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Waste energy from thermal engines:

* According to 2" law of thermodynamics, the maximum efficiency of
heat transformed to work would be the Carnot cycle as follow,
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The Seebeck Effect
Heat > Electricity

1821

T.J. Seebeck
Seebeck effect:

Temperature gradient generates
electrical potential
V = AARB- AT

www.pelam.de

Thomas Johann Seebeck
April 9, 1770 — December 10, 1831

S= Seebeck Coefficient (V/K)

AV=S x AT




Practical Applications: Thermocouple

If Ais P type, Bis N type

Ty < - EA_B VA-Bz(SA'SB)X(TH'Tc)"

For example:

K type includes \
P type Chromel (90% Ni+ 10 % Cr ) +21.7 pV/K )
N type Alumel (95% Ni+2% Mn+2% Al+1% Si) -17.3 y V/IK J 5

M

40 uV /K output




Peltier Effects

Electricity = Temperature Gradient

1834

J.C.A Peltier
Peltier effect:

Applied voltage creates

Temperature gradient

_ Q
TaB = 7

\

|

m-_. |
Heat is dissipated ¥ T

TC Heat absorbed

G B

Jean Charles Athanase Peltier
Feb. 22, 1785- October 27, 1845




Thomson Effects

HeatS electricity

1821 T.J. Seebeck Temperature gradient generates
Seebeck effect: electrical potential
V = AAR- AT
1834 J.C.A Peltier Applied voltage creates
Peltier effect: Temperature gradient  Trap = =
1855 TRy ,=To,g

Thomson effect




Working Principle

Hot side Cold side

Heat absorbed

Substrates

Thermoelectric ; +Current
elements External
electrical
connection
Cold side |
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The Advantages of Thermoelectric Devices

v"No moving parts (Low-noise operation)
v'Solid-state elements (Less maintenance)
v'High Scalability

v'High reliability: long lifetimes
v'Reversable operation: Easy switching from

cooling to heating mode

10



TE Applications



Thermoelectric Generators

+

Industrial Waste-Heat

- it ol I f—. 4

Wrist watch SEIKO

1. Concentrated sunlight from HFSF

Water-cooled quartz window

2. Thermal/optical cavity

Solar selective absorber

3.TEG (JPL)
Insulation

TEG (Bi,Te,)
4. Water-cooled stage

5. Feed-throughs for stage
control, electronics, cooling

David Ginley et al. NREL, JPL

Solar Thermoelectric Generators
Hybrid Solar Thermal System/GMZ



Application 1: Thermoelectric Generators for Space -
Radioisotope Thermoelectric Generators (RTG)

For Space Exploration missions, the electrical power is provided by converting the heat from a
Pu238 (Plutonium) instead of sunlight have been used by NASA in a variety of missions such as
Apollo, Pioneer, Viking, Voyager, Galileo, and Cassini.

The power sources for Voyager are still operating, allowing the spacecraft to continue to make
scientific discoveries after over 35 years of operation.

NASA Call for a new generation of RTG

Loading Cover
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http://voyager.jpl.nasa.gov/
http://science.nasa.gov/science-news/science-at-nasa/2009/23dec_voyager/
http://web.archive.org/web/20070913094213/http:/www.nuc.umr.edu/nuclear_facts/spacepower/spacepower.html

Thermoelectric Generators

Mars Science Curiosity Rover

NASA/JPL

New Horizons Satellite =
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side (Refrigeration)

Cooler

Driven by an applied potential , electrons (holes) absorb heat from
the lattice at the cold side, and reject heat to the lattice at the hot

Heat rejected

e

v'No vibration
v'Less maintenance
v'Small size

v'High reliability

v'Heat manageable

15



TE Cooler: advantage over TEG with driving currentl, AT >40 K

Local cooling on chip

“GPD optoelectronics corp”
InGaAs Thermoelectric Cooled IR Photodiodes
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“Phononic”
https://phononic.com



