 \J »
~ L / not cost-effective !
All - Optical
> & Non-linear
A / . . materials ?
’ \ \ Non - Linear Matenal} I \I > Silicon 2
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So what light are we using ?

100 l 1 l T l T l T l T
501 —
10 —
5 Experimental Infrared -
absorption\y:
| Loss 1 e
(dB/km) 051 Rayleigh ) -
”\ scattering ]
R Ultraviolet T / |
0.1} \/ absorption Waveguide \/ ~ ——

RN imperfections

0.05 \ ___L___,_/ —

| S \s / -
0.01 i i | 1 | i 1 *l 1
) 0.8 1.0 1.2 1.4 1.6 1.8

Wavelength (um)

N\
m
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Amplification M M

v Intermediate amplification of light in long haul systems

v" Building a laser for light sources in short and long range
interconnects

Wavelength Conversion M M

v Switch information between different channels/users

Can silicon help us here ?

Il UGENT PHOTONICS RESEARCH GROUP



Silicon can’t do everything !

Free-carrier
absorption

Electrons

> . RSORAIR
20 Indirect 25>
z recombinationll T g
i o=, . Direct Auger
<P recombination recombination
s Wave vector . ;
55\~ Holes : Si waveguide
]
[\ - TE

- Indirect band gap =) No efficient light emission

- Centrosymmetric Crystal mm® No efficient nonlinearities
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So ... how do solve this ?

We need to combine novel materials with silicon for
light generation/amplification and conversion

Bonding of llI-V Dies

InPlinGaAsP
_ epitaxial layer stack

InP-InGaAsP
epitaxial layer stack

Sio,

Si Sio,

I 200nm
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So .. how do solve this ?

We need to combine novel materials with silicon for
light generation/amplification and conversion

Direct Epitaxy

(a) (b)
&7 dislocations
100 nm 350 nm
, TEM =8 N B
|
Slice 2§
<001>

SiO, mask
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So .. how do solve this ?

We need to combine novel materials with silicon for
light generation/amplification and conversion

Hybrid Schemes

Combine novel light emitters (organics,
graphene, ... guantum dots!)

400 nm

Il UGENT PHOTONICS RESEARCH GROUP



Colloidal Quantum Dots
or

Guided Wave Photonics:
from
Optical Gain to Ultrafast Modulation
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Quantum Dots — At the limits of nanotechnology

Nanotechnology = Manipulating matter on the “nanoscale”

Water Glucose Antibody Virus Bacteria Cancer cell A period Tennis ball

*»v0& O  C

10" 1 10 10° 10’ 10‘ 10s 10° 107 10°

| I I I | | |
Nanometers | l | | | | |

i
\9‘98 ‘Colloidal Quantum Dots’ or
| ‘Nanocrystals’

::(\"} Nanometer (2 — 20 nm) sized

A pieces of (semiconductor)

crystal in a colloidal solution
phase

Il UGENT PHOTONICS RESEARCH GROUP



Quantum Dots — At the limits of nanotechnology

Nanotechnology = Manipulating matter on the “nanoscale”

Water Glucose Antibody Virus Bacteria Cancer cell A period Tennis ball

» Y88 O O

10" 1 10 10° 10’ 10‘ 10’ 10° 107 10°
] I

Nanometers |
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Colloidal Quantum Dots: From the Bottom Up

A Lego sphere
made of 1000
lego cubes

A quantum dot

made of 1000
atoms

Il UGENT PHOTONICS RESEARCH GROUP



Nanometer colloids built of individual atoms

Organic SheII
(Oleic Acid, .

%\

Nanometer sized pieces

of semiconductor crystal

in a colloidal solution
phase

Il UGENT PHOTONICS RESEARCH GROUP



Hot Injection Synthesis

Example: o N
CdTe quantum dots Q'? M e
(Cadmium — Telluride) S

’

cdo \ &'

Organic ligand
R 1 Temperature (e.g. 260°C)
e

Il UGENT PHOTONICS RESEARCH GROUP



Why ‘Quantum’ ?

Why would you make something smaller ?

