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Outline of the lecture fEL

institut

1. Motivations and prerequisites: physics of electron and phonon heat transfer

2. A page of history: the starting point of thermal measurements in the XVIith century
3. Thermometry down to the nanoscale: electrical experiments and others

4. DC and AC electrical techniques (3 omega PP, IP, nanowire)

5. Application of the techniques to the nanoscale

6. Nanofabrication of sensors for thermal measurements

7. Near field experiment of thermal conduction

8. Optical methods:

1. Raman thermometry
2. Time dependent thermoreflectance experiments
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FEL
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Motivations and prerequisites
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Motivations: why sensitive experiments are needed f[[

institut

 Fundamentals of heat transport at the nanoscale
e Electronic transport

* Phononic transport

e (Photonic transport)=> see Radiative transfer

e Effect of low dimensions on the thermal transport

Nanoscale ‘ Small Energy/Power

* Growing need of developing sensitive
experimental tools

* Sensitive Tools
 Versatile tools
* Adapted to low dimensions
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4//'
Prerequisite on thermal transport: two main heat carriers FE/

institut

* Electronic heat transport : * Phononic heat transport :
o Specificities o Specificities
o Important length (mean free path, o Important length (mean free path,
Fermi wave length) dominant phonon wave length)
o Characteristic energy kT versus E. o Characteristic energy kgT versus ho
Mean free path Wavelength

k E.=hk
R kK A : :
W ’ ﬂ« h vS

Phonon elastic scattering (impurity) Inelastic scattering
k| = |« k= |k and [o] =]
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Electron thermal transport fEL
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Phonon thermal transport FEL
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At 1K At 1K 22k
eMean free path Ag~em App~500nm

Bose-Einstein distribution function

< - AeT-

Maxwell-Boltzmann distribution function

;
f(E) = —r
‘( At

Average population
R

eRelevant wave length  A,,~100nm Agp~1nm

eTemperature dependence B NA o
(K’ C) Q 1 2 3 E:ergys 6 i a =]

eTransport Diffusive/ballistic

o
o
@
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o

eStatistic Fermi-Dirac bosons

distribution /NG A A
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Intensity / (arb. units)

20
Wavelength % (um)
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A page of history

The origin of the C/K concept
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History of thermal conductivity measurements | £LL

institut

e Early days : Guillaume Amontons (1663-1705): heat flow
along the temperature gradient (no thermometer)

* Heat, matter and temperature: Latent heat,
Joseph Black (1728-1799)

* First measurements: Jean-Henri Lambert (1728-77) Joseph Black
published in 1779 : convection, geometry

@ Jean-Henri Lambert

Tutorials, 14t October 2014, Eurotherm IV, Lyon, France 9



The first study on specific heat...1780

LES MAITRES DE LA PENSEE SCIENTIFIQUE

CorrecrioX pe MEMGIRES PUBLIES PAR LES SOINS DE M. SOLOVINE

MEMOIRE

SUR

EA _CHAILFIR

_PAR

MM. LAVOISIER ;at DE LAPLACE

PARIS

GAUTHIER-VILLARS et Cie, EDITEURS
LIBRAIRES DU BUREAU DES LONGITUDES, DE L'fCOLE POLYTECHNIQUE
Quai des Grands-Augustins, 55

1920

“Les Physiciens sont partagés sur la nature de la
chaleur”

Nouveaux concepts : chaleur libre, capacité de
chaleur, chaleur spécifique

“Plusieurs d’entre eux la regarde comme un fluide
répandu dans la nature”...

“D’autres physiciens pensent que la chaleur n’est

gue le résultat des mouvements insensibles des
molécules de la matiere.”

Lavoisier et Laplace (Mémoire sur la chaleur 1780).
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Specific heat measurements EEL
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Pierre Simon de Laplace

[T —

Antoine Laurent Lavoisier

* Treatise on calorimetry published in 1782
* First experiment of heat capacity
* |ce calorimeter (temperature reference )

L (latent heat ice/water
at T =0°C)

=334 J/g ~ 80 cal/g

L (latent heat
water/water vapour at
T =100 °C) = 2260 J/g ~
539 cal/g
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* Benjamin Franklin (1706-1790) compared thermal
conductivity of different metals

* JanIngen-Housz (1730-1799)
* Count Rumford (1753-1814) insulating materials
* Joseph Fourier (1768-1830)

2 experiments: steady state (K,h), transient (C,h>>K)

T t

emperaAure C
Tk

AT Time dependent experiments:

T > . Joseph Fourier
o ~— Thermal conductivity
Time through the
At 19th century Physics Today 63, 36

:+(2010) 12
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FEL

emperature behavior of the thermal conductivity

Electrical
i Copper A
6x107 S/m
e Germanium

3S/m

thermal conductivity (W/m-K)

