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outline

• Silicon photonics 
• The source problem

– Back to basics
– All silicon
– Other approaches

• Conclusions
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Evolution of Internet
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What are the main problems
associated to the internet growth?
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The real truth of semiconductor 
industry

Smaller Cheaper Faster

by large scale integration
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Moore’s law
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29 January 1969
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Why?
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Complexity in today PIC
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vs. Silicon Photonics

Silicon Photonics

Silicon

CMOS

LD,PD, microrings,
….

Silicon photonics is the standardization of photonics



NanoScience Laboratory

Silicon photonics

Photonic devices produced within 
standard silicon factory and with 

standard silicon processing
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Silicon pro’s and cons

• Transparent on 1.3‐1.5 m
• CMOS compatibility
• Low cost
• High index contrast, small footprint

• No electro‐optic effect
• No detection in 1.3‐1.5 m region
• High index contrast coupling
• Lacks efficient light emission
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Silicon is an Excellent Optical Material
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Silicon pro’s and cons
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CMOS compatibility
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New Materials in Advanced CMOS

Contents
• High dielectric constant Gate Oxides
• Metal gates
• High mobility channels ‐ Ge

John Robertson

Silicon 
subsrate

Source Drain

Gate

Gate oxide

channel 
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CMOS Periodic Table,  
1970’s

1A 2A 3B 4B 5B 6B 7B 8B 1B 2B 3A 4A 5A 6A 7A 8A

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra Ce
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CMOS Periodic Table,  
1980’s

1A 2A 3B 4B 5B 6B 7B 8B 1B 2B 3A 4A 5A 6A 7A 8A

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra Ce
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CMOS Periodic Table,  
2000’s

1A 2A 3B 4B 5B 6B 7B 8B 1B 2B 3A 4A 5A 6A 7A 8A

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra Ce
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Silicon pro’s and cons

• Transparent on 1.3‐1.5 m
• CMOS compatibility
• Low cost
• High index contrast, small footprint

• No electro‐optic effect
• No detection in 1.3‐1.5 m region
• High index contrast coupling
• Lacks efficient light emission
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Silicon is cheaper than other semiconductors
(2009 data)

Wafer size 
(research)

Wafer size
(commercial)

Wafer 
cost 
(€)*

Die cost 
(€)**

Silicon 18” 12” 50 1
SOI 4” 400 28
InP 6” 3” 500 62
GaAs 8” 6” 500 11

* Source waferworld.com
**Assumed equal processing cost (1000 €), die size 1 cm, yield =1

P4 2.6GHz 200$
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Cost = paradigm change

• 200 mm Si wafer 0.5 mm sized dies then 125,000  
dies

• Cost processed CMOS wafers $2,000,000
• Cost per die: $16
• Laser size: 10x100 microns.
• Cost per laser: $ 0.064
• This is just like estimating the cost of transistors. 
They are free.  Only the PIC cost matters.

• Emphasis is moved from components to the system
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Silicon pro’s and cons

• Transparent on 1.3‐1.5 m
• CMOS compatibility
• Low cost
• High index contrast, small footprint

• High index contrast coupling
• No detection in 1.3‐1.5 m region
• No electro‐optic effect
• Lacks efficient light emission
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Si
wires
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Silicon pro’s and cons

• Transparent on 1.3‐1.5 m
• CMOS compatibility
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• High index contrast coupling
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• No electro‐optic effect
• Lacks efficient light emission
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Silicon pro’s and cons

• Transparent on 1.3‐1.5 m
• CMOS compatibility
• Low cost
• High index contrast, small footprint

• High index contrast coupling
• No detection in 1.3‐1.5 m region
• No electro‐optic effect
• Lacks efficient light emission
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Strain‐induced bulk χ(2)
Strain inhomogeinity

Unstrained silicon

χ(2)bulk= 0

Uniformly strained silicon

χ(2)bulk= 0

Non‐uniformly strained silicon

χ(2)bulk ≠ 0
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Strained silicon

Structural deformation

Bulk symmetry breaking

stressing layer

1

2

1
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Drude effect n
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Silicon pro’s and cons

• Transparent on 1.3‐1.5 m
• CMOS compatibility
• Low cost
• High index contrast, small footprint

• High index contrast coupling
• No detection in 1.3‐1.5 m region
• No electro‐optic effect
• Lacks efficient light emission
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The source problem