TE development in history

P-type N-type

Bi,Te, 1.0, 0.7 ~300 K

Zn,Sb, 1.3 670 K, T.Caillat et al

PbTe/PbSeTe 1.6 300 K, Harman et al

Bi,Te,/Sb,Te, 2.4 Venkatasubramanian,
Nature 413, 597

Na:PbTe 2%SrTe 2.2 Biswas et al

SnSe crystal 26 °? Zhao et al

Ge,_, Bi Te crystal - Y. Y. Chen’s group

2020 Ge,,Sb ,Tecrystal 2.2 Y. Y. Chen’s group



Efficiency vs. ZT

! | ! |
| —hot side @ 400 K
7 — hot side @ 500 K
I°R 0.4 F —— hot side @ 600 K
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Seebeck Coefficient

ok 7 2% (S/m) | B i %
(LV/K)
4F~% |Au 4.1 x 107 1.7
Cr 7.9 X 10° 18
LEw S 1000 400
Se 8.3x106 900
L gp i | P-type 5x10* 185
£ I Bi, -Sb, ;Te,
N-type 1x10° -230

Bi,Te, ,Se¢; 4
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semiconducting typical thermoelectric metalic

Seebeck coefficient
Conductivity = 1/p

2
77=27

K

S : Seebeck coefficient
o : Electrical conductivity
K : Thermal conductivity thermal
T :Absolute temperature conductivity

LAY | L] T LB | T L} LB L ELALY | L) LA | T T LR LI |
1E17 1E18 1E19 1E20 1E21

Carrier density
21



TE generators vs. Conventional engines
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Data source: Materials Science & Engineering R (2019) : https://doi.org/10.1016/j.mser.2018.09.001
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p-type Thermoelectric Materials

Qo
25} ;‘g .
- vvV¥% q
v x*
20 ----------- T“T qa- ————————————
v %ﬁ

300 1000 1200
T (K)

400 600

e Single crystal SnSe
o Skutterudites DD,

a PbTe-PbS (12 %)
v Geo.898b0.1|n0.01Te

o BiSbTe

4a PbTe-SrTe (4 %)

> Half-Heuslers Fero_aTio_zsb
o B-Zn,Sb,

«» Na CoO, |

o Zintls Yb14MnSb11

a TAGS Ge, Ag, ,,Sb, .0, ., Te

0.27 —0.07

3% Cu‘,ZSe/CuInSe2 with 1 mol % In

FeZ.7C01.38b1‘1.88n0.2

Progress in Materials Science 97 (2018) 283
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_Ptype
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Data source: Materials Science & Engineering R (2019) : https://doi.org/10.1016/j.mser.2018.09.001



n-type Thermoelectric Materials

o Single crystal SnSe doped with 6% Bi
o Half-Heuslers Tio_5Zro_25HfO_25NiSn

a Mg,Si, . Sn,

v Single crystal In,Se, ,,

¢ Skutterudites Ba, ,La, . Yb,,,C0,Sb,,
< Clathrates Ba,Ga, Ge,,

> Siy,Ge,,

o Bi,Te,,Se,, |

« La,Te,,.Sb

o (PbTe),,,(PbSe), ,,(PbS), .

o Zintls Mg,Sb. ,.Bi, ,.Te, .,

* MgZSn0.75Geo.25

400 600 800 1000 1200
T (K)

Progress in Materials Science 97 (2018) 283
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Common characteristics of high-performance TE materials

1. An optimum band gap that is large enough to inhibit
the excitation of minority carriers
—> narrow band gap, covalent bonding
2. Lower thermal conductivity
—> compounds formed between heavier elements
3. Materials with more symmetrical crystal structures tend
to have better electronic properties than others with
lower symmetry
4. The compound could be heavily doped.
5. Complex structures with many atoms in the unit cell
—> so the heat-carrying phonon is damped.

ex: B1,Te,, PbTe, GeTe, SnSe, S1,_,Ge,

27



Abundance in crust (mg/kg)

107 ¢
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10° L

Major challenge in thermoelectrics
“ higher performance, non-toxic and sustainable ™
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I1. Stratagem of enhancing ZT

0S2

v" Electronic band structure —band convergence /=

v Reduction in thermal conductivity _

K

Intrinsically low lattice k , Defect Engineering

v" Synergistically manipulating charge and phonon

gS?

transports =

v" 3D charge and 2D phonon transports

0S?

