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OutlineOutlineOutline
• Part I: Review for research work in five years

• SiGe growth
• Graded SiGe buffer layer growth technique by Sb mediation
• Relaxed SiGe layers by low-temperature Si
• Si/Ge quantum well superlattices
• Ge quantum dot superlattices

• Phonon measurement  and modeling
• Lattice thermal conductivity reduction due to phonon confinement

effect—quantum wells and quantum wires
• Multiple scattering effect/Strain relaxation  effect in Ge quantum dot 

superlattices
• Thermal conductivity modeling of Ge quantum dot superlattices

• Part II: The fifth-year research
• Optical phonons in Ge QD SLs: Strain relaxation effects 
• Acoustic phonons in Ge QD SLs: multiple scattering effects
• Thermal conductivity of Ge QD SLs measurements/modeling
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Sb-mediated SiGe buffersSbSb--mediated mediated SiGe SiGe buffersbuffers

Si (100)

Si1-XGeX (x:0-0.5), 2µ

Si0.5Ge0.5,  0.3µ

Sb

JL154: 1 ML Sb before growth
Growth T=510ºC

JL154

0.5 µm

JL154: 1.5×104 cm-2

35 µm
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LT-Si assisted SiGe bufferLTLT--Si Si assisted assisted SiGe SiGe bufferbuffer

Si (100)

LT-Si (Thickness, T)

Si1-XGeX

20µµm

§ 500nm Si0.7Ge0.3 film on 200 nm 

400oC LT Si buffer 

§ Threading dislocation density: 1.5 

× 105 cm-2

• Mechanism: Point defect injection
• 100% relaxation

• How to get low dislocation density 
and smooth surface
• Thickness of LT Si layer

• Temperature of LT Si layer
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Si/Ge Quantum-well SLsSiSi//Ge Ge QuantumQuantum--well well SLsSLs

0.5 µm

JL215 (250-period Si(20Å)/Ge(20Å)) JL197(100-period Si(20Å)/Ge(20Å))

SIMOX
Si

SiGe buffer

Si/Ge SLs
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Ge Quantum DotsGe Ge Quantum DotsQuantum Dots

0 0.2 0.4 0.6
µm

JL210 10-period Ge 1.5 nm/Si 20 nm
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Phonon Confinement Effect in Quantum WellPhonon Confinement Effect in Quantum WellPhonon Confinement Effect in Quantum Well

bulk mode: dashed line
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Phonon scattering on point 
defects is increased due to 
phonon velocity reduction:

A. Balandin and K.L. Wang, 
Decrease of the lattice thermal 
conductivity due to phonon 
confinement in a free-standing 
quantum well, Phys. Rev. B, 
58, 1544 (1998).
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Phonon Confinement Effect in Quantum WiresPhonon Confinement Effect in Quantum WiresPhonon Confinement Effect in Quantum Wires
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Several branches of the lowest order longitudinal 

modes in Si wires of diameter 200 A  are depicted.

Several branches of the lowest order longitudinal 

modes in Si wires of diameter 200 A  are depicted.

DISPERSION RELATIONSDISPERSION RELATIONS

Free-standing or Clamped surface wire
ANY mode 

group velocity  ≤ sound velocity

Average phonon group velocity                            
decrease

Free-standing or Clamped surface wire
ANY mode 

group velocity  ≤ sound velocity

Average phonon group velocity                            
decrease

n Elastic continuum 
approximation

where  L - Lagrangian, u - displacement, ξi,j −
strain tensor, ρ - density,   λ, µ  Lame 
constants

nn Elastic continuum Elastic continuum 
approximationapproximation

where  L - Lagrangian, u - displacement, ξi,j −
strain tensor, ρ - density,   λ, µ  Lame 
constants
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In-plane Heat Transport of Ge
Quantum Dot Superlattices

InIn--plane Heat Transport ofplane Heat Transport of GeGe
Quantum Dot Quantum Dot SuperlatticesSuperlattices

Si/Ge Quantum Dot Superlattice (JL183 sample), dot height 
7.0 nm, 75 nm in base, dot concentration 4×109 dots/cm2.