“If God wanted ordinary silicon to efficiently 
emit light, he would not have given us gallium 
arsenide,” 
said Elias Towe of Carnegie Mellon University 
(Pittsburgh) 
(quoted from IEEE Spectrum “Linking with 
Light,” August 2002).
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Back to basics

Luminescence
Electroluminescence

Lasing
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Fermi’s golden rule
(spontaneous emission rate)
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Selection rules due to the symmetry of energy bands

Energy and wavevector conservation
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Band diagram

Silicon
Gallium Arsenide
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Direct‐indirect transitions

K

E E

K

Fast ( ≈ns)
Efficient (≈10-1)

Slow (≈ms)
Inefficient (≈10-6)

Need assistance of 
other particles 
(phonons, ….)

GaAs
Si

1.42 eV

1.125 eV
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Rate equation
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Rate equation
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Basics on LED efficiency
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Internal quantum efficiency

1

int 1 r

nr





 

  
 

nr sensitive to sample purity and structure
•Auger 0.1µs (@1017 cm-3)

0.5 ns (@ 1020 cm-3)
•Deep level

•Surface recombinations

1
nr

T thN v





int

1

1 1
radR

R NR
rad nr

W
W W


 

 
 



NanoScience Laboratory

Internal quantum efficiency

Si GaAs

r 1 ms 100 ns

nr 100 ns 100 ns

int 10-6 0.5
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External quantum efficiency of LED
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Radiative recombination

Charge injection
Light extraction
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Injection efficiency for a flat pn junction Transmission across a flat interface
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Mirror Partially transparent
mirror

Luminescent and
Amplifying  medium

Coherent light

Round trip gain R2G2>1

Optical cavity

Pumping mechanism 
(electrical injection is 
preferred)

What you need for a laser
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Basics on optical gain

Small signal gain is determined by population inversion 
(effective three level system)
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Emission/gain cross section Optical/propagation losses

If N2>N1 then G>1
If N2<N1 then G<1 External pumping
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Semiconductor injection laser



NanoScience Laboratory

Bulk semiconductor
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Silicon limits

What are the main problems with 
silicon?
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Silicon luminescence
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Silicon limits: 1

Indirect band gap = 
low radiative recombination probability = long 
radiative lifetimes (ms)

• Free carriers move around =
Non‐radiative recombinations prevail

• Extremely low internal quantum efficiency in 
bulk silicon (10‐6)
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Silicon limits: 2

Efficient Auger recombinations 
prevent to reach population 
inversion
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probability for an Auger recombination 
since it is a three particle process

non‐radiative recombination lifetime due to Auger

For silicon C ~10‐30 cm6s‐1
(i. e. A= 10 ns for n=1019cm‐3 )

21 /A C n  

Silicon limits: 2

The Auger recombination is the dominant 
recombination mechanism for high carrier injection rate 
in Si.

PA ~ n3
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Silicon limits: 3

Free carrier absorption prevents to get 
stimulated emission

W.P.Dumke, Physical Review, 127 (1962) 1559

Probe beam
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free carrier absorption coefficient at 300 
αn ~ 10‐18 nfc ∙λ2

For nfc=1019cm‐3 and =1.55 m 
n= 24 cm‐1

[Schroder, D. K., R. N. Thomos, and J. C. Swartz, IEEE Trans. Electron. Dev. ED‐25, 2(1978) 
254‐261]. 

Silicon limits: 3

For heavily doped silicon this is the main limitations to 
lasing [dumke], while for intrinsic silicon this contribution 
can be exceedingly small.
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Strategies to improve IPL
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Strategies to improve IPL

• Beat non‐radiative recombinations
• Relax the k‐selection rule

– Impurity recombination
– Amorphization

• Make the material direct
– Alloy
– Zone folding
– strain

• Low dimensional silicon
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Beat non radiative 
recombinations
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p+
p+

p+

metallisation SiO2

busbar

metal grid

inverted pyramids

n+

n
n+

p-Si
SiO2

antireflection 
coating

Increased extraction
efficiency

Low free 
carrier 
absorption

Ultra‐pure silicon 
with lifetime 
of 13 ms

M
. G

reen et al. N
ATU

RE 412 (2001) 805

World record 
solar cells 
forward biased

Bulk Silicon
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Bulk Silicon

M
. G

reen et al. N
ATU

RE 412 (2001) 805



NanoScience Laboratory

M
. J. C

hen,  et al. A
P

L 84 2004  2163

Bulk Silicon
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Bulk Silicon

S. Saito et al, APL 95, 241101 (2009)
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Band gap engineering

Beat the indirect band gap
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Alloying

