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Age of Photonics

• Silicon microelectronics dominates the electronics 
industry

• Continued developments in microminiaturization 
speed and complexity

• III-V compounds dominate optoelectronics
• Need to merge Si electronics and photonics

• Hybrid technologies
• OEICs and OICs incorporating Si/Ge detectors, 

modulators and waveguides now functional

• Require Si-based light sources



CMOS Compatible 
OEICs

D.J. Paul, Semicond. Sci.
Tech. 19, R75 (2004)



Further reading



Schematic Band 
Structure of GaAs 

and Si



Optical Properties 
of Silicon

• Indirect band gap
• Momentum 

conserving electron 
transitions

• Requires phonon-
assisted 
recombination

• Slow and inefficient 
light emission



Overcoming Silicon 
Indirect Band Gap

• Band gap engineering

– Brillouin zone folding
– Alloying with Ge and C

• Impurity centres
– Isoelectronic

– Rare earth and transition metal
• Quantum confinement

– Wells (1-D)
– Wires (2-D)

– Dots (3-D)



Optical Gap in 
Confined Si

D.J. Lockwood et al., Can. 
J. Phys. 70, 1184 (1992)

Effective mass 
and pseudo-
potential theories 
give similar 
results



PL from Porous Si

L.T. Canham,
Appl. Phys. Lett., 
57, 1046 (1990).



Si/SiGe Nanostructure 
Growth

• Si/Si1-xGex heterostructures grown on (001) Si by 
VG Semicon V80 MBE at 625–650 oC 

• Deposition rate 0.05 nm/s for Si spacer layers and 
0.05–0.1 nm/s for Si1-xGex layers

• High-angle annular dark field (HAADF) scanning 
TEM (STEM) performed on JEOL JEM-2100F

• Energy-dispersive x-ray spectroscopy (STEM-
EDS) using Oxford INCA Energy TEM 200

• High resolution x-ray diffraction using Bruker 
Discover D8

• Raman scattering experiments at 295 K in a 
quasi-backscattering geometry 



GaAs MBE

SiGe MBE



HAADF-STEM
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STEM Results

• Significant changes occur in growth mode with 
increasing Ge concentration

• Well-formed and coherently-grown mounds 
appear towards tops of structures

• Si1-xGex NSs are slow to develop when x is low
• As x content and built-in strain increases, NS 

formation and hence coherent NS growth occurs 
earlier in layer-by-layer growth process

• NS formation maintains strain at expense of Ge 
migration from valleys to crests of alloy layers



STEM-EDS Profiles
of Superlattice
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STEM-EDS Profiles 
of NS

0 5 10 15 20
0

10

20

30

40

0 5 10 15 20
0

10

20

30

40

0 5 10 15 20
0

10

20

30

G
e 

C
om

po
si

tio
n 

(%
)

Height (nm)

Si15-37

Si20-46

Si10-56

0 20 40 60 80 100
0

10
20
30
40
50

0 20 40 60 80
0

10

20

30

40
0 20 40 60

0

10

20

30

G
e 

C
om

po
si

tio
n 

(%
)

Lateral Distance (nm)

Si10-56

Si15-37

Si15-37

Si20-46

Si15-37

Si20-46

Si10-56

0 5 10 15 20
0

10

20

30

40

0 5 10 15 20
0

10

20

30

40

0 5 10 15 20
0

10

20

30

G
e 

C
om

po
si

tio
n 

(%
)

Height (nm)

Si15-37

Si20-46

Si10-56

0 20 40 60 80 100
0

10
20
30
40
50

0 20 40 60 80
0

10

20

30

40
0 20 40 60

0

10

20

30

G
e 

C
om

po
si

tio
n 

(%
)

Lateral Distance (nm)

Si10-56

Si15-37

Si15-37

Si20-46

Si15-37

Si20-46

Si10-56

0 5 10 15 20
0

10

20

30

40

0 5 10 15 20
0

10

20

30

40

0 5 10 15 20
0

10

20

30

G
e 

C
om

po
si

tio
n 

(%
)

Height (nm)

