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@[r(l}ﬁesléso ty The University of Glasgow

Q Established in 1451

Q 7 Nobel Laureates, 2 Sl units, ultrasound, television, etc......

Q 16,500 undergraduates, 5,000 graduates and 5,000 adult students

Q £186M research income pa

Q 400 years in High Street

1
ax Q@ Moved to Gilmorehill
u:.; in 1870

Neo-gothic buildings by
Gilbert Scott




[Shiveslsal Famous Glasgow Scholars
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William Thomson James Watt William John
(Lord Kelvin) Macquorn Rankine
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Many students and professors "with an interest in science”
met in this "shop"
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QfGlasgo\z James Watt Nanofabrication Centre @Glasgow

Vlstec VBG

0 750m2 cleanroom - pseudo-industrial operation

15 technicians + 4 PhD research technologists

Processes include: llI-V, Si/SiGe/Ge, magnetics, piezo,
MMICs, photonics, metamaterials, MEMS, NEMS

Part of EPSRC IlI-V National Facility
& STFC Kelvin-Rutherford Facility

Commercial access through Kelvin NanoTechnology

Suss MAG optical lith ° http://www.jwnc.gla.ac.uk/

8 RIE/ 3 PECVD 6 Metal dep tools 4 SEMs: Hltachl S4700 Veeco: AFMs




Electron Beam Lithography Capability

30 years
experience
of e-beam
lithography

Sub-5 nm single-line HSQ o
lithography for research 0

Vistec EBPG5

Measured linewidth vs dose
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Penrose tile: layer-to-layer
2 alignment 0.46 nm rms

Zay
Jo.5%.,

DkV 11.9mm x9.00k SE(U)

Alignment allows 1 nm gaps
between different layers:

—> nanoscience: single
molecule metrology



Nanoelectronics:
10 nm T-gate HEMT

Manufacture:
AFM probes
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Healthcare:
STEM cell

metres
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Sensing:

: , . Environment:
Si-nanewires

-V CMOS Microflui&lics




heat —> electric current



Unuversity NASA Radioisotope Thermoelectric Generator
J of Glasgow

Radioisotope heater —> thermoelectric generator —> electricity

U-234 ,
—-—
@/ 5.6 MeV
2 mp *

Voyager — Pu?**
'!u;}/ alf ife = 87 years

:
g

Pu-233

o (He-4)

e REe. cmE
it sdeodwe seeeee

GPHS-RTG

Alumimum QOuter
annll]l A ¢

=355 W



Peltier cooler:
telecoms lasers

oth

Temperature control Powering autonomous
for CO2 sequestration sensors: ECG, blood pressure, etc.
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cnylasgowY Thermoelectric Energy Harvesting in Cars

25% effective power:
motion & accessories

100 % fuel
energy

Engine losses
5% friction losses

30% coolant losses

75% of waste
= heat!

40% exhaust gas losses
Fuel consumption « Npowertrain (Kinetic energy + amenities energy)

Thermoelectrics in Cars:

Q Use waste heat energy (75% of fuel!)

Q Can reduce fuel consumption < 5%

Q@ Provide efficient local cooling



OVCDIVEl Heat from Car Exhaust

of Glasgow
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0 PbTe the best present thermoelectrics for cars?

But @ Pbis toxic and banned, Te is unsustainable

0 Cost per Watt is too expensive BMW
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Fourier thermal transport Joule heating
Q =I’R
hot side, Th
A
Area, A Q = heat (power i.e energy / time)
Heat [ |
g wiYAVAVAYAS
(energy/t)
=Q resistance, R

cold side, T¢

_ T.—T
Q= —rA=="




University Background Physics
of Glasgow

Fourier thermal transport Joule heating

iji

Q =I°R
Q = heat (power i.e energy / time) R = resistance
Er = chemical potential | = current (J = 1/A)
V = voltage x = thermal conductivity
A = area o = electrical conductivity
g = electron charge a = Seebeck coefficient
d(E) = density of states f(E) = Fermi function
ks = Boltzmann’s constant M(E) = mobility
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||||||||||||

heat transfer, Q

.

Peltier coefficient, 11 = % units: W/A =V

O Peltier coefficient is the heat energy carried by each
electron per unit charge & time




iig })J;réﬁesg(% The Peltier Coefficient

Q Full derivation uses relaxation time approximation
& Boltzmann equation

_ _1 _ o (E)
@ II=-:[(E-Ep)Z~dE
0 c=[o(E)dE =q [ g(E)u(E)f(E)[1 — f(E)|dE
o This derivation works well for high temperatures (> 100 K)

0 At low temperatures phonon drag effects must be added

see H. Fritzsche, Solid State Comm. 9, 1813 (1971)
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||||||||||||