X‐like

L‐like
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Zone folding concept

bulk

superlattice

d
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Si‐SiGe superlattice

Si‐Ge mismatch of  4.2%
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Strained Si‐Ge superlattice
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Ge dots in Silicon
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Electroluminescence from Ge dots

Power efficiency 0.14%
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Low dimensional Silicon

Beat the indirect band gap and avoid 
non radiative recombinations
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Low dimensional Silicon
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Quantum = quantum size effects on the 
electronic properties of carriers in the 
silicon quantum dots
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Quantum confinement: 1

Increase the emission energy

2 2

2
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Quantum confinement: 2

Increase the radiative recombination probability
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Quantum confinement 3
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Quantum confinement 3
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Quantum confinement 3
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Quantum confinement 3
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Quantum confinement 3



NanoScience Laboratory

Quantum confinement 3
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Quantum confinement 3

Dark nanocrystal

Reduce non radiative recombination by localization
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Quantum confinement 3

Dark nanocrystal

Internal quantum efficiency = 0.66
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Strong light emission 
from silicon
due to quantum 
confinement effects
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To form silicon nanocrystals

Porous silicon: partial electrochemical
dissolution of silicon
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To form silicon nanocrystals
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Low dimensional Silicon
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Tuning emission properties
F. 
Ia
co
na

 e
t a

l. 
CN

R 
Ca
ta
ni
a



NanoScience Laboratory

Significant size dispersion

F. Iacona et al. CNR Catania
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Reduce the size dispersion

M. Zacharias et al. MPI Halle
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Where is the luminescence coming from?

Vibronic 
properties of the 
emission with 
typical silicon 
phonon assisted 
recombination

D. Kovalev TUM Munich
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Where is the luminescence coming from?

Si=O bonds formed at the interface

P 
Fa
uc
he
t e

t a
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Where is the luminescence coming from?

Most probably you can have both
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Optical gain in Si‐nanocrystals
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How we measured gain
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Nature 408 440 (2000)
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How we measured gain

JAP 96, 5747 

  expON PL
QZ Q SiZ nc P Si nc
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How we measured gain

JAP 96, 5747 
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Summary on optical properties of Si‐nc
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N4

N3

N2

N1

fast

spontaneous

fast

stimulated

Auger

pump

4 levels system model
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Model for the 4 levels

Si=O bond formed
at the interface of 
the Si-nc with the 
matrix

A. Filonov, S. Ossicini, PRB 65 
195317 (2002)

Ground state

Excited state

oxygen

oxygen
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Is electrical injection possible?

The problem is related to the fact 
that the Si‐nc are in an insulating 

matrix
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Injection into a dielectric

• The only way is to use the 
tunneling effect
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nc‐Si/SiO2 LEDs Superlattice LEDs

B. Gelloz and N. Koshida in Device Applications 
of Silicon Nanocrystals and Nanostructures, 
edited by N. Koshida (Springer, New York, 2009)
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Onset voltages > 4.2 V (band 
offset for electrons)
Impact excitation is a 
dominant mechanism Fowler-Nordheim Tunneling Direct Tunneling

Position

• Less destructive
• More efficient

>3V

<3V

Energy

Position

Oxide

nc‐Si

Tunneling injection
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Low electroluminescence efficiency

Impact excitation

Shunt paths 
through the sub‐
stoichiometric 
oxide

Unipolar injection
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Bipolar injection

Appl. Phys. Lett. 94, 221110 (2009)

electron hole
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Single vs multilayer
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Single layer (run0) vs
Multilayer LED (run3)

Two test MOS devices with the same overall silicon content
but different structure:
Homogeneous layer SiO2/Si‐nc multilayer

50 nm 15 nm

Note different thicknesses, hence comparison with 
applied electric field and not voltage

Device area  105 m2
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nc‐Si/SiO2 Multilayer LED

• Confined growth of nanocrystals
• Better oxide quality
• Control over the oxide thickness
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Single layer vs Multilayer LED
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Single layer vs Multilayer LED

Increase of EL due to more effective injection into the Si‐nc
138
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J. Appl. Phys. 106, 033104 (2009)
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Cathode