Si15-37

Si20-46

Si10-56

0 20 40 60 80 100
0

10
20
30
40
50

0 20 40 60 80
0

10

20

30

40
0 20 40 60

0

10

20

30

G
e 

C
om

po
si

tio
n 

(%
)

Lateral Distance (nm)

Si10-56

Si15-37

Si15-37

Si20-46

Si15-37

Si20-46

Si10-56

Si15-37Si15-37

Si20-46Si20-46

Si10-56Si10-56



EDS Results

• Scans in the middle of dot show a non-uniform 
composition profile

• Maximum x values occur in the center of the NSs: 
0.25±0.05, 0.45±0.05, and 0.45±0.05

• Spacer layers comprise Si only



HRXRD
x = 0.37, 15 periods
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Reciprocal Space 
Map
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X-ray Results

• Reciprocal space mapping clearly shows long-
range interface periodicity

• HRXRD results are consistent with alloy layers 
having a larger effective thickness and lower Ge 
concentration

• In modeling the x-ray data, the use of a flat layer 
structure of uniform layer composition is an 
imperfect description, especially at high Ge content



Raman Spectrum
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Raman Results

• Raman spectra exhibit three main peaks due to 
alloy layers together with strong peak at 520 cm-1

due to Si layers
• Raman frequencies are separately affected by 

strain and alloy composition
• Raman frequencies are displaced to lower 

frequency from those expected for similar strained 
planar superlattice

• Raman results indicate an alloy composition that 
is approximately x = 0.1 less than nominal values



Conclusions on 
Growth of NSs

• STEM, HRXRD, and Raman all confirm that 
islands are strained

• Island strain in conjunction with alloy composition 
is key to coherent growth

• Ge migrates towards the center of large islands to 
maintain epitaxial growth 

• Uniform structures are obtained at higher Ge 
composition when built-in strain is also higher 



Further Details:
See Chapter 1 of



PL Measurements

• Continuous wave (CW) excitation at 476.5 nm 
with intensity varied from 0.1 to 10 W/cm2

• Acton Research 0.5 m spectrometer with cooled 
Hamamatsu photomultiplier covered spectral 
range 0.9–1.6 � m (0.77–1.38 eV)

• Pulsed laser excitation at 532 nm with 6 ns pulse 
duration

• Overall time resolution of detection system ~2 ns



CW PL versus Ge 
Content
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Temperature 
Dependence
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PL Blue Shift with 
Excitation Intensity



Temperature 
Dependence



PL Dynamics
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Recombination in 
SiGe NS

Ec

Ev

Si0.5Ge0.5
Si

Slow PL

Fast, blue shifted PL

Si0.8Ge0.2

Si

Strained
Si0.8Ge0.2

WL

(a)

(b)

Si0.5Ge0.5

Growth direction

Fast PL component due to 
better overlap between 
spatially separated electron 
and hole wave functions

Low energy (and slow) states 
are quickly saturated causing 
PL spectral blue shift, 100×
shorter radiative lifetime, 
higher quantum efficiency 
and greater thermal 
quenching activation energy



PL under High 
Excitation
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PL Dynamics in 
Bulk c-Si
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PL Dynamics

(b)(a)
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Temperature 
Dependence
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Fast Recombination 
Mechanism in Si

Si EHD

EC

EV

Si SiGe Si SiGeSiGe

SiGe 
Auger

SiGe 
PL

(a) (b)

(2)

(3) (4)(1)

Low excitation
Slow PL

High excitation
Very fast PL

(a) Photo-generated 
hole falls into SiGe 
energy well (1) and 
recombines with 
electron localized in 
Si (2). (b) Auger 
fountain process 
ejects holes from 
SiGe cluster into Si 
layer (3) and 
contributes to 
formation of Si EHDs  
whose recombination 
(4) now dominates



Conclusion

• Near IR light from SiGe nanostructures
• Type-II band alignment at low excitation intensity

– Slow recombination, but high QE 
• Dynamic type-I band alignment at higher 

excitation intensity
– 100 times faster recombination

• EHD formation in Si at very high excitation 
intensity due to Auger fountain process
– Very short radiative lifetime (~5×10-8 s) nearly 

temperature independent
• Possible route to CMOS compatible light emitters



For Further Details
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