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o Part|: Review for research work in five years
o SiGe growth
» Graded SIGe buffer layer growth technique by Sb mediation
» Relaxed SiGe layers by low-temperature S
» Si/Ge quantum well superlattices
» Ge quantum dot superlattices
* Phonon measurement and modeling

 Latticethermal 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
o Part Il: Thefifth-year research
o Optical phononsin Ge QD SLs: Strain relaxation effects
» Acoustic phononsin Ge QD SLs. multiple scattering effects
 Thermal conductivity of Ge QD SLs measurements/modeling
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LT-Si (Thickness, T)

Si (100)

e Mechanism: Point defect injection

* 100% relaxation = 500nm Si,,Ge,, film on 200 nm
* How to get low dislocation density  4900c | T Si buffer

and smooth surface
 Thicknessof LT Si layer
 Temperatureof LT Si layer

= Threading dislocation density: 1.5
~ 10°cm?
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Si/Ge Quantum-well SLs

Si/Ge SLs

JL215 (250-period Si(20A)/Ge(20A)) JL197(100-period Si(20A)/Ge(20A))
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JL210 10-period Ge 1.5 nm/Si 20 nm
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PHONON ENERGY (meV)

357

Phonon Confinement Effect in Quantum Well

acoustic phonon spectrum modification in quantum wells

407 si Quantum Well: W=100 A

Free Surface Boundary

= bulk mode: dashed line
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PHONON WAVE VECTOR (1/nm)

decreased slope = smaller group velocity

Phonon scattering on point
defects is increased due to
phonon velocity reduction:

1 Vo *
—=——3 G,
T dnv

a fill- (M, IM))”
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I

A. Balandin and K.L. Wang,
Decrease of the lattice thermal
conductivity due to phonon
confinement in a free-standing
guantum well, Phys. Rev. B,

58, 1544 (1998). .

il [
DOD MURI ON THERMOELECTRICS [m]ﬁ




® Elastic continuum

6

e BULK approximation
~ — =~ CLAMPED - SURFACE 1
5 I FREE - SURFACE - L=Sofpuc - 2ef - 2ue?]ar,
2
ou 5.5 2 2 :
> = 5N %u+ (s’ - s?)grad div u,

where L - Lagrangian, u - displacement &; ; -
Strain tensor, p - density, X\, u Lame
constants

Free-standing or Clamped surface wire
ANY mode
group velocity £ sound velocity

PHONON ENERGY (meV)
w

O : 1 : 1 : 1 : 1 :
0 2 4 6 8 10

PHONON WAVE VECTOR g (10°cm™)

Several branches of the lowest order longitudinal Average phonon group velocity
modes in Si wires of diameter 200 A are depicted. decrease
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In-plane Heat Transport of Ge

Quantum Dot Superlattices

50 i
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£ 401 8 °
S wherex=ho/ky T, 6 - Debyetemperature,
35 v, - phonon group velocity,
30- " 1 - combined relaxation time:
§ 25 1 ., 1 1 1 1
% 1 —=a = + + +
I 204 . tc i Wi v s Ty
15 e e e e — 1% O v
50 100 150 200 250 300 %
TEMPERATURE () where s,, - total
Cross section of
Si/Ge Quantum Dot Superlattice (JL183 sample), dot height the dot ensemble
7.0 nm, 75 nm in base, dot concentration 4x10° dots/cm?. involume vV
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Summary for Part I

SIGe samples
e ~150 samples

Graduate Students Graduated based on SiGe samples

« Xiangzhong Sun, Taka Koga, Theo Boca, Jeffery Y ao, Welli
Liu, Bao Yang, Janlin Liu

Theory developed
* Phonon confinement effect (quantum wells, wires)
 Phonon scattering by dots
Publications
e Book chapters: 1
e Journals: 19
« Conference proceedings. 10

Patent
o Sbh-mediated SiGe graded buffer layer technique 10
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Optical phonon

Part 11: Fifth-year Research g !

e Material growth service samples:

Acoustic phonon:
|

01/d 1/a K

» Si/Ge superlatticeson LT-S

* Wang' s group:
» Optical phononsin Ge QD SLs: Strain relaxation effects

* PRB revised version submitted

» Acoustic phononsin Ge QD SLs: multiple scattering effects
* PRL revised version submitted

» Thermal conductivity of Ge QD SLs measurements/modeling

* PRB in preparation
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Raman Scattering to Probe Acoustic and
Optical Phonons

RN

M/\/m JL137 X8

JL136 X8

Subs. X 8

Intensity | ”ﬁﬁnim

- JL137

OJL137: dots TJL136 Si 2TA

0JL136:Wetting layers| > ostate

: 100 200 300 400 500 600
O Si substrate : 1
Raman shift (cm ™)
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e ST ST S O D te oy

°C) e S my (m) (em?)
J185 500 10 15 20 114.7 151  5.9x108
JL210 540 10 12 20 110.4 119  3.6x10°
JL226 540 10 15 20 122.0 140  4.1x10°
JL187 540 10 18 20 1222 160  3.5x10°
JL137 600 22 15 20 1755 102  2.6x108
JL138 600 22 12 20 1524 100  1.4x108
JL136 600 25 6 7o JR— SR
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Optical Phonons

' Ge-Ge Si-Ge

,_/\ JL137 (154, 600°C) | -

JL185 (15A, SOOEV\\
JL187 (18A, 54&./
JL226 (15A, 540°C)

JL210 (12A, 540°C

Raman Intensity (a.u.)