K



Mechanisms for .S enhancement in bulk

echarism | Theory | smoiaton | __oterer

[2009] Bulk(PbTe)
Carrier [1999] Thermionic emission [2008] Band bending [2010] Bulk(skutterudite)

filtering current in heterostructures afr PbTe/metal interfaces [2011] Bulk(TAGS)
[2011] Pt-Sb,le,

[1956] Virtual bound (resonant)

g;s,r:"""" state by doping [2006] Doped PbTe Eggg} g'fg{f’sg dPETTee
[1996] DOS engineering 2'%3
Carrier filtering effect Resonant state If £, is tuned to near a peak in DOS,

a2t ranE N 'E‘W'Eﬁ} 'Y YT Y e e eae Scwouldbe shamply increased!
- ( (E) T(E)V(
E=E

+ (YY1 Y (XYY T Y ; .
¥ . B - oy
XYY ‘YY1 3 e ME) CE |,

E . P Nl Nl F ’
_ - p-type S666H 8666
> ;
Drotal > X% Y " Virtuol bound state .
} Vi = Crmetal % Bound sice ) Resonant siate \ Er | Effective mass(m*) T

\

"

v

S.V. Faleev, Phys. Rev. B 77, 214304 (2008)  J. Friedel, J. Physics, 1956 ORNL, PNAS, 1996



Stratagem of enhancing Z'T

v Electronic band structure —band convergence

v

31



Thermoelectric quality factor (B)

G = neu
u : carrier mobility (in cm? V-1s1)
- 812 ké " T 2/3 m*: Density of states effective mass
S = 3eh2 mDOST g m,* : band effective mass

N, : the number of band valleys
K : latteice thermal conductivity



] O Pb,Na Te-8%SrTe <> Br-doped SnSe
3 5_ (m| Pbo_geNaomTe-zL% SrTe O nanobulk Bio_sSb1_5Tea
- ) O Pb,Na Te O Bi,Te, Se
3 0 1 PbTe-4% InSb (@] Bi,,Sb, Te,
. <> Na-doped SnSe O
1 & cusSe-1%In A
| 25‘ ﬁ\ oo
N 2.0- o 34 oo o
. o I:II:I O
4 A00

os s t-rvbv—-o-«-Vv--—-v-r-—--—
300 450 600 750 900
T (K)

E — Ep [eV]

% r X 2 r = K
Fermi surface and band structure

Materials Project https://materialsproject.org

The schematic L (red) and
2 (blue) carrier pockets
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Convergence of electronic bands for PbTe
G. Jeffrey Snyder et al. Nature, 473, 66 (2011)

2.0
Ky reduction + TCVg increment
16
12 Ky reduction
~ |
N
0.8
04 —0— x = 0.05
—— X =0.15
—f— x=0.25
0.0 | | | |

300 400 500 600 700 800

T(K) Valley degeneracy
PbTe,_Se, 54



Heavy and Light holes in PbTe

Valence Band Maximum is at L point 02N/ \¢/ \¢/rK

« “Light Band” Ny=4, m,*=0.14m, o | ~500 I ~900
(8 half pockets at the L point lead to N, = 4)

S

o

Second valence band occurs at X'line §
11 11 Q} .

« "Heavy Band™ N, =12, m,*=028 m, §

300+ P-type PbTe -

. —— Pisarenko line

‘.‘A ® PbTe-Tl (resonant level)
X 200} @ PbTe-Se:Na (band convergence) - S
; @ PbTe-Mg:Na (band convergence)
5 oMM
% 100 Y

= ...,.”Hb ',;'tﬁbo
Carrier density (10 'cm™)
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Tuning the reduced Fermi level by doping enables an optimization of z7

PbTe PbTe PbSe PbSe PbS Sio_7Geg__3 Bulk S1
type n P(L) n P(L) n n n
TC’peﬂE% 800 800 850 850 900 1000 1000
tom ~
N, 4 4 4 4 4 6 6
C(GPa) 71 71 91 91 111 150 180
mr 0.15 0.17 0.17 0.17 0.25 0.27 0.26
= 23 28 27 38 28 15 15
K1 0.75 0.75 0.65 0.65 0.95 4 45
B 0.7 0.4 0.67 0.33 0.39 0.68 0.07

kg: Boltzmann constant

h: Planck constant

N,: number of degenerated valleys

C;: average longitudinal elastic moduli
m*: inertial effective mass

=: deformation potential coefficient.