Glass 1012S/m

I S S B W L 1 T OO B i R Y | L L
3 5§ 7 10 30 50 70 100 200 300

temperature (kelvin)

Teflon 102> S/m

At 300K

Thermal

A

Diamond, graphene
103 W/mK

101 W/mK
Polysteren, glass

Tutorials, 14t October 2014, Eurotherm 1V, Lyon, France

13



FEL
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Thermometry down to the
nanoscale: electrical experiments
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Choosing the correct thermometer EEL

itut

e Sensitivity of experiment: temperature coefficient
* Resistive thermometry (thin films) 1 OV
« Thermocouple d=—

VY or

* 4 wire measurement: separate the current and voltage leads
* Not primary thermometer, need calibration

% 1 ——

Reference
T2
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Thermocouple IEF/

institut

* Involve two materials (1 and 2)

e AV=200uV/K

* CrNi/AINi
* Can be lithographied and down
scaled
e Au/Cr
Metal Seebeck
Coefficient (uV/K)
Al -1.66
Al 1.94
Cr 21.8
Ni -19.5
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Resistive thermometry EEL
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 Metal (Pt, Au, Ni) Temp=40K-1500K
 Semiconductor (Ge, Si) OK-50K
 Mott-Anderson insulator (Metal to insulator transition: NbN, NbSi, AuGe) 0K-400K

1000000

100000

R(Ohm)

10000 - samples_:

R_(Ohm)

#1

Mott insulator 1000

#4, ref sample ]

10L— .
30 60 90 100 150
T(K)

1 L 1 L
200 250 300

T(K)

For NbN thermometry Bourgeois et al., Review of Scientific Instrument 77, 126108 (2006)
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Performances and limitations fEL
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e Platinum: versatile, low impedance, thin films, can be downscaled, for
temperature above 50K

* Germanium thermometer: very sensitive, macroscopic YV oT

 NbN or NbSi: very sensitive, versatile, high impedance, thin films only, can be
downscaled, wide temperature range (0-400/500K)

Thermometer Low a at Scalability Impedance
temp roomT at the
nanometer

Platinum Vv X 2x103 X Vv 100
Germanium X \') X -10 X 1000
NbN, NbSi Vv Vv -1x102 -1 \'4 1000

18
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Thermometer measurement and calibration EEL
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Calibration needed !!

Error coming from overheating of

the thermometer
e DC measurement: current

source and voltmeter P=RE or P=VZ2/R
e DC Offset

* Low temperature

V 1 Overheatingin a “a>0"

V) —Va-)
2

* AC measurements (lock-in Overheating in a “a:<0”

Amplifier
* Experimental set-up more
evaluated >
* 3 omega method, ac calorimetry |
(20)
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Regulation in temperature : current versus voltage EEL

institut

lac
e Resistive thermometer
o If a>0 (Platinum) { ;! ;: y
Regulation with
voltage P=12/R £
o Regulationincurrent & Thermometer
(avalanche)
o If a<0 (germanium) Mott insulator
Regulation with
current P=RF 30 60 90
. T()
o Regulation in voltage
(avalanche) Preamplifier
f
. = Lock-in Amplifier
Feed back loop
to the heater
20
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Measurement of downscaled system FEL
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* Sensitive measurement of the
temperature

 Temperature measurement as close
as possible to the system

* Decoupling: short time scale or low
temperature

* Kapitza resistance

e Acoustic Mismatch Model (AMM)
and Diffusive Mismatch Model
( D M M ) BATH, silicon chip

NbN

Cantilever

i T

Kapit = E

K W/K *cm?

Thermal bath

See Swartz and Pohl Rev. Mod Phys 61, 605 (1989)

21
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Warning : Limitation of resistive thermometry at low e
temperature CEL

institut

e Measurement of the electron

temperature 5
e Under low electric field '
4L
N . pc 1;'.3
-{r- - I,!.I.ft m Te [ ph H{-]r 3t
/ ! i
* High electric field = Ll
T " 11-::| _ Ff
i pi 1 g, Ik 1 —
e Work with high impedance %1 2 3 4 5
thermometer T cate (K)
e-phonon coupling constant (g../ph) Example : silicon nanowire
1000W/K>cm?3
Exercise: thermometer of 50nm, 100nm large, 10mm long
R=200kOhm, Iac=1nA, T=0.5K, AT=?? YW Jomsuy

22
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Other thermometries based on electronic properties ff[
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* Noise thermometry (“The noise is the signal” Rolf Landauer
Nature 392, 658-659 (16 April 1998))