Column length [(m) Resanant frequency (Hz)
0.2 440
5 172
14 1.0 86
1.5 57
20 43

Link between size of the tube and

frequency (energy) of the sound
waves

High energy sound wave
= 15t Harmonic

Short pipe tube, guitar string, ... f=v/2L

Il UGENT PHOTONICS RESEARCH GROUP



Why ‘Quantum’ ?

The sound waves of the guitar, organ, ... are standing waves

What happens if we squeeze an
electron in a similar small volume ?

Remember! Particles can behave
as waves
Electrons have ‘a wavelength’

Wavelength has to fit the
dimension of the resonator !

Instead of meters (instrument sound waves), now
nanometers (electron charge density wave)

Il UGENT PHOTONICS RESEARCH GROUP



Why ‘Quantum’ ?

A small (large) box

:

Short (long) wavelength of
the standing (sound,

electron) wave

>

I UGENT



Size dependent optical properties

Visible Light - Wavelength

LN AVAVAVAN
\VAVAVAVAN

Orange

Yellow

10.000 atoms
N AVAVAVAVAVAN
TR VAVAVAVAVAVAV/

‘ 1.000 atoms
W AVAVAVAVAVAVAVAL
2 ‘ 100 atoms
Violet M/\/\N\/\/\N\
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Semiconductor ?

Excitation ?
E
| g nergy
(absorption), -E S Electron
I e
electrical, ... 1S & 3 6
Hole
Band Gap Q
18h @ o
o
3 5
© o
>
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Semiconductor ?

c Ener

5 gy

E -

38 Electron

5" -

O

Hole

Band Gap Q

Valence
Band
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Energy levels or ‘modes’

1Pe
1Se

Conduction
Band

fn= nf1

T oS o< >3
O o oK >4
OO 5
OO ©

Band Gap

18t

AR

Valence
Band

=t
o
=
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Size tunable band gap !
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Colloidal Quantum Dots

Nanometer sized pieces of
semiconductor crystal in a colloidal
solution phase

v’ Cheap, upscalable wet synthesis
v’ Easy deposition on e.g. silicon

v’ Size tunable optical properties

Il UGENT PHOTONICS RESEARCH GROUP



Quantum Dot Applications

Television Screens

YAG backlight

N

QODEF backlight

PHOTONICS RESEARCH GROUP



Quantum Dot Applications

Television Screens

At CES 2015: Samsung S-UHD with Qdots !

“...a TV with better color
accuracy, a wider color
gamut, brighter overall
images and higher dynamic
range (brighter brights and
darker darks) “

Il UGENT PHOTONICS RESEARCH GROUP tmec 49



Stimulated emission and Optical Gain

When a photon strikes
a QD,
the type of interaction
will depend on

The state of the QD

No Charge

Single Charge

Double Charge

Il UGENT PHOTONICS RESEARCH GROUP



Stimulated emission and Optical Gain

When a photon strikes
a QD,
the type of interaction
will depend on

The state of the QD
No Charge

Single Charge

Double Charge
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Stimulated emission and Optical Gain

When a photon strikes
a QD,
the type of interaction
will depend on
The state of the QD
No Charge
Single Charge

Double Charge

Il UGENT PHOTONICS RESEARCH GROUP



Empty Quantum Dot

Light Absorption

1Pe
1Se

N

1sh =@~

Il UGENT PHOTONICS RESEARCH GROUP imec 53



Single Excited Quantum Dot
Light Absorption
M Stimulated Emission

]| e

Il UGENT PHOTONICS RESEARCH GROUP tmec 54



Double Excited Quantum Dot

]| e 1Pe

1S Q-9 1S° —Q-@—

A N

1sh =)~ — 1sh =~ =

Il UGENT PHOTONICS RESEARCH GROUP Imec 55



Intraband Absorption and Relaxation

1Pe
1Se

1sh -0

Il UGENT PHOTONICS RESEARCH GROUP



Intraband Absorption and Relaxation

1Pe
1Se

o\

18h
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Intraband Absorption and Relaxation

1Pe
1Se

1sh = _~@—

Il UGENT PHOTONICS RESEARCH GROUP



How to describe these interactions ?