Adv. Mater. 24,6125 (2012) 36



Bulk Ge Mg,S1  Mg,Siy6Sng 4 SnTe  SnSe Cu;SbSe; Bi,Te;

type n n n p(L) n P n (//c)
Toperate 1000 700 700 773 750 673 400
pgn™"*
N, 4 3 6 4 2 3 6
C; 160 120 100 58 58 80 71
m; 0.12 0.5 0.8 0.09 0.47 0.7 0.1
= 20 15 13 28 21 14 24
K1 18 3 1.5 1.5 0.5 | 1.5
B 0.14 0.15 0.38 0.3 0.15 0.22 0.26
B1,.Sby CoSb; LasTey B1-Se; Z1rN1Sn
type n n n n n
Topew% 150 850 1200 300 850
Lo =" 400 10 150
N. 3 1
C;ﬂ{ 100 180
my 1.6 0.15
= 10
Kr 9 0.5 0.5 1.3 4.5
B 0.03 0.6 0.56 0.03 0.4

Adv. Mater. 24, 6125 (2012)



Thermal effect on “the Energy Band Modification”

e 3.0 T =750K
é)‘ 25 SnTe, AE=0.35 eV _
& 20
p—
QI 1.5 #
~. PbSe ,AE=0.25¢
~—~ 10 ‘
- PbS”
~4 05 PbTe’, AE=0.17 e
&
0.0

300 450 600 750
7(K)

Ref: J. Am. Chem. Soc. 137, 11507 (2015)

- Temperature-dependent Hall coefficient (R},)

(b)

| AE~ 017 eV

AE~0.35 eV

PbTe SnTe

Hall coefficient (R, normalized relative to room-temperature
value) for p-type SnTe, PbSe (39) and PbTe (3) show a strong
temperature dependence indicative of a two-band conduction.
The peaking temperature (T ) in the R;-T curves is related
to the magnitude of the energy difference (AE,) between the
two valence bands.
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I1. Stratagem of enhancing ZT

v

v Reduction in thermal conductivity

Intrinsically low lattice k , Defect Engineering

v

v



Intrinsically low x; «  =[« i«

C

Intrinsic low thermal conductivity is of practical
interest due to its robustness against grain size, temperature
range and other structural variations.

Frequency (o)

Low phonon group velocity

1

Large anharmonicity

Moy |-a
8-'W-8-'"VW-8
F(f)

f

v, = a2

@) . N

e

g
g
§
T

g

k (m™) wa

C, : specific heat
v, : group VGIOClt}{ |
T : phonon relaxation time

Structure complexity

Electron-crystal 40
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Ex:

Joule,1, 816 (2017)

projected onto the (100) plane

°°.e'°.‘.‘ o°
o: 0°.°°8%°o
% ° y

0 .oe.oo

° d’o s
oo o °© )
o ¥

— Se
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Anharmonicity

Although all bonding 1n real
materials 1s anharmonic, the
degree of anharmonicity varies
strongly from material to matert:

NN ¥ . &
€9 & & Se. Sn ®
[:'7?‘ -

% @ P 4 e
b r‘ Se. ‘ .Se

® 9 a%a SnSe Se

Sn) )2 e SeI.Se
Se‘ { " j - S \ .Se
— -

& =8 &% )—Ei Se ..Se

| Asymmetry 1n vibration

] IV T 1 W Yoo O

c(uu: Harmonicity
| r
Of >
Anharmonicity
a, r>a,
1 2 T
KL= 3 Cyyg T

Minimize t by intensifying the
scattering rate of phonons
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Phonon — Phonon Umklapp scattering

(@)