Si/Ge Quantum Dot Superlattice (JL183 sample), dot height 
7.0 nm, 75 nm in base, dot concentration 4×109 dots/cm2.
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where x=hω/kB T,  θ - Debye temperature ,
vg - phonon group velocity,

τC - combined relaxation time:
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where σV - total 
cross section of 
the dot ensemble 
in volume V
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Summary for Part ISummary for Part ISummary for Part I
• SiGe samples

• ~150 samples

• Graduate Students Graduated based on SiGe samples
• Xiangzhong Sun, Taka Koga, Theo Boca, Jeffery Yao, Weili

Liu, Bao Yang, Jianlin Liu 

• Theory developed
• Phonon confinement effect (quantum wells, wires)
• Phonon scattering by dots

• Publications
• Book chapters: 1
• Journals: 19
• Conference proceedings: 10

• Patent
• Sb-mediated SiGe graded buffer layer technique
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Part II: Fifth-year Research Part II: FifthPart II: Fifth--year Research year Research 

• Material growth service samples: 

• Si/Ge superlattices on LT-Si

• Wang’s group:

• Optical phonons in Ge QD SLs: Strain relaxation effects

• PRB revised version submitted

• Acoustic phonons in Ge QD SLs: multiple scattering effects

• PRL revised version submitted

• Thermal conductivity of Ge QD SLs measurements/modeling

• PRB in preparation

ω

1/a

Acoustic phonon

Optical phonon

K
01/d
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Raman Scattering to Probe Acoustic and 
Optical Phonons

Raman Scattering to Probe Acoustic and Raman Scattering to Probe Acoustic and 
Optical PhononsOptical Phonons

100 200 300 400 500 600

Si 2TA

Si-Ge

Ge-Ge

Substrate

Subs. X 8

JL136 X8

JL136

JL137 X8

JL137
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Quantum Dot SuperlatticesQuantum Dot Quantum Dot SuperlatticesSuperlattices

JL210           540    10            12 20            110.4           11.9        3.6×109 

JL226           540           10            15            20    122.0           14.0        4.1×109 

JL187           540          10            18             20    122.2          16.0         3.5×109 

Dot height 

(nm)
Density

(cm-2)

Dot base

(nm)
Sample

JL137           600          22            15             20    175.5          10.2    2.6×108

JL185          500           10    15  20  114.7           15.1   5.9×108 

Ge layer
Thickness

(Å)

Growth T

(°C)

JL136           600           25             6             20   ----- ---- ------

Si layer
Thickness
(nm)

Period

JL138           600          22            12             20    152.4          10.0      1.4×108

JL210           540    10            12 20            110.4           11.9        3.6×109 

JL226           540           10            15            20    122.0           14.0        4.1×109

JL187           540          10            18             20    122.2          16.0         3.5×109 

Dot height 

(nm)
Density

(cm-2)

Dot base

(nm)
Sample

JL137           600          22            15             20    175.5          10.2    2.6×108

JL185          500           10    15  20  114.7           15.1   5.9×108

Ge layer
Thickness

(Å)

Growth T

(°C)

JL136           600           25             6             20   ----- ---- ------

Si layer
Thickness
(nm)

Period

JL138           600          22            12             20    152.4          10.0      1.4×108

JL210           540    10            12 20            110.4           11.9        3.6×109 

JL226           540           10            15            20    122.0           14.0        4.1×109 

JL187           540          10            18             20    122.2          16.0         3.5×109 

Dot height 

(nm)
Density

(cm-2)

Dot base

(nm)
Sample

JL137           600          22            15             20    175.5          10.2    2.6×108

JL185          500           10    15  20  114.7           15.1   5.9×108 

Ge layer
Thickness

(Å)

Growth T

(°C)

JL136           600           25             6             20   ----- ---- ------

Si layer
Thickness
(nm)

Period

JL138           600          22            12             20    152.4          10.0      1.4×108
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Optical PhononsOptical PhononsOptical Phonons

300 350 400

JL137 (15A, 600OC)

JL185 (15A, 500OC)

JL187 (18A, 540OC)

JL226 (15A, 540OC)

JL210 (12A, 540OC)

Si-GeGe-Ge

 

 
R

a
m

a
n

 I
n

te
n

si
ty

 (
a

.u
.)