Q@ Open circuit voltage, V = a (Th — Tc) = a AT

Seebeck coefficient, (¥ — ?i_\Tf units: V/IK

o Seebeck coefficient = 1 X entropy (% ) transported with electron

q




University The Seebeck Coefficient
of Glasgow

Q) Full derivation uses relaxation time approximation,
Boltzmann equation

° o — 1 (ET) Ep T =morr_|entl_1m
relaxation time

B E—EF O
Q @:_k?f(kBT> (aE)dE

o = [o(E)dE = q [ g(E)u(E)f(E)[1 — £(E)|dE

For electrons in the conduction band, E: of a
semiconductor

Jo° B=30(E)dE

_ _k_B EC_EF |
Q o=—"7 |7 - = o (B)dE for E > E.

see Mott and Jones (1974) and H. Fritzsche, Solid State Comm. 9, 1813 (1971)



éfa Unuversity The Seebeck Coefficient for Metals
J of Glasgow

Q f(1-f)=-kgTL

Q Expand g(E)u(E) in Taylor’s series at E = Er

} (Mott’s formula for
E=Er metals)

dE

0 o — _W_k]ZBT [dln(M(E)g(E))

M. Cutler & N.F. Mott, Phys. Rev. 181, 1336 (1969)

o I.e. Seebeck coefficient depends on the asymmetry
of the current contributions above and below Er




B%ﬁg&% 3D Electronic and Thermal Transport

||||||||||||

3D electronic transport 3D thermal transport




If we ignhore energy dependent scattering (i.e. T = T(E))
then from J.M. Ziman

a=zi [7(EW?(E)[-gE)L]| (E - Er)dE

0 Thermoelectric power requires asymmetry in red area under curve
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Semiconductor Example: SiGe Alloys

400 T 7T Y T U B B R T | B B |
p - TYPE

Q@ Mott criteria ~ 2 x 10" cm-3

900 *K

1200°K

w
o
o

Q@ Degenerately doped p-Sio.7Geo.3

1 @ o decreases for higher n
200 ¢ GeysSigs

- A ——= Ge, Sig
Gey Sl
- @ Gey Siy DIFFUSIVITY
- O Gegy Sig
100 @ Geoz Siy
- v Geg Si,

- O

| @ ForSiGe, aincreases with T

Seebeck coefficient, a (uV K1)

L sal L 1 L 1t s 33l 1 [T B |

‘oI’ |°!0
n{em ™)

J.P. Dismukes et al., J. Appl. Phys. 35,2899 (1964)
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proioll The Thomson Effect

a Is temperature dependent

dQ _ g7dT
o dx dx

Thomson coefficient, : dQ = GIdT units: V/IK
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0 Derived using irreversible thermodynamics

Q@ These relationships hold for all materials

0 Seebeck, a is easy to measure experimentally

Q@ Therefore measure a to obtain II and 3
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o net work output
heat Efficiency = 7= =t input
turbine

input, Q1
=Wt - Wcom

- )
—

Q 15t law thermodynamics
steam (Q1 - Q2) — (Wt — Weom) =0

water

Power
station

compressor l

I” _— =




[Siensa Carnot Efficiency
of Glasgow

Efficiency = AT (C)

0 100 200 300 400 500 600 700
y = net work output 7 [t A il
heat input :
0.7
7721—% s 06}
a-. [
£ 05}
Q I
z 0.4 |
Carnot: maximum n only E T
depends on T¢c and Thx © 03l
s |
S 02
01F
— 1 — e /Tc=293 K=20"°C 5
/'7(: - Th n P e Gl N O B [ kL ] [P w Y A IS W S o Pligicy
300 400 500 600 700 800 900 1000

T (K)

Higher temperatures give higher efficiencies




Peltier Effect, Heat Flux and Temperature

O

If a current of | flows through a thermoelectric material between
hot and cold reservoirs:

Area, A | 0 Heat flux per unit area =
hot side, Th

( = Peltier + Fourier)

Q@ R=I1J-xkVT
Heat

(energy/t) l
=Q

but II =T and J=+

cold side, T¢

Q=0alT — KAVT




University Semiconductors and Thermoelectrics
J of Glasgow

Seebeck effect: Peltier effect:
electricity electrical cooling
generation i.e. heat pump

heat sourceTh

heat sourceTh

Heat transfer
Q

heat sink T.

Load Battery
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[CnvesAl Conversion Efficiency

AT
i of Glasgow
o n= power supplied to load
heat absorbed at hot junction
meta Q@ Power to load (Joule heating) = I?R;
n P

Q@ Heat absorbed at hot junction = Peltier heat
+ heat withdrawn from hot junction

heat sink T,

Q Peltier heat = ITI = oIT,

Q@ 1=2TI"T)  (Ohms Law)

Load, RL RARL
R=Rn+Rp Q@ Heat withdrawn from hot junction
= kA (Th — Tc) — 2I?R

t

NB half Joule heat returned to hot junction



[CveSsAl Thermoelectric Conversion Efficiency

of Glasgow
meila

_ power supplied to load
0 d heat absorbed at hot junction

_power supplied to load
Peltier + heat withdrawn

I°Ry.