v' Sample Absorbance, noted as A

v" Change of Sample Absorbance (upon photoexcitation), noted as AA

A>0 A=0

N>

MM A, A",

n N>

Il UGENT PHOTONICS RESEARCH GROUP Imec 59



How to describe these interactions ?

v' Sample Absorbance, noted as A

v" Change of Sample Absorbance (upon photoexcitation), noted as AA

A>0 A=0
Vg
A" g

Equal amount of

Mostly empty QDs excited and empty
Absorption Absorption
\" ||

Stimulated emission Stimulated emission

More excited than
empty dots

Absorption
A

Stimulated emission

Il UGENT PHOTONICS RESEARCH GROUP



Sample absorbance of unexcited crystal A,

Depends on the energy of the incoming light (photons) !

e
1Se

N\° S6°0

Absorbance A (-)
N €T

18h

| 1 | 1 | 1 | 1Ph

0.8 1.0 1.2 1.4
Energy (eV)

Il UGENT PHOTONICS RESEARCH GROUP imec 61



Pump - Spectroscopy

1Pe
1Se

R 1sh @~
0o0 1Ph'6'6_

PHOTONICS RESEARCH GROUP
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Half Wave D Filter A T U D e I ft

! Plate - ‘

Pump YVO4
180 fs Crystal Pump splitting
(2.2 - 4.4 ps) Chopper
\/ 2.5 kHZ
1028 nm
180 fs
—
[ . } ) Broadband Probe

Delay Stage
il




7 “" Yol -~
g = SR
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Sample absorbance upon photoexcitation

1pPh

Effect of photo-excitation on
incident probe ?

Inter-band bleaching (reduction of
absorbance) due to state filling with
photogenerated carriers

AA<O

Intra-band absorption (increase of
absorbance) between quantized
states within same band

AA >0

Il UGENT
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Sample absorbance upon photoexcitation

Effect of photo-excitation on
incident probe ?

]| A

Inter-band bleaching
18e

Reduction of absorbance due to
state filling with photogenerated
carriers

=

T $
(7))
=
i Not Possible

AA<O

With 1 excitation:

DA/A, = - 1/2

Il UGENT PHOTONICS RESEARCH GROUP



Sample absorbance upon photoexcitation

]| A
1Se

Effect of photo-excitation on
incident probe ?

Intra-band absorption

Increase of absorbance due to
state filling with photogenerated
carriers

AA >0

Il UGENT
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Time — Wavelength map of 4A

100 1pe
~ 18¢
£ 10 P
© 0
£ —~
I_
1
1Sh ‘G‘G"
_ -
0.1 L

1100 1200 1300 1400 1500 1600
Wavelength (nm)
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Time — Wavelength map of AA

01 e v 5 FNSS
1100 1200 1300 1400 1500 1600

Wavelength (nm)
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Time — Wavelength map of 4A

0.1 |
1100 1200 1300 1400 1500 1600

Wavelength (nm)
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Time — Wavelength map of AA

100 1Pe
» AA=§0 - 1S¢ -6_
£ 10 : >
L 1
£ ~
I_ -
1 -
1sh = —@—
_ 1pn ~0-0—
0.1 ™

1100 1200 1300 1400 1500 1600
Wavelength (nm)
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All-Optical Wavelength Conversion

40 - —— 1180 nm 2 phenomena !
— 1300 nm
1360 nm
20F — 1520 nm = |nterband bleach:
= 1600 Nm
AA <O

" |ntraband absorption:

AA(-)

"

p—
ok AA >0
a0k / At 1520 nm:

First, imbalance AA >0
After 1 ps, balance: 4A=0

60x10° & ¢
0 4 8 10 100 1000

Time (ps)
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AA/A (-)

All — Optical Wavelength Conversion

12

10

»Hh O ©

Before cooling (0 - 2 ps):

AA >0

v v’ Hot Carrier Intraband Absorption
o

) i‘ o9 | P After cooling (> 2 ps):
5 1s

v’ Cold Carrier Intraband Absorption

AA >0

AA <0

1s,
\\ v Cold Carrier Interband Bleach

N :>Matchingwavelength:AA =0
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All — Optical Wavelength Conversion

All-optical wavelength
conversion ?