Raman Shift (cm-1)



DOD MURI ON THERMOELECTRICSDOD MURI ON THERMOELECTRICS

15

Optical Phonon AnalysisOptical Phonon AnalysisOptical Phonon Analysis

( )[ ]yyxxzz qp εεε
ω

ωω +++=
0

0 2
1

εxx=0.042, ω=317.4 cm-1

p, q: deformation potentials
ω0: Bulk Ge phonon position

Conclusion: dot relaxed

ω

1/a

Acoustic phonon

Optical phonon

K
0 1/d

JL210                302                     -4.8

JL226                301.1   -2.65

JL187                300.5                  -1.2

εxx
(10-3)

Sample

JL137      300.4  -0.96    
JL185                302.4        -5.8

ω
(Cm-1)
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Strain Relaxation by Si/Ge InterdiffusionStrain Relaxation by Strain Relaxation by SiSi//Ge InterdiffusionGe Interdiffusion

0.40 0.45 0.50 0.55 0.60
295

300

305

310
Line 1: Calculation

Line 2: Experiment
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JL210        1.45            0.48             

JL226        1.45            0.48             

JL187        1.45            0.48             

Ge
composition 
in dots

Sample
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Relaxation From Dot Morphology TransitionRelaxation From Dot Morphology TransitionRelaxation From Dot Morphology Transition

Si substrate Si substrate

Pyramid Dome

Si substrate

Si
Dot
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Dependence of Acoustic Phonons On Dot SizesDependence of Acoustic Phonons On Dot SizesDependence of Acoustic Phonons On Dot Sizes

100 200 300 400 500 600

Si-GeGe-Ge
JL187 (16 nm)

JL226 (14 nm)

JL210 (12 nm)

 

 

R
am

an
 in

te
ns

ity
 (a

.u
.)

Raman Shift (cm-1)

q Acoustic phonon peak positions Independent on dot size/volume

q Conclusion: Not confined or folded
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0 500 1000
10

12

14

16

18

20

22

24

26

28

From reference

Line 2

Line 1

 

 

Dot Volume (nm3)
A

co
us

tic
 P

ho
no

n 
P

er
io

d 
(c

m-1
)

• A. Milekhin, et al. Eur. Phys. J. B 16, 355(2000)
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Dependence of Acoustic Phonons on Dot DensitiesDependence of Acoustic Phonons on Dot DensitiesDependence of Acoustic Phonons on Dot Densities

100 200 300 400 500 600

Si-Si

Si-GeGe-Ge

JL210

JL185

JL210 (3.6X109 cm-2)

JL185 (5.9X108 cm-2)

JL137

JL137 (2.6X108 cm-2)
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Multiple Scattering Effects 
(Calculation/Experiment Comparison)

Multiple Scattering Effects Multiple Scattering Effects 
(Calculation/Experiment Comparison)(Calculation/Experiment Comparison)
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k’ - modified phonon vector;   k - phonon vector in the absence  of quantum dots; 
n – number of dots per unit volume;  f(0), f(π) - forward and backward  scattering respectively
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Thermal Conductivity ComparisonThermal Conductivity ComparisonThermal Conductivity Comparison
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Cross-plane Thermal ConductivityCrossCross--plane Thermal Conductivityplane Thermal Conductivity
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Thermal Conductivity DependencesThermal Conductivity DependencesThermal Conductivity Dependences
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Cross-plane Thermal Conductivity ModelingCrossCross--plane Thermal Conductivity Modelingplane Thermal Conductivity Modeling

)()()(
3

1 2 kSkkvdk iCg
i

ii
τκ ∑ ∫=

∑ +++==
DUBMC ττττττ

111111 1
τ

σ

D

g Vv

V
=

SiGee xx ρρρ )1( −+⋅=

SiGee cxxcc )1( −+⋅=

( )σ
π

= + +
=

∞

∑k
m Rm

m
2

2

0

2 1 1

β
ρ

ρn
e e

n

m e

i
c

c

j ka

j k a
=

′









( )

( )

R
h ka i h ka

h ka i h kam

m m

m m

=
′ +

′ +

* *( ) ( )
( ) ( )

β

β

QD scattering cross-section: Reflection coefficient:

ρ-density, c-sound velocity, e-the 
parameter corresponding to dot material
j-Sphere Bessel functions



DOD MURI ON THERMOELECTRICSDOD MURI ON THERMOELECTRICS

25

Experiment/Theory ComparisonExperiment/Theory ComparisonExperiment/Theory Comparison
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Ge Concentration in Dots

§ Dot Ge composition
§ Dot density
§ Dot base diameter

Ø Conclusion: Phonon 
scattering by SiGe 
quantum dots with different 
-sizes and densities
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5th Year Accomplishments55thth Year AccomplishmentsYear Accomplishments

q MBE growth of service Si/Ge superlattices on LT-Si 
assisted SiGe buffers

q MBE growth of Ge quantum dots for phonon engineering
§ Dot size control by Ge thicknesses
§ Dot density control
§ Dot Ge composition control by growth temperature 

q Phonon physics: Optical and acoustic phonons in Ge
quantum dot superlattices
§ Raman scattering to probe acoustic and optical phonons
§ Optical phonon spectra: Strain relaxation effect 
§ Acoustic phonons in superlattices with different dot 

sizes/densities: Multiple scattering effects

q Cross-plane thermal conductivity reduction in Ge quantum dot 
superlattices
§ Measurements by Gang’s group
§ Cross-plane thermal conductivity modeling
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5th Year Publications55thth Year PublicationsYear Publications
q Journal Publications:
1. “Modification of the three-phonon Umklapp process in a quantum wire” A. Khitun and  

K.L.Wang  Applied Physics Letters, vol.79, (no.6), AIP, 6 Aug. 2001. p.851-3.

2. “Effect of the long-range order in a quantum dot array on the in-plane lattice thermal 
conductivity” A. Khitun, A. Balandin, J.L. Liu, and K.L.Wang  Superlattices and 
Microstructures, vol.30, (no.1), Academic Press,. p.1-8 (2001).

3. “Acoustic phonons in self-assembled Ge quantum dot superlattices: multiple 
scattering effects”, J.L.Liu, A.Khitun, and K.L.Wang, Phys. Rev. Lett. (submitted)

4. “Optical phonons in self-assembled Ge quantum dot superlattices: strain relaxation 
effects”, J.L.Liu, J.Wan, Z.M.Jiang, A.Khitun, and K.L.Wang, Phys.Rev.B 
(submitted)

5. “Cross-plane thermal conductivity of the self-assembled Ge quantum dot 
superlattices’, J.L.Liu, A.Khitun, K.L. Wang, W.L.Liu, G. Chen,  Phys. Rev B (in 
preparation)

q Conference Presentations:
1. “In-plane thermal and electronic transport in quantum dot superlattice” A. Khitun, J.L. 

Liu ,  K.L.Wang and  G.Chen  (to be published in 2001 MRS proceedings )

q Journal Publications:
1. “Modification of the three-phonon Umklapp process in a quantum wire” A. Khitun and  

K.L.Wang  Applied Physics Letters, vol.79, (no.6), AIP, 6 Aug. 2001. p.851-3.

2. “Effect of the long-range order in a quantum dot array on the in-plane lattice thermal 
conductivity” A. Khitun, A. Balandin, J.L. Liu, and K.L.Wang  Superlattices and 
Microstructures, vol.30, (no.1), Academic Press,. p.1-8 (2001).

3. “Acoustic phonons in self-assembled Ge quantum dot superlattices: multiple 
scattering effects”, J.L.Liu, A.Khitun, and K.L.Wang, Phys. Rev. Lett. (submitted)

4. “Optical phonons in self-assembled Ge quantum dot superlattices: strain relaxation 
effects”, J.L.Liu, J.Wan, Z.M.Jiang, A.Khitun, and K.L.Wang, Phys.Rev.B 
(submitted)

5. “Cross-plane thermal conductivity of the self-assembled Ge quantum dot 
superlattices’, J.L.Liu, A.Khitun, K.L. Wang, W.L.Liu, G. Chen,  Phys. Rev B (in 
preparation)

q Conference Presentations:
1. “In-plane thermal and electronic transport in quantum dot superlattice” A. Khitun, J.L. 

Liu ,  K.L.Wang and  G.Chen  (to be published in 2001 MRS proceedings )
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