T ATh+rA(Th—Te)— 2I2R

° For maximum value ‘1{7 — 0
d(&*)
_ Ty—T. V14+ZT-1 2 2
- - (@7 . o0 o
Tlmax Ty J1TZ T+ T; where 7, — A =

= Carnot X Joule losses and irreversible
processes



Thermodynamic Efficiency

Figure of merit

£1 = K T 0 100 200 300 400 500 600

L i C: ! |tl T
L AT V2T 1 e
0N THezT + &

50 | ZT =204

CoaI—Ran ine

?ZT—10

O ucles r—Ranklne
30 : ‘Solar—Ranklne-—f ’ i

- Solar—
40 - - St’ir'l'l'ng' """""""""""""""""""" =

2T = 5 CoaI—Ranklne -

2T =2-

Efficiency, n (%)

-Today ZT = 0.7

300 400 500 600 700 800 900
Temperature (K)
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VVVVVVVVVVVVVV

Q First proposed as availability by Kelvin in 1851

Highest Quality refined by Ohta

Electromagnetic

Mechanical (kinetic) | @) Energy quality describes the ease (i.e. n)
with which energy can be transformed

Photon (light)

Chemical
Q Atransition down the table will be more

Heat (thermal) efficient than moving up the table

Lowest Quality

Therefore solar heating is more efficient
than photovoltaic electrical generation

0 Expanded version from chemistry developed by Odum
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i

VIA VERITAS VITA

transparent cover

| bl'a(l:k‘j'-pliélté“‘_ .

insulation

temperature hot water
sensor

~_immersion heater

- heat exchanger
water
channels .
cold main
supply

temperature
sensor

Thermosiphon — natural
convection & no pump

controller

46% to 74% n for solar energy —> heat conversion are typical




At large scale, thermodynamic
engines more efficient than TE

ZT average for both n and p
over all temperature range

Efficiency (%)

Diagram assumes high AT

02 100 100 10° _ 10°
Power level (W,)

0 At the mm and ym scale with powers << 1W, thermoelectrics are
more efficient than thermodynamic engines (Reynolds no. etc..)

C.B. Vining, Nature Mat. 8, 83 (2009)



» 1A

fig

O

O

O
O
O

Universit S :
@fréﬁesgé ty Application Reality Check

NASA with finite Pu fuel for RTG requires high efficiency

Automotive requires high power (heat is abundant)

Industrial sensing requires high power (heat is abundant)

Autonomous sensing requires high power (heat is abundant)

As heat is abundant the issue is how to maximise power
output NOT efficiency for most applications

Power « a2o
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0 As the system has thermal conductivity < a maximum AT
can be sustained across a module limited by heat transport

meta
Q@ The efficiency cannot be increased

indefinitely by increasing Tn n P

Q ATnax=3ZT2

Q@ The thermal conductivity also limits
maximum AT in Peltier coolers

0 Higher ATmax requires better Z materials




[Ssivesiagl Thermal Conductivity of Bulk Materials
of Glasgow

0 Lattice and electron current can contribute to heat transfer

thermal conductivity = electron contribution + phonon contribution
= (electrical conductivity) + (lattice contributions)
R — Rel Rph

0 For low carrier densities in semiconductors (non-degenerate)
Kel < Kph

0 For high carrier densities in semiconductors (degenerate)

Kel > Kph

0 Good thermoelectric materials should ideally have kel < Kpnh
I.e. electrical and thermal conductivities are largely decoupled



[GinveSh' Al Phonons: Lattice Vibration Heat Transfer
of Glasgow

optic modes - neighbours in antiphase
LO

16

-
S

-
N

-
=

(o)

NB acoustic phonons transmit
most thermal energy

Frequency (THz)
(A2w) ABasug

acoustic modes - neighbours in phase
o Al b LA

wn ™ -
-------

------

wavenumber

o The majority of heat in solids is transported by acoustic phonons
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Lattice contribution:

3 s] Te(x)x*e™
Q@ rpn = 5% (5B)7 T3 [T ERE S dx

Bp = Debye temperature (640 K for Si)

hw
kgT

Tc = combined phonon scattering time

X =

v(x) = velocity

J. Callaway, Phys. Rev. 113, 1046 (1959)

Electron (hole) contribution:

o | ((EPr)—(ET)?
Q el = giT (73)

T(E) = total electron momentum relaxation time

B. R. Nag, Electron Transport in Compound Semiconductors, (Springer-Verlag, New York USA, 1980)
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Empirical law from experimental observation that

K

—7 = constant for metals

Drude model’s great success was an explanation of
Wiedemann-Franz

Drude model assumes bulk of thermal transport by
conduction electrons in metals

Success fortuitous: two factors of 100 cancel to
produce the empirical result from the Drude theory

Incorrect assumption: classical gas laws cannot be
applied to electron gas



[OhiveSn Al Wiedemann-Franz Law for Metals
of Glasgow

0 In metals, the thermal conductivity is dominated by ~e]

2
ol __ % (i) 1 L = Lorenz number
K < \ ks L = 2.45 x 108 W-QK-2

2
(l‘ja) = 4.09 x 107 o? for kel >> Kph
B

Exceptions:

Q@ most exceptions systems with e < fiph
o some pure metals at low temperatures

° alloys where small ke results in significant <pn contribution

Q) certain low dimensional structures where ~pn can dominate



[@siveSa’al Thermoelectric vs Doping of Semiconductors
of Glasgow

1017 1618 1619 1620 1021
Carrier density (cm™3)
0 Electrical and thermal conductivities are not independent

0 Wiedemann Franz rule: electrical conductivity « thermal
conductivity at high doping
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Bi2Tes ZT Optimisation Through Doping

of Glasgow
1
o zl Y
0.5 -
20 ,
— | |

O |

1018 1019 1020

Carrier concentration (cm—3)

102

O

O

O

Maximum ZT requires
compromises with a, o &~

Limited by
Wiedemann-Franz Law

Maximum ZT ~ 1
at ~100 °'C

Bulk 3D materials are limited to ZT £ ~1 below 100 'C

G.J. Snyder et al., Nature Mat. 7, 105 (2008)
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GBI Bulk Thermoelectric Materials Performance
of Glasgow

n-Type zT p-Type zT
1.4 1.4
TAGS

125 SiGe "2 1 sb,Te - Y4, MniSb,
10 Bi,Te, 102223 \ —

"l PbTe CoSh, e CeFe,Sb,, ~

.0 0.8} ’
0.8 . PbTe SiGe
0.6 - 0.6 -
04} 04}
0.2 - 02 L

0 ................... 0 R B S S R

0 200 400 600 800 1,000 0 200 400 600 800 1,000
Temperature (°C) Temperature (°C)

Nature Materials 7, 105 (2008)

Bulk n-Bi2Tes and p-Sbh2Tes used in most commercial
thermoelectrics & Peltier coolers

Q@ But tellurium is 7" rarest element on earth !!!

0 Bulk Si1xGex (x~0.2 to 0.3) used for high temperature
satellite applications
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Reducing thermal conductivity faster than electrical conductivity:

Q e.9. skutterudite structure: filling voids with heavy atoms

Low-dimensional structures:

0 Increase a by enhanced DOS (o= —Q—Zk%T {dln(“gﬁﬁ)g(E))}E -
S V)

Q@ Make + and o almost independent

Q Reduce ~ through phonon scattering on heterointerfaces

Energy filtering: /enhance

(E—Ec) ; (E)dE :| Y.I. Ravich et al., Phys. Stat. Sol. (b)

_ kg | Ec.—Ef Jo© kg T
o Q= q kgT =+ fooo o(E)dE 43,453 (1971)
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éfa University Seebeck Enhancement at Low Dimensions
J of Glasgow

0 Increase a through enhanced DOS:

_ 7% y2 din(u(E)g(E))
a = —3 kgT { dE }E:EF
3D 2D 1D oD
bulk quantum well quantum wire quantum dot

g(E)

a increasing —————————
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VVVVVVVVVVVVVV

3D electron mean free path (= vg7r, = h (3772n)% pm

=

(= %“’(37721&)

3ﬁph
Cy(ve)p

3D phonon mean free path Aph —

0 C. = specific heat capacity
Q@ <v+> = average phonon velocity

Q@ p = density of phonons

o A structure may be 2D or 3D for electrons but 1 D for phonons
(or vice versal)




Umver51ty Phonon Mean Free Paths

Material | Model (S;)le(;:;fi]; Iil;;?fl) glll‘;)_lll)p velocity g:tohn,(zl:p:l(e;; )free
Si Debye 1.66 6400 40.9

Si Dispersion [0.93 1804 260.4

Ge Debye 1.67 3900 27.5

Ge Dispersion |0.87 1042 198.6

G. Chen, Phys. Rev. B 57, 14958 (1998)
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1.0 I | | | | |

— Germanium
— —  Silicon

ot
o0
!

Cumulative distribution
=
|

o
fo
|

0.0 ] | ] ] ] ] | ] | ] | ]
0 0.5 1 1.5 2 2.5 3 3.5 4

Wavelength [nm]

Greater than 95% of heat conduction in Si/ Ge from phonons
with wavelengths between 1.2 and 3.5 nm




University Phonon Enhancements
of Glasgow

Phonon scattering:

o Require structures below the phonon mean free path (10s nm)

Phonon Bandgaps:

Q Change the acoustic phonon dispersion —> stationary
phonons or bandgaps

O Require structures with features at the phonon
wavelength (< 5 nm)

0
dE == © o
Q@ Phonon group velocity - Jjc 3 r TA c?g
q
& 2| 08
o D
0 0 S
w [

e X
wavenumber



500 800 700 800
Temperature (K)

AgPb1sSbTe20 — Nanoparticle Scattering?