Convert pump (... - 1100 nm) to
probe (1550 nm, telecom
wavelength)

(sd) swin uonexe|oy

v’ Picosecond dynamic (THz rate !)
v" No residual absorption
v’ Linear light-matter interaction

0.0 0.4 0.8
<N>
Moreover:

<:I At low energy of the pump !

On average, less than 1
electron per QD
needed! <«

Il UGENT PHOTONICS RESEARCH GROUP



All — Optical Wavelength Conversion

L
< >
Filled Slot Vy
Waveguide
Signal
) - mp
Target |
In 11 L 2es n I
\‘ | EP ‘ |

Impregnated/clad
Optical Fiber
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All — Optical Wavelength Conversion

N " At 1 Terabit/s,
= —p this amounts to
_ only £ 1 mW of
, optical power !
3 1 ' N T N T B T
10 10” 10" 10

Device Length (cm)
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All — Optical Wavelength Conversion

2.0 4.4ps .,
H 8
6
4
1.5F 2
0
~ 50 90 —
.0k z
2 5
— 90°
0.5k :gg

Time (ps)

Half Wave YVC)4 ND Filter
Plate Crystal ‘

Il UGENT PHOTONICS RESEARCH GROUP



Optical Gain in Quantum Dots

Absorption (A>0) or Amplifcation (A<0) ?

A<O @

Balance between absorption and
stimulated emission !

Light Absorption

Stimutated emission (A<8) can

\g
N 8 N>
w2 >

N\

ddmirdte over ptionPONLY if
Negative Absorption a\Me number of electgon:hele.pairs
= per %1
Amplification 180 =O-@— .'0— ﬂ\
—

/1, =104
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Thresholdless Optical Gain using HgTe QDs

How to break the balance ?

1Se

k

—@—— Midgap state

-0-¢-

18h

Il UGENT PHOTONICS RESEARCH GROUP



Thresholdless Optical Gain using HgTe QDs

How to break the balance ?

Create a 3-level system !

e
1S -6‘}— 1S¢ — Empty midgap State — 1S"
-—@—— Midgap state @

1sh ——@—

No absorption in unexcited crystal
Only Stimulated emission in excited !

Gain at no cost !

Il UGENT PHOTONICS RESEARCH GROUP



Thresholdless Optical Gain using HgTe QDs

How to break the balance ?

Create a 3-level system !

1S
1S¢ — Empty midgap State — 15"

T
i _—-@——_ - Midgap state @
1sh ———@—

No absorption in unexcited crystal
Only Stimulated emission in excited !

Gain at no cost !

Il UGENT PHOTONICS RESEARCH GROUP



Thresholdless Optical Gain using HgTe QDs

HgTe Quantum Dots

_3 i
Pump = 700 nm 4x10
3.0 T ot
>
2.5 Al-)
0
2.0
(2]
=
o 1.5 > L
£
|_

o

1200 1300 1400 1500 1600
Wavelength (nm)

©
%

©
o

Net optical gain (A<0) for sub
Wavelength (um) 1 exciton population (< 0.06)
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Thresholdless Optical Gain using HgTe QDs

A <O forlessthan 1
electron-hole pair per
QD on average !

10

v’ Outperforming
regular QDs by 2
orders of magnitude !

Threshold (-)
o

0.01 |~ <I> (ID
“"Cf-fP--CP- HgTe !
0.001 |
| | | | | -o—*'*
1300 1350 1400 1450 1500 | i s
18h ——-@—

Wavelength (nm)
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Thresholdless Optical Gain using HgTe QDs

800

O |E S C L 2 sizes of HgTe
— B Emission 1220 nm
- B Emisison 1330 nm @
S 600}
£ e .
= Amplification over the entire
T telecommunication
g 00r window !
©
&
Q
é’ 200F v’ Long gain lifetime
)
< 0 L v' Low thresholds
) \‘,’ | v Modal gains up to 100 cm!
0 = T T T - T ™ T 1 1
1.30 1.40 1.50 1.60 possible

Wavelength (um)

Il UGENT PHOTONICS RESEARCH GROUP



To conclude ...