. Phonon
e Universal thermometry !! MV

— > electron

(Vih) = J4kgTRA v
\/m - B f u
o~ 1 — Low temperature
T
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 Measurement of thermal noise N
* Vibration of a cantilever : NEMS
* No thermometer needed, universal AX

thermometry FWHM~k,T -
 Macroscopic measurement of the ~

global temperature of a beam Ax

x >
* Phonon thermometer !! 7 s
ém ”:;g-f-;‘l'”“” T

Bath Temperature (mK)
APPLIED PHYSICS LETTERS 98, 133105 (2011)

24
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SINIS junction for electron thermometry EEL
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REVIEWS OF MODERN PHYSICS, VOLUME 78, JANUARY 2006

Opportunities for mesoscopics in thermometry and refrigeration:
Physics and applications

Francesco Giazotto™

Low Temperature Laboratory, Helsinki University of Technology, P.O. Box 2200,

FIN-02015 HUT, Finland
and NEST CNR-INFM and Scuola Normale Superiore, 1-56126 Pisa, ltaly

Electric
(d) /4 current
s B
a— Q ' Probing
2A \ junctions
>
A
3 24
Injection
s1 N junctions

25
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Thermal measurements EEL
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C/K
=

one
N CalvinKlein J
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Basic concepts of relaxation time EEL
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* Heat Pulse: exponential decrease of the —
temperature e Il . "
e Heat step function: measurement of the
thermalization of the system Fieater Thermometer
 1=C/K %

* Two properties can be measured C and K

Heat bath

27
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Thermal conductance FEL
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* Known power

 Measure of AT TA4AT
 Kisamean value integrated over AT P ‘ 0
* Dynamic measurement by modulating

P

e Nanowire ??
e Connection to heat bath and to the
thermometer

e Thermal contact

K — Thermal bathT,

28
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Nanowires

Thin films

Membranes
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Principle of suspended sensors EEL
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* Method based on a temperature gradient
 Between the membrane and a thermal bath
 Between two membranes

Heater \ T N
K]

T JEpEpE

max

s T QL

~—

Thermometer / :Q:S ¢ Vine

o
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FEL

L.Shi/A. Majumdar method for nanowire

 Measure of K and C and of the
thermoelectric power

e Platinum thermometry
 Adapted to self grown nano-objects

* Major difficulty: the thermal contact
between the nanowire and the heat bath

e Thermal model needed

Q,

—

4 -

-Electrode

: . , lhigh liow

- .' o L. Shi, ...... , P. Kim, A. Majumdar, Journal of Heat
_— - . T~ Transfer 125, 881 (2003)

» Spot Magn *paPewD Exp

31
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Extension with NbN thermometry: subpicoWatt ff[
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Electrodes SN
(Cr/Au) )
Heéting beam /
(NBNX) \ /
b S L4 L Electrod
\ Sensing beam (C?fALO) 7

“(NBNX) 4

L8 @ﬁ

REVIEW OF SCIENTIFIC INSTRUMENTS 85, 094903 (2014) ¢

Sub-picowatt resolution calorimetry with niobium nitride thin-film

thermometer

Edward Dechaumphai and Renkun Chen?
Depariment of Mechanical and Aerospace Engineering, University of California, San Diego, La Jolla,

(a) ° Flesistancel ) California 92093, USA
—Mott's law hrung“7 8
- - -Calculated TCR
o alculate | (b) s
5 Fg 6
£ at v
E |
Aogl = % 5 < 1 x
" 10 laF = £
5 { 3
b*4
{ 105
_____________ 1 ot
10° ' ' : : ;
0 50 100 150 200 250 300
Temperature [K]
0

50 100 150 200 250 300
Temperature [K]

32
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FEL
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Thin films
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e Heater=thermometer

* Thermal conductance

measurement at low
frequency (Cahill RSI 1990)

* Heat capacity measurement
at high frequency) Birge &
Nagel (RSI 58, 1464 (1987))

x AT *],.~ 1o (Ohmic component)
— T . ~1°~2m
*R~T~2w
~ ¢ V3a)N IacR N3(D
\\

v

D. G. Cahill, Rev. Sci. Instrum. 61, 802 (1990)

T J.-Y. Duquesne, Phys. Rev. B. 79, 153304 (2009)
Yanging Liu, OB, J. Phys. Conf. Series (2014)

34
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Signal treatment/measure using temperature modulation EEL
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* Focus on electrical based measurement

* Problems related to measurement using
continuous signal

* Preamplification of the signal before
measurement

 AC thermal measurements: proposed since
1910 by O. Corbino

* Measure by lock-in amplifier

. . Orso Mario Corbino (1876-1937)
* Differential geometry

(.M. Corbino, Phys. Z. 11, 413 (1910}, ibid. 12, 292 (1911)
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3 omega : Principles of measurement EEL
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Transducer: :
H heater and thermometerl_l Tpe ~w
L! AREEEEEENNR NNt E NS ! PJ°U|6 ~ Zw' ATGC ~ Zw, ARTF‘(T) ~ 2w
Vi~ Rie(T) - Tac ~ 3w
]

ﬁ

Thermal penetration depth:
D Low frequency regime: U >> 2b
IL[ — _— [D:thermal diffusivity} High frequency regime: lu << 2b

a)th =4.7[.fe

V,,(w) in low frequency regime --> k
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FEL

3 omega : Principles of measurement

Wheatstone bridge (biased by a voltage source)

. * [ Voltage |~
source
Imput
2 3
Sample | a- Rtr : I dV360inph. -1 RO
Transducer Rref [ = ( ) .