Phonon source

(b)
Hot end

Net flow of phonons

K+ Ky =

— R ~N T e
- \ — \ processes P A e — | Phonon sink
\\‘_..r _._____-_: —_— ‘—""'“
- 7 — — \T» \ P N
- — \ - \ // -
\ Uprocesses / / .~ —_~ | Cold end
(@) “Kv
K,
Ky
et —k.
T KK
K, K R
G
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_I | T T 1 | rrrrrprrr it prir T r T 1T T | L |_
) o My |
100 |-%o OGaP . TV3y | \N/> -
InF’8 e D :
—~ AISh GaAs y *-dependence
l . InAs @G Sb h
4 \o Qzns
~ - g Ocds -
S 10 _'"Stl’zg\ O ZnTe —
= [ TN CdTe O i
— | (OCdSe e _
- h PbS
< i ~-H9°00 O pore _
PbSe [J ~~~<L] SnTe
1 T AgBiSe, SnS
i NaSbTezoo s 2 Ohbe
B AgSbTe, V¥ T s N
_ NaBiTe, <& . AQSbSE’ﬂ
l I L1 1 1 I L1 1 1 I L1 1 1 | L1 1 1 | I I L1 1 1 I
0.5 1 1.5 2 2D 3 3.5
Gruneisen parameter y
Griineisen parameter ( vy ):
d lnwi . 318 B Vm v" The rate of change of the vibrational

Yy =—

d

InV

Cy

Angew. Chem. Int. Ed. 55, 6826 (2016)

frequency of a given mode with volume.
v" To measure the strength of anharmonicity.

45



2
Ug T
Compounds with a large number of atoms (/) in the
primitive unit cell will exhibit low x; due to the large

quantities of optical branches (3/N-3).

Complex crystal structure ;= %@

Only a fraction of the heat can be transported
by the limited acoustic branches: C}y =C,/ N

24 atoms
| Primitive cell /
QA“"
e ei‘-s—a/‘?‘

} @Mz Da @ sp i

body-centered tetragonal (I-4¢2) x—s- y




Acoustic Phonon v.s. Optical Phonon

K w(k) optica " o " —_— K
acoustic = 9 0

Optical mode

47

-n/a 0 k- m/a



_1 2
Complex crystal structure KL= 3LyjgT

- Acoustic branches: 3 - » Acoustic branches: 3
N=24 » Optical branches : 69 N=3 Optical branches : 6

K. 0.6 W/m-K KL212 W/m-K

—-—— T ——

4

1
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2 &/ 2

frequency (cm
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—
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=
T [ T

| i | | zeNisn
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Wave vector
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=1
e
~
ﬂ

Energy Environ. Sci., 11, 23 (2018) PRB, 95, 045202 (2017)
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Phonon modes : Acoustic & Optical

Direction of Energy Transfer

\/i\/\/ Transverse Acoustic (TA)

Transverse
Transverse Optical (TO)
Waves
Longitudinal Acoustic (LA)
Longitudinal

Longitudinal Optical (LO)

e -
Vibration of particles

Direction of Energy Transfer



Transverse Optical (TO) ’ o e ’ 6

0o 8o
Transverse Acoustic (TA) L get "o, ’ ’

Longitudinal Optical (LO)

|

Longitudinal Acoustic (LA)

Images and movies from: Dr. Taras Kolodiaynyi & Dr. Burak Himmetoglu =
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I1. Stratagem of enhancing ZT

v
v

v" Synergistically manipulating charge and phonon
transports
v



Synergistically manipulating charge and phonon transports

ZT 2.2

| —— 1=0.01(1.3€20)
[ —o— y=0.015(1.4e20)
2.0 |—=—=0.02(1.7¢20)

| —— y-O 025(1.6e20)

Enhanced
Seebeck,
I PF

/ \ Converged bands

osk Po. T

-l IS TS T S
300 400 500 600 700 800 900
TIK

[ —o— x=0.01(1.0e20)
[ —— x=0.02(1.2¢20)
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14 —— x=0.03(1.720) .