Compact, cheap and low power
optical amplifiers and wavelength convertors

P
%’a‘i& % &

Through balancing of quantum dot properties

Absorption Inter-Band Absorption
Versus Versus
Stimulated emission Intra-Band Absorption
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To conclude ...

Compact, cheap and low power
optical amplifiers and wavelength convertors
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More stories to read before bedtime

Il UGENT PHOTONICS RESEARCH GROUP



More stories to read before bedtime !

77”" Jo),
St

U, .

Giant and Broad-Band Absorption
Enhancement in Colloidal
Quantum Dot Monolayers

E
a
|
through Dipolar Coupling I

i Pieter Geiregat,"" Yolanda Justo," Sofie Abe,"* Stijn Flamee,"* and Zeger Hens"**

<o, "Physics and Chemistry of Nanostructures, *Photonics Research Group, and *Center for Nano and Biophotonics, Ghent University, B-9000 Ghent, Belgium
=
b::n;;: ABSTRACT The absorption cross section of colloidal quantum dots in 5 % 5
bOt;’Vee dose-packed monolayers shows a 4 ((dSe) to 5-fold (PbS) enhancement %’ ay § 4
bi{) (‘o,;;: compared to quantum dots in a dilute dispersion. Quantitative agreement = C is
f ,"ﬁl'q,o" 1 is demonstrated between the value and the size dependence of the ¢ g )
the op t enhancement and theoretical model predictions based on dipolar coupling % @ '_ S § .
between neighboring quantum dots. This collective optical behavior offers 2 o E

a new degree of freedom in the custom design of optical properties for
electro-optical devices.

KEYWORDS: nanocrystals - superlattice - optical properties - light absorption - coupled dipole model

g, -y ~up ~top,
Mep; o nde,%n ‘b,;.,%e e re,, -
the dip N cp At
try, & th ar, fro
ll.s‘ie" ¢ e Wy w fe Cary, '
L) Cry
o¢

S . ~,
< tlon & (‘o]d
o/p, ox

O,
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More stories to read before bedtime !
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Thresholdless Optical gain using HgTe QDs

How long does this gain last ?

3.0 T

2.5
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Time (ns)

1.0

O 100 200 300 400 500

0.5
3 Time (ps)
Q0K 1L SNy, S
1.1 1.2 1.3 14 15 Gain lifetime on the order of
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Properties of Thin Films

Isolated QD

Superlattice
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“Can we translate the properties measured
in solution to thin film ?”

Geiregat et al., ACS Nano 6(7), 2012
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Properties of Thin Films

Inorganic core

Ligand shell

Dipolar field lines

Il UGENT

Isolated particle

Isolated dipole

‘Effective Medium’
(e.g. Maxwell-Garnett)

.

Particle in close packed
film?

Subject to depolarization
fields of neighbours (only
~ 5 nm away)

‘Coupled Dipole Theory’
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Interaction with Silicon Photonics
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Interaction with Silicon Photonics

PL intensity [a.u.]

PL intensity [a.u.]

PL intensity [a.u.]

De Geyter et al. , APL 101(16)
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Matrix Encapsulation

=== Monolayer (18%)
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Spectral Shifts

[ @ Hot-Cold
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“Interaction of hot and cold excitons gives rise to Coulomb shifts of the
absorption spectrum ”

Interesting from both experimental (how to interpret TA spectra with
spectral shifts) and fundamental point of view (hot/cold multi-X
interactions)

Geiregat et al., J.Phys.Chem C. 118 (38), 2014
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Dynamics of hot excitons in PbX QDs

A Phonon Scattering Bottleneck for Hot Carrier
Cooling in Lead Chalcogenide Nanocrystals

Geiregat et al., ACS Nano, 2015 (Just Accepted)
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Dynamics of hot excitons in PbX QDs

PbX (X =S, Se)
2_= ‘saddle point” at high energy !

HOT

Pump Delay (ps)
(sd/A9) o1ey sso AbBisu]

@ coLp
Phonon Scattering 0.2 0.0 0.2 0.4
kin = kout+ q E'Ez (eV)
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