o =-335 uyvVK-'

o = 30,000 S/m

k=11 WmK-1
at 700 K

K.F. Hsu et al., Science 303,818 (2004)



[OVES Ml ZT versus Temperature

of Glasgow
p-type n-type
Temperature (°C) Temperature (°C)
-200 0 200 400 600 800 0 200 400 600 800
3. 00 pr—yrep—p————r——_——t——r——— 400 —m™m™®m—m—r—r———r—r—-"r——r——r—r—y—
] ~ L 0D n-PbSe__Te.  /PbTe
| ‘ 3.50 | il :
2.50 | ] T ¢ ?
f ' I ¢ o 2
| : 3.00 3 RN p
2.00 | d : ]
! . 250 F -0 ®e al
: : Y 4 :
150 _ 0D Pﬁi,Sb,,kTe_‘ i 'r:j 200 -—" 0D n-PbSeTe/PbLe _
I .. o p-(GeTe),,.(AgSbTe)_ ., | L& - :
: 0D p-SiGe | 150 1 e ;
1.00 [ = _ o i =l . 0D n-SiGe |
: 0D p-Mg.Si, .Sn , o 9 - n-Bi, Te, o
p-Sb,Te, Y ‘ 100 F . = Y L 4
"1D p-Si : | . n-Pble /\
0.50 | p's'o 71Geo.29 il ) :
L 0.50 8
0.00 S R — — O D R 0.00 7 R S N — G RN . R,
200 400 600 800 1000 1200 400 600 800 1000 1200
Temperature (K) Temperature (K)

0 Nanostructures can improve Seebeck coefficient and/or
decrease thermal conductivity




[@siveSa'al Thermoelectric Low Dimensional Structures
of Glasgow

Lateral superlattice Vertical superlattice

heat sourceTy,
378 QWs

meita

Quantum Dots Nanowires

s heat sourceT, heat sourceTy, —

000000
000000
O0COO0O0
O000O0O0
000000
oJolelolo)e

=
D
(ua
Q
—
=
D
(=
Q

O00wO0O
000000

10.0kV 14, 7men x80 .0k SE(V) 61511 1492




[CivVE sl L ow Dimensional Structures: 2D Superlattices
of Glasgow

heat source Tp
o Use of transport along superlattice
quantum wells

Q@ Higher a from the higher density of states

heat sink Tec

Q@ Higher electron mobility in quantum well —> higher o

Q@ Lowerkpn from phonon scattering at heterointerfaces

Q) Disadvantage: higher Kel with higher o (but
layered structure can reduce this effect) Figure of merit

ZT = o7

Q@ Overall Z and ZT should increase

TE Whall and EHC Parker, 1987 L.D. Hicks and M..S. Dresselhaus, Phys. Rev. B 47,12737 (1993)



B557 RSM around Si(004) Bragqg peak

2D superlattice

4.7

4.6

4.4}

4.3

4.8

4.0

13.2

2.4

1.6

0.8

0.0

d- d d 1 'l i
—‘El'.lﬂ -=0.05 0.00 0.05 0.10 0.15
Q. (A)

0.20

TEM & XRD characterisation of 2D modulation-doped QW

superlattice designs

O Threading dislocation densities from 5x102 to 3x10° cm—2



University TEM-characterisation

of Glasgow
SiO2 Si buffer superlattice
200 nm

5
DF STEM:
sample 8569 B6

Q Threading dislocations penetrating from the buffer to
the superlattice

0 Intermediate layer not able to stop the dislocations to
cross the interface from buffer to SL —> new design

Q Threading dislocation density ~3x10° cm2
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Many materials with ZT > 1.5 reported
but few confirmed by others (!)

No modules demonstrated with such high efficiencies

Due to: measurement uncertainty & complexity
of fabricating devices

A(ZT) - 2 Ao | Ao | Ak | AT
ZzT a ' o ' k ' T
AXx = uncertainty in x = standard deviation in X

Measurements are conceptually simple but results vary considerably due
to thermal gradients in the measurements —> systematic inaccuracies

Total ZT uncertainty can be between 25% to 50%
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fig

isivoslsal 3w Thermal Conductivity Measurements
of Glasgow

Q@ AC current of frequency w will produce Joule heating = I?R
at frequency 2w

Q Measured voltage, V = IR will have both an w and 3w
component

Q V=IR=Ipet[Ry+ EAT]

V — Ioeth(RO_l_COeicht)
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(yf?} lx;esgo V3Vf Differential 3 Omega

14.40

B Silicon substrate ¢
e Silicon substrate + thin film o A
[ )
48,20 [ o o] -
! o
C" [ ]
o °
s . 0.17 W/mK
= 14,00 [ -
9 °
o [ )
o °
= o
g 13.80 | g L —
o
E [}
Id_> )
1.27 W/mK
L e T e mm LN _— Em l!l_
13.60 .;é...lll. [ B O
H m
10 wm SL etched °®
13.40
610° 710° 810°

Frequency, Hz

=>72T=1091!!