1.2 [——="x=0.04(1. 6e20)

1.6

10 L

~
N L
0.8 |
0.6 [ | |
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04 - R .. i
i s | dislocations
0.2 & £ Na 002Eu Pbo98 Te A
o0 L vy w1 y=0.025
300 400 500 600 700 800 900 0.5 pm Adv. Mater. c3

TIK 29, 1606768 (2017)



11. Stratagem of enhancing Z'T

v
v

v

v" 3D charge and 2D phonon transports
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ZT

3D charge and 2D phonon transports

Science 360, 778783 (2018)

n-type SnSe crystals
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Outline

» 1. Introduction to thermoelectrics

» II. Stratagem of enhancing ZT

» I11. Sample Fabrication

» IV. ZT Measurements and characterization techniques

> V. Future works
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Sample Fabrication

* 1. Bulk Ingot, Polycrystal
* 2 Single crystal: Bridgmen method

* 3. Film : by deposition.
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Categories: Sample Fabrication

1. Equilibrium processes :

Crystal growth, melting & slow cooling,
melting + long-time annealing,
multi-step solid state reactions

2. Non-equilibrium processes :
quench, mechanical alloying
hot deformation, melt spinning
self-propagating high-temperature synthesis

3. Spark plasma sintering (SPS)



dgman method

Bri

Crystal growth of GeTe
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4. High Thermoelectric zT in GeTe Single Crystal with Sb
Dopants

Synthesizing of Ge,_Sb,Te crystals (2)

* The Ge,, Sb,Te crystals grown by Bridgman
method that followed by a 2-step process.

15t step: pre-melting at high temperature

* Ge, Sb and Te are mixed by the “
stoichiometric ratio of high purity B
elements (99.999%)

Mixture sealed in the evacuated quartz

ampoule under a vacuum of that better
than 3 x 10~ Torr.

o —
N
auoz buina

Vs /

Srat LT
RETERRIRERRt SRR RRASARNRRARRARRAY

N =~
E 2 ~
B T O~

decline slowly
—
auoz bujjoo)

SALSILLLEL

The sealed mixture is pre-melted at high
temperature for 48 hours

The well known Bridgman method is employed to
synthesize the antimony doped GeTe crystals.

« Sealed in the sharp evacuated quartz (a) The High temperature Bridgman furnace, right side

« 2" step: Bridgman crystalizing

ampoule under a vacuum of that better the bulk material of a Ge 5,Sb, ,sTe crystal.
than 3 x 10 Torr. (b) The interior temperature gradient of the vertical
_ ) Bridgman furnace
* Re-melting at melting zone.

Decline slowly at a rate of that <10
mm/hr into cooling zone.
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Growth of Bi,Sb,_ Te; nanowires

(a)

Sealing [
Bi,Sh,, Te, »
sio,
Si

(d)

Cooling

Nano Lett., Vol. 9, No. 1, 2009

\
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Bi, .Sb, s Te, thin film after annealing at 490°C for 5 days



IV ZT Measurements and Characterization

Thermoelectric transport parameters

1. Seebeck coefficient
2. Thermal conductivity
3. Electrical resistivity

Measure uncertainty in Z7': |22 _ 5 45 A0 Ap + A

gS2

ZT="—T x=2pC,
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1. Seebeck coefficient ( % ) and electrical conductivity

Specifications
Seebeck coefficient : Static dc method
WL 0 Electric resistance : Four-probe method Y 1
Temperature range 27 °C ~ 800 °C i ;| ' V T
Number of measured . < (Y101
temperature steps Maximum 125 Sﬁ[ﬂ_{:ﬂs S
, 2 ~ 4 mm 1n square (diameter); Vz ’ Tz
Sample size ; ; 1
5 ~ 22 mm in length _/
Lead interval 3,6, 8 mm 64




Thermal conductivity measurement

Fumace
Sample carrier

Furnace hoist

Electronics

- B Laser

LFA 457, NETZSCH

Diffusivity

Thermal
conductivity

Heat capacity

Density

A=

12V

-500

0

1 " 1 L
- 500 1000 1500
Time (ms)

Transient state method
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Sample Size

Sarmple Diarmeter (o ):

1277, 10, 6

Thermal Diffusivity range

Possible sample thickness

Low diffusivity e.g. polymers
(0.01-1 mm?/s)