Anode

“Electron Barrier” “Hole Barrier”
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Band gap engineering
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Graded gap active layer

Large nanocrystals: Easy injection
Small nanocrystals: high emission

Optimized structures
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Optimized structures

A Anopchenko, et al. Applied Physics Letters 99, 181108 (2011).
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A Anopchenko, et al. Applied Physics Letters 99, 181108 (2011).
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14
6

Si‐NC LED
on a CMOS wafer

CMOS LED
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14
7

Si‐NC LED
on a CMOS wafer
0.2%

CMOS LED
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Colloidal Silicon nanocrystals
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impurities

beat the indirect band gap with 
relaxation of the k‐conservation rule
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The idea
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Er impurity

Rare‐earth used to form EDFA
Internal transition at 1.535 m
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Er laser
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This was on silicon and not in 
silicon

Could we exploit the semiconducting 
properties of silicon to pump the 

system?
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Rationale of Er in silicon
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Reproduce an evironment similar to the 
one of Er in Silica
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e‐h pair assisted transfer to Er
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Low T luminescence from Er
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Temperature quenching of PL
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Auger
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Back transfer
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…room temperature operation?

Enlarge the band‐gap to avoid back‐
transfer
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....silicon nanocrystals!

Large band‐gap
No back‐transfer
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idea
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...questions?

• Does Si‐nc activate the Er luminescence?
• Where is the Er?
• What are the limits?
• Is electroluminescence possible?
• Is gain possible?
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Er coupled Silicon nanocrystals
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Er coupled Silicon nanocrystals

Si-nc

Si-nc acts as sensitizers for erbium ions
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High efficiency of pumping through Si‐nc

= N1

Si‐nc‐Er= 10‐16 cm2

Er= 10‐19 cm2
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No quenching of PL due to lack of back‐
transfer
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Long lifetime
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Nanocrystals are not needed:
better nanoclusters
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...questions?

• Does Si‐nc activate the Er luminescence?
• Where is the Er?
• What are the limits?
• Is electroluminescence possible?
• Is gain possible?

YES
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...questions?

• Does Si‐nc activate the Er luminescence?
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...questions?

• Does Si‐nc activate the Er luminescence? YES
• Where is the Er?  In the oxide
• What are the limits?
• Is electroluminescence possible?
• Is gain possible?
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...questions?
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Concentration quenching
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Up‐conversion 
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...questions?

• Does Si‐nc activate the Er luminescence? yes
• Where is the Er? In the oxide
• What are the limits? 
• Is electroluminescence possible?
• Is gain possible?

Upconversion and concentration 
quenching, may be other too...
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...questions?

• Does Si‐nc activate the Er luminescence?
• Where is the Er?
• What are the limits?
• Is electroluminescence possible?
• Is gain possible?
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Probably the best promise

for electrical injection efficiency

Er coupled Silicon nanocrystals LED
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Si‐NCs:Er LEDs 

• SiOx: LPCVD ~ 50 nm, Si excess: 9‐16 at. %;
• SiOx anneal: 900°C, 1 h;
• Er implantation: 20 keV, 1x1015/cm2;
• Er post‐implantation anneal: 800°C, 6 h
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Si‐NCs:Er LEDs ‐ Results

External
Quantum 
Efficiency

0.55 % in DC
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Si‐NCs:Er LEDs ‐ Results

External
Quantum 
Efficiency

0.55 % in DC
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As efficient as Si-nc LED injection

Er in SiO2
(cm2)

Er in Si
(cm2)

Er in Si-nc
(cm2)

Effective excitation cross 
section of luminescence at a 
pumping energy of 488 nm

1-8x10-21 3x10-15 1.1-0.7x10-16

Effective excitation cross 
section of electroluminescence

4x10-14 1x10-14

by impact 
ionization

Emission cross section at 1.535 
mm

6x10-21 2x10-20

Absorption cross section at 
1.535 mm

4x10-21 2x10-20

Mostly data from F. Priolo’s group
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...questions?

• Does Si‐nc activate the Er luminescence?
• Where is the Er?
• What are the limits?
• Is electroluminescence possible? 
• Is gain possible?
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The vision......substitute this

sharp 4f energy levels
parity forbidden abs  10‐21 cm2

need $$ pump laser

Erbium (Er3+)

EDFA
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