Q o=280pVIK

0 o = 79,000 S/m BUT is the 3w technique
0 K=0.17 WmK valid for superlattices?

NO: lines should be parallel

© 0

O



[J%I(l“jﬁesgég Measuring Seebeck and Thermal Conductivity
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. . _ dV
Seebeck coefficient, (X — aT

heater

thermocouple
Th

T

AT thermometers
heaters
thermocouple




Free standing
Hallbar

electrical o+ ,
e i, ermometers
contacts . .. heaters

1

v

15.0kV 18.2mm x181 SE(U)

~ e
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[Cnvenival Scanning Thermal Microscopy
of Glasgow

Electrically iii i i

iIsolated Au

spot:
iIsothermal
with resistor

Temperature, K
300 310 320 330 340 350 360 370

e 390 K

100

75

340 K

50

-200 /
-- 25
-400

0 25 50 75 10(?

P. S. Dobson, et al., Rev. Sci. Inst. 76, 054901 (2006)

Sensor output, mV




Thermal AFM
across width

Thermal AFM
along length

AFM Characterisation of Hall bar

2: Friclion

|
0.0 pm

[
0o

&2 Friction

70.0 pm

Temperature (K)

Temperature (K)

I

309

308

07

311

310

309 [

308

® Section o

* Section 3 |

307 L.

Distance (um)



Temperature difference (K)

0 We can measure temperature with sufficient accuracy

20 |
15 |

10 |

B Thermometers
® Thermal AFM

Agree within 2%

2 4 6 8 10

Heater power (mW)

12




[Oisvoningl Electrical Conductivity vs QW Width
of Glasgow

30000 ~00 K .
X = 0.6|0, y = 0.75 | U p-SitxGex
‘E 70000 _,xk=0.70,yj-=0.80k ........................ ...................... | i-Si1-xGex
S 60000 - I S A
T 50000 e - i-Si1-xGex
o
2 pP-Sit.xGex
o 40000 S B R e B
3 bulk Ge
5 000 ¢
Lo g P Sho3Geor
20000 . . | | . |

6 6.5 7 7.5 8 85 9 9.5

Quantum well width (nm)

o Blue - higher density, Red - higher mobility
J. Appl. Phys. 113, 233704 (2013)
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||||||||||||

bulk Ge

300 .
- x=0.60,y=075 300K p-Si1xGex
S gl X070 y=0.80 o i-SitxGex
> i i
5 ]
= - 3
§ 20t . _
2 B '
S | - i-Si1xGex
O 240 | |
X I * _ .
2 pP-Si1-xGex
o : Z _
o 220} v ]
w i ]
200""I|

60 65 70 75 80 85 9.0 95

Quantum well width (nm)

Q  p-SiosGeos a =90 uvV/K

O QWSs too wide for Seebeck enhancements
J. Appl. Phys. 113, 233704 (2013)




E}&ﬁg&% Parasitic Thermal Channels

440 - . . r T r T
180 =mm=T top of Hall bar I
420 | =mT hottom of Hall bar |-
370 : =T bottom of membrane |-
. 400 | -
1360 O :
— 380 -
- 350 g
"é 360 |- _
*‘340 ] :
340 | -
330 GE, :
! |_ |
120 320 |- -
310 300 | .
300 280 : — A | B
0 20 400 6 800 1000

Position (pin)

Thermometers Thermometers



Temperature (K)
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Thermal Conductivity Measurement

To obtain accurate heat flux

B Cold Thermometer HB
® Hot Thermometer HB measure dHVJc,e
® Cold Thermometer Broken HB “
350 1 ¥ Hot Thermometer Broken HB '
' v m—
K = 20 +3 Wm—1 Kt - fpe
340 _ ‘1 f[ ——
330 10(](V131mmx110$E(U)
—-— then remove device
& subtract thermal parasitics
310 i
i gl
290 ] 1 . 1 1 . ] 1 . I F
0 210" 410° 610" 8 10~

10.0kV 13.1mm x110 SE(U)

Heater Power (W)

Evaluation of heat flux that is physically transported in the structure



DishveSAl Thermal Conductivity vs QW Width

............ of Glasgow
bulk Ge Np =101 cm3
60.00 -FFH-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-FF|-|-|-|-|-|-|-|-H- S G

x=060,y=075 300K _ P=S11-x038x

54; 50.00 _x =0.70,y =0.80 " i-Si1-xGex

E _

> 40.00 ] -

> _

S 30.00 | Il i-Si1.xGex

- | .. _ .