0.05 to 3 rrrn

Medium diffusivity e.g. ceramics
(1-50 mm?/s)

High diffusivity e.g. copper
(50-1200 mm?/s)




Home-made thermoeleetrlc measurement systems
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III. ZT measure platform for Nanowire

TE propertg

1.4x10° :
1.2x107 -(a)

1= e e e | (100)

O "

a LN .
> 4 Structure
= 2170,

_350l .....oooo

(\IIA 140 '(C) 217 C oto . 0
_‘M 120} ......121790 omposition mapping
|§ 10()=’ e ® ® e L
=1
NF 10 ---Izs-nzrl-
w2 m ==
o0

300 325 350 375
T (K)

“Stress-induced growth of single -crystalline lead

telluride nanowires and their thermoelectric transport

properties”, Appl. Phys. Lett. 103, 023115 (2013) 69



Specific Heat

Low-Temperature heat capacity measurement (0.5 ~300 K)

3

i i ﬂ

awn .
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Reduction of lattice thermal
conductivity by low energy
multi-Einstein optic modes

Bi,sSb, sTe;,

UQ 0.0

Exp.
Debye

Debye - Einstein
Debye - 2 Einstein

0 20 40 60 80 100

7(K%)

_ 2 n — eGEi/T
G,/ T=y+pT { 1 A5 (1) 3/ (e@Ei/T_l)z}

BiSbTe alloys.

Two Einstein oscillators with oscillation frequencies of 0.73 THz (35 K) and 1.29 THz
(62 K) in the Debye host. The presence of the high frequency phonon modes that
freeze out at the suitably low temperature which couple with the long wavelength
acoustic phonon modes, resulting in an intrinsically low thermal conductivity in
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Inelastic Neutron scattering

Thermal conductivity Phonon diSP?TSiOIl

10
GeTe

9 _ :

X Ge,_Sb, Te |

7 St |
2 6 GeTe £
£ 5 |
< g
S 4 m

2fa Ge, 4,5, s Te [amev =1} ' |

1[ A —A 4 A A 4 MM 4

O [ N 1 N 1 N 1 L 1 . - U r W

300 400 600 700 800

500
T (K) DFT calculation



Neutronmstruments at ANS T O

Thel mal-TAS

TOF DCS r g Cold neutron
e W u

e 4 BF Fe] SO R B2 ey
HIPD Cold-TAS
o A A= Pl AR
P F B4R
Reflectometer
HRPD B At
WA |
P F 45 544R Residual stress

diffractometer

BRI ) Yot

Quasi-Laue
diffractometer

BB SAR

SANS
A R AR
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How to measure phonon dispersion curves ?

Inelastic neutron scattering
If we can measure the energy lost by the neutron
(by causing a vibration 1n the solid), and we can
measure which direction you created the wave

(wavevector, Q), then you can construct a phonon
dl SperSIOH Curve . Inelastic Neutron Scattering (k; # k;)

Analyzer A Q‘ 777777777 (20 =/Q

N ki ki
m Neutron Loses Energy Neutron Gains Energy
\/ (k; < k) (ks> k;)
kf < Detector
ki

\

Monochromator
~

Sample "

.

Image adopted from Dr. Martin Mansson
Paul Scherrer Intitut
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Scan Parameters

e GeTe
ce=0~12meV
[>T

* Gej 9oSby g Te
ce=0~12meV
eI'>T

SIKA - Cold Triple Axis
neutron spectrometer

(BT
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Intensity (counts)
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Intensity
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Geg ggSbg gyTe o
200

150

Frequency (cm )

50

0

K r T w

DFT using Virtual crystal approximation (VCA) methods

L r X

Frequency (meV)

10
ol
sk
7L
g 6L GeTe
§ 5L
E 4L
% 3L
2ka Ge, ,,Sb, ;. Te
! TA—A— A A A4 aa a4
0 -| 2 o 2 o 2 2
300 400 500 600 700

T(K)

doping.