300 350 ) 400
Raman Shift (cm ™)
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p, q. deformation potentials
w,: Bulk Ge phonon position

v

0 1/d 1/a
(Cm) (103)
IL210 302 248
1226 301.1 265
JL187 300.5 -1.2 C s . dot | 4
1185 3004 g onclusion: dot relaxe
JL137 300.4 -0.96 )
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Isige  2(1- x)
- 310l }Calculatmn
LGeg Ge iEJ, '
Sample 7 =< composition =
SiGe In dots £ 305t
§ Line 2: Experiment
1210 145 0.48 S ' M
= i
JL226 1.45 0.48 8 300
Q
O
JL187 1.45 0.48
1185 214 0.58 2%
' ' 0.40 0.45 0.50 0.55 0.60
JL137  1.29 0.45 Ge Concentration
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Layer-by-layer
T e <6A

]

S

Pyramid/dome dots
6A<T;.<20A

(Stranski-Krastanov mode)

Surface dot relaxation:

Pyramid Dome
S substrate S substrate

Embedded dot relaxation:
-

S

L
Si substrate

2 é _ 1,2 u
< De = Cu, # Inecl + L-L¢ - 1
Co L-L' g L p

Q I-O
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—Hili §26‘ Line 2
AL v =~ i
M, M\N// VARV, '8 24 +
=) b 29 I
% W\MW\M o I Line 1
G S 20+
g WN\AM g 207
I= Ge-Ge Si-Ge 2 18+
c | JL187 (16 nm) W [l -
: JL/\_/j g0
© = L
8 |JL226 (14 nm) JWJ \ % 1al
\ S I
_JL21O (12 nm) < 12+ ® From reference
| 1 | 1 | 1 | 1 | 1 lO - | ) !
100 200 300 400 500 600 0 500

- -1
Raman Shift (cm ) Dot Volume (nms)

O Acoustic phonon peak positions Independent on dot size/volume
O Conclusion: Not confined or folded
O What are they

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

Intensity (a.u.)
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W JL210
L aLass

W JL137

JL210 (3.6X10° cm™)

Ge-Ge

-JL185 (5.9X10° cm™)

| JL137 (2.6X10° cm™)

Si-Ge

Si-Si

100 200 300
Raman shift (cm™)

400

500 600
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“‘A;) Multiple Scattering Effects

(Calculation/Experiment Comparison)
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the model is not applicable

L weak scattering

[EEY
o1

k& » k2 + 47cnéf(0)ﬁ

.

Phonon peak period
dependence on quantum
dot density

[ | n*<f(0)>1K|<<1

[ the model is applicable

ol

Acoustic Phonon Period (cm ™)
[N
o

o
T

1E8 1E9 1E10 1E11 1E12
Dot Density (cm™)
k’ - modified phonon vector; & - phonon vector in the absence of quantum dots;

n —number of dots per unit volume; £(0), f(n) - forward and backward scattering respectively
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Thermal Conductivity (W/mK)
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T Ty T Ty Tp Tp 4
QD scattering cross-section: Reflection coefficient:
¥ * *
0 2 he . (ka) + iBh »(ka)
=—a (2m+ 1)‘1+ Rm‘ R = :
m=0 h¢(ka) +iph, (ka)
._PC éj,gt(ka) u r -density, c-sound velocity, e-the
B pC 2] (k a)g parameter corresponding to dot material

]-Sphere Bessel functions

p. = P X+ (- X)pg

¢, = cg xx+ (1- x)eg,

e
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5 Calculation i:'—é?;
B Experiment '
lllllll.. Lax10F i
20+ 152 nm <
< |
£ Juuuun®® 210 g
S 15¢ > x=048
% : 36X10° cm” %
’ _ 110 nm
3" g
c JL185: 8
8 5| T TTTTTL T RN
_ 59X10°cm”
ok 114 nm

50 100 150 200 250 300 350 400
Temperature (K)

= Dot Ge composition
= Dot density
= Dot base diameter

25
20t B BExperiment
—— Cdlculation
15+
10+
5 L

040 045 050 055 0.60
Ge Concentration in Dots

» Conclusion: Phonon
scattering by SiGe

guantum dots with different
-Sizes and densities .
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5th Year Accomplishments

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

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

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

Cross-plane thermal conductivity reduction in Ge quantum dot
superlattices

= Measurements by Gang’s group

= Cross-plane thermal conductivity modeling
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. “Modification of the three-phonon Umklapp process in a quantum wire” A. Khitun and

5th Year Publications

Journal Publications:

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

. “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).

“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)

. “Optical phonons in self-assembled Ge quantum dot superlattices: strain relaxation

effects”, J.L.Liu, J.Wan, Z.MJiang, A.Khitun, and K.L.Wang, Phys.Rev.B
(submitted)

“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)

Conference Presentations:

. “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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