Ttv: 20.00 | B I .- PSIEEs

g ; B | 1 + I

= _ _

X S [ e
| i p-Sio.3Geo.7-

0.00 V——~_rr e

6.0 65 70 75 80 85 9.0 95
Quantum well width (nm)

0 Additional phonon scattering as QW width reduces
J. Appl. Phys. 113, 233704 (2013)
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0-007 i L L L L L e e |
- x=0.60,y=0.75 ] p-Si1xGex
0.006 X = 070, y = 0.80 3 h
w! 5 ] i-Si1xGex
TE 0.005 ;
E 0.004 | . -
o 3 : .
‘lg 0.003 _ bulk Ge— | SI1-xG9x
u“— g |
— I ® ¢ l 'Si -xGex
$ oo02f ° : ol
o - B e
0000"' | -l...|....:

60 65 70 75 80 85 90 95

Quantum well width (nm)

0 Modulation doping allows significant higher power factors
than bulk

J. Appl. Phys. 113, 233704 (2013)



o Universit
frclfﬁesrgsé Vg ZT at 300 K

||||||||||||

0.20 i | X = 060, y = 0.75 m
' x =0.70, y = 0.80 p-Si1xGex
| i'Si1-XGex
. 015
§ ' I
S
m L
> omof I i-Si1.xGex
-
N
| p'Si1-XGex
0.05

ooo L-P-2lo3€o07 . . . . .. ...
60 65 7.0 75 80 85 9.0

Quantum well width (nm)

Q@ Order of magnitude improved ZTs with 6 times higher

power factors than bulk Sio.3Geo.7 at 300 K
J. Appl. Phys. 113, 233704 (2013)
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1.00 T T T T TP T T T T T T T T T T T =TT T ~T=T T TT—T~T T —T-rrrmy

300 K Modelling for 9 nm QW

holes

0.80 t

0.60 |
- New thin buffers have

TDD ~ 5 x 107 cm2

0.40 ' electrons

0.20 |
| Theory suggest ZT ~ 0.5

10° 10° 10* 10° 10° 10"°
" 2 -2
Dislocations (cm )

J. Appl. Phys. 113, 233704 (2013)
J.R. Watling & D.J. Paul, J. Appl. Phys. 110, 114508 (2011)
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Vertical superlattice
heat sourceTy

narrow
QWs

heat sink T

wide
QWs
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of Glasgow

Vertical (Cross-plane) Superlattice TEs

Vertical superlattice

Use of transport perpendicular to heat sourceTh
superlattice quantum wells

Higher a from the higher density of states

Lower electron conductivity from tunnelling

Lower Kph from phonon scattering at heterointerfaces

Able to engineer lower ~,p with phononic bandgaps

Figure of merit
2
Z'T = %T

Overall Z and ZT should increase




@S SIE Vertical Electrical & Thermal Characterisation
of Glasgow

Top il
heater Top -Tlfi;-“
Thermometer | _ | ———
100 nm n-Si1yGey | ' !
Superlattice It |
= =t —
Bottom
T =
1 ym n-Sii.yGey bottom contact
undoped thick Sii.yGey virtual
substrate .
Top :
Heater
Thermometer
Bottom

Thermometer
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top
heater  thermometer Full device

Heater Thermometers

Half device




Full device Half device

lateral
Isotropic structure half structure parasitic
contribution

o Half structure allows parasitics to be removed - A T.—Th
for accurate heat flux Q=-«x I




[GsiveSlyal Thermal Conductivity Measurement
of Glasgow

Full device

360 ! T T T .
B Temp_H_Full |
d Temp C Full |:

0 Temp C_Half |:
T | e ¢¢¢°¢ -

330

320

310

Temperature {(K)

300

Power Heater (mW) * ]




Temperature (K)

independent heater & Thermal conductivity
thermometer (W/mK)

360 I l l |

B Temp_H_Full |:
350 | @ Temp_C_Full |: 5.06 + 0.43

® Tomp H Hat|— T+

E] Tcmp C Half | :
340 : : :
330 5.56 £ 0.25
320
310 5.07 £ 0.03
300
290

0 20 40 60 80 100 120

Power Heater (mW) Q Ssignificantly lower k compared
to lateral material



Transfer Line Measurements (TLMs)

I I I I :
«—>
L

R.nd
— - 2R,
R G R

gradient
- Rshlz

Resistance, R

Pc — CQFRsh

2Lt Contact spacing, d

0 Any misalighment or gaps results in errors —> circular TLMs
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VVVVVVVVVVVVVV

20 um 30 um . 50 pm
35
Rcontact Rcontact 30
25
3
Rlateral E =0
(b
E 15
Q@ Circular Transfer 2 10
- 7]
Line Method 2

2 Rcontact

@ Higher accuracy than TLM but
correction factor required

-5

Uﬂivefsity Vertical Electrical Conductivity |

Resistance

Comected Resistance

30 100

Spacing (um)

150 200
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20 um

Rcontact

of Glasgow

Y

Vertical Electrical Conductivity I

30 um

e

50 um

>

Rcontact

Corrected Resistance (Ohm)

Total resistance (Q)

80

70 |

50

30 |

o ™ i
n o8] n Cad o
! !