In the I' point, Ge, 4,Sb, ,sTe (green) have a phonon frequency

around 6 meV (the shadow area) which cannot be seen from the pristine
GeTe (blue) result. The overall phonon frequency got soften due to the Sb

800
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Thermal conductivity - 3w method

A13LRR'
m4kSy/ 1+ 2wy)?

3w

I: Root mean squar value of I sin wt

L: Length of the nanowire between voltage contact
R: Electric resistance at the substrate temperature T,
R': (dR/dT)y,

S: Cross section of the nanowire

v: Thermal time constant

O L

K =l

L. Lu, W. Y1, and D. L. Zhang, 3w method for specific heat and thermal
conductivity measurements, Rev. Sci. Instrum., Vol. 72, No. 7 (2001)

100

Voo (1Y)

10

V, V)

tan ¢

0.0

o 9 180

Vs

o J1+Qwy)

tan ¢ oc @
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Thermal conductivity - 3w method




Thermal conductivity - 3w method

AIPLRR’
V3w ~
ntkS\/1 + wy)?

10k , —— Fitting
E 0.8
3 o
> o
06} 1 oo
V3w = .
K1+ Qwy)? 9 -
0.4 1 i 1 i 1 i 1 i
0 200 400 600 800 1000
o (rad/s)
6
B, —Fitting | _
Length: 70um ¥ & .l .
Thickness: 0.75um y J g o
Width: 5um ' yd " , tand ~ 2wy o
] © 7
0 M/ \
0 200 400 600
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ADVANCE

Example 2 SCIENCE

www.advancedscience.com

High zT and Its Origin in Sb-doped GeTe Single Crystals

Ranganayakulu K. Vankayala, Tian-Wey Lan, Prakash Parajuli, Fengjiao Liu, Rahul Rao,
Shih Hsun Yu, Tsu-Lien Hung, Chih-Hao Lee, Shin-ichiro Yano, Cheng-Rong Hsing,
Duc-Long Nguyen, Cheng-Lung Chen,* Sriparna Bhattacharya,* Kuei-Hsien Chen,
Min-Nan Ou, Oliver Rancu, Apparao M. Rao, and|Yang-Yuan Chen*

Advanced Science, Vol. 7, 2002494 (2020)

2.5
Ge, Sb,Te

@ A record high zT of 2.2 at 740 K is
reported in Ge, ¢,Sb, os 1€ crystals.

€ Additional phonon excitations are
discovered in Ge, o,Sb,, osTe and help
soften the phonon frequencies !

0.0 = - - -
300 400 500 600 700 800
T (K)



Inelastic neutron scattering studies of GeTe and Ge, 4,Sb, (sTe

Intensity
Intensity 12 .

900.0
900.0 - 5
B Ge,y,Sby e -

- 700.0

- 700.0

~ 500.0

00 01 02 03 04 05 0 01 02 03 04 05
q (UeAkﬁﬂ) q (ﬂ,Ak,(})

» Highlight the greater complexity of the phonon
dispersion of Ge0.92Sb0.08Te compared to that of GeTe.

» An unexpected extra excitation between 5~7 meV is observed
in the Ge, 4,Sb, (s Te crystal.



Phonon density of state (PDOS)
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The results of PDOS show additional features between =~ 5—7
and ~12—13 meV for GST. We attribute these features to the

presence of Sb dopants.



Geg 9gSbg g Te

200

Frequency (cm

50

0

Phonon density of state (PDOS)

Geg 9oSbg ggTe

0

20 SpTET
3 (O
S

P \ L7
2
D AN

Ge

F

ﬁ % Te

» The overall phonon frequency got soften due to the Sb doping. For GeTe,
in the I point, it cannot be found any phonon mode between 0~10 meV.

» The presence of a phonon ~ 5 meV at the " point can clearly be seen in the
dispersion of Ge, 4,Sb, osTe (orange traces), which could provide extra decay
channels for optical phonons, thereby increasing their scattering rate and
lowering the thermal conductivity !



150

Phonon transport
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T

Model Gaussian
¥ = YO + A/(Wsqrt(pil(4°In(2)))) * exp(
Equation 4In(2)*(xexc)"2IwA2)
Plot Peak(F) Peak2(F)
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