9

= —

50 100 150 200

’f
—a
-

|
T
i
1 &
-
#
|

Spacing (um)

0.5

1 1.5 2 2.5 3 3.5
Etch depth (um)



[Oisivoningl p-type Superlattice Material Summary
of Glasgow

QW width a0
samvte | Viomy ™" | o | xowim | g (WK

VVVVVVVVVVVVVV

e | oo o [ o [ o [oon oo
T N ) N O O
e | o [ oo [ Joon oo
T N ) I N R

Q p-type doping ~10"? cm™3

0 Interface roughness scattering dominating results
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| =20 nm wide
e 10 nm wide
§ 150 -
< ~
X 1001 =
0
v
75_ ]
501
25 | - | . .
100 200 300

Temperature (K)

A.l. Boukai et al., Nature 451, 168 (2007)



[SsiveSyal Si Nanowires: Electrical resistivity
of Glasgow

° At Glasgow SET process scaled for 300 K operation (DSTL & MOD interest)

® B 3 o e cE e ol

2 contacts nanowire

1M = No Treatment
— - Qxidation
: —s— Qxidation + A I
Fully characterised & ration * Annedting
£ Np=2x10"® cm-3
process modules - -
. >
>98% yield s
B 10k
e
R S TP B s
5 10 15 20 25 30
Width (nm)
4 terminal contact o~ -
nanowire Cross sctl : No = 4 x 10" cm=3
’ L. 0.08 |
, i - = 4-Terminal Devices
£ e 2-Terminal Devices
?;’ 0.06 -
K o=t
)
> 0.04- i)
> o
»
'g 0.02 4 ™ . o
(vl ] : : = X
0.00 - . .
0O 10 20 30 40 5

Physical Line Width (nm)



[Gisive sl Si Nanowires: How many atoms wide?
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for TEM -
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10.0kV 12.5mm x350 SE(M) 2/20/13 16:06

I |
10.0kV 12.6mph x1.80k SE(V) 2/20/13 16:20

Q@ 100 x 20 nm wide Si nanowires with integrated heaters,
thermometers and electrical probes



» 1A

fig

[SIe A Seebeck and Thermal Conductivity
of Glasgow

Seebeck coefficient Thermal conductivity
= total — parasitics

0 T T T 44[] ! | | |
T_H_nomembrane |
420 g Lﬁmnnmimbrane b
memorane
-0.001 T_C_membrane | " |
AR | ) T e — —
%-n.uuz - A
@
=1 e
= S
2 -0.003 s
8 3
@ -0.004 o
"
-0.005
-0.006 | | | | | | | |
5 10 15 20 25 0 01 02 03 04 0.5 0.6 0.7 0.8
Difference of temperature (K) Power (mW)
Q a=-271.4pVK Q «=7.78 WmK-

Q x3 enhancement over n*-Si 0 x20 enhancement over n*-Si
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éfa [SSIVESSAE 45 nm Wide n-Silicon Nanowires
J of Glasgow
@ 300 K: o = 20,300 S/m
4 terminal
K=7.78 WmK

0 o =271 pVIK

Q zT= 0.057

Q@ ZT enhanced by x117

Q o%0=1.49 mW m'K2

Q@ What enhancements
with SiGe ?




Unuversity Nanowire Module Development
of Glasgow

Si etch

o

4.00um

Hi il " 4 ' ! ,
L J JL. W ““ 10.0kV 12.8mm x13.0k SE(V)
N

1 .

High density nanowires

50 nm Ge/SiGe nanowires
Ny 4 ym deep etched

, ‘ l
20.0kV 12.7mm x20.0k SE(V) 2/7/13 11:54 2.00um
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(ﬂ;ﬁ SgOWY Micropelt Microfabrication of BiTe Alloys
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http:// www.micropelt.com/
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2(peo+L) (142 5% )

. N
o_\

D.M. Rowe & M. Gao, IEE Proc. Sci. Meas.
Technol. 143, 351 (1996)

-
(=)
=

Q@ System: power in BiTe alloys
limited by Ohmic contacts

Q@ p- (BizTes) = 1 x 107 Q-cm?
Q@ P (SitxGex) = 1.2 x 10-8 Q-cm?

Power density (mWIcmZ)
=

-
o
N

A = module leg area

L = module leg length

N = number of modules

K¢ = thermal contact conductivity

pc = electrical contact resistivity

300 K data

—BiTe Micropelt ZT=0.6 |
- SiGe Dismukes ZT = 0.11
Nano SiGe ZT= 0.26
Nano BiTe ZT =0.9

10 20 30 40 50
A temperature (K or °C)

o
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Q 2 pm thick In allows
bump bonding on
legs down to 25 um diameter

Q Limitation: operation is limited to <125 °C

o Investigating new bump process for operation to <500 °C
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Module Power Density

Power density (mWImZ)

Single n- and p-type legs
indium bump bonded

044'7-

0.12
0.10
0.08 [
0.06
0.04 |

0.02

0.00

. _from 20 °C :

K

5 10 15 20
AT (K)

Early results on poor ZT material
to develop module technology

Enormous room for optimisation
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O Process tested and works well

Q@ SOl growths now in progress for final modules
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