Ru I 4-7r-1 dho R ,+R
ref 0

Osc. out fl

Digital T "\ —~—~~—— =

lock-in
amp.

I :% (R,=120Q)

(Y. Liu, Jacques RICHARD, OB, TPS, Institut Néel)

37
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3 omega : Principles of measurement IEF/

institut
Differ‘en‘tial br‘idge (biased by a current source)
R.: -independent of f,
Vineasured = Viw * Vau ) - Subtraction of V,,, improving the ratio of V;—“’
V3_‘” " L AR 10-3 @
v, 1000 "R ~
fe: 100 ~ 1000 Hz
AC current
¢ source ... - 5 |
input fl
T T T T T T - ,}
: 2 73
! Vlw I I a * Rtl" * I dV3a)inph _1
Rref% | Pre-amy:. | : k — )
| V | _Osc.out 4,7z-,l dlna)
I - > 39 Digital
I + (x1000) lock-in amp.
|
Sample _l_l_ I
Transducer é |Pre-a :
Ror _I_I Vlw + V3w | dV3w,-,,ph
- el Jln a)' : slope from the linaire fit of V'3 O (In w)

Home made device
(Néel electronic service, Jean-luc Mocellin)

(Y. Liu et al., J. Phys. Conf. Series, 2014)
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3 omega : Principles of measurement FEL
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25
v’ Verification of current range: 20+
V. I =

3 — a4 ;s, 10

v' Contribution of the thin films thermal barrier:

t, ka 2b

one-dimensional thermal transport across the film
e Heat flux conserved through the thin film

]
i A thermal resistance barrier independent of f,

A shift in real part of AT

AT =1 _lmﬁ+,7_,-£ MEVALL
2 Q 4 2b

1, <<2b

_7Z'-k0
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How to extract thermal conductivity EEL
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ALO transducer
> R G insulator (~100nm) T (K) | 300K |
SiO, (188 nm)
SE— ks (Wmitket 130

Kee:mn (WM K1) 3.3

transduce

G e: M n Bttt i n s Ge insulator (~100nm)

SiO, (188 nm)

7 —n—Ge:Mn (10%) on GOI
) '\ —e— GOl substrat i
.\I
e,

6 | R \l\l—.\.l _
& \.\. A (AT/P) lll....-
< .\.\.\.\. -H- @ 300 K

5 e, 1 ke, = 60 Wm-K-!

@T=300K “Coee,
~ Keein = 3-3 WmIK1
4 T T T T T T I Y .
5 6 7 8 Reduction by a factor of 20
In(w)
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Membranes
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DC measurement: Hot wire method: for thin film and membrane EE[

institut

* In plan thermal
conductance ma
measurement dg

e DC current k' ok

e Silicon nitride
membrane

F. V6lklein, Thin solid Films 188, 27 (1990). V+ V-

42
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Ery

Method of measurements
thermometer/heater
3w method o
Metal line heated with |, = f(w)=Asin(wt) —
Sample

-> Dissipated power: Rl,2 = f(2w)
-> Resistance variation = f(2w)

-> Voltage variation = f(2w).f(w)
-> Measured voltage: ohmic part V(w)+ thermal part V(3w)

Volklein method heater
-Direct current

T
/"“I\ L4/2
T

N -
e Silicon
I frame

43
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Heat balance: measurement of the thermal EEL
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conductanceinthe ptane

3w / Volklein method: 3w on membrane V(3w) = f(K,C)

e =100/400 nm
e’ =~50nm
b=~20pum
L="1mm

l, = 150/500 pm

A. Jain and K. E. Goodson, Journal of Heat Transfer 130, 102402 (2008).
A. Sikora, H. Ftouni, J. Richard.., and O. B, Rev. Sci. Instrum. 84, 029901 (2013)
F. Volklein, H. Reith, and A. Meier, Phys. Status Solidi A 210, 106-118 (2013)
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/VEEL

Signal treatment: Wheatstone bridge

Problem: V(w)>>V(3w), V(3w)/V(w) = 3x10*

Minimisation of V(w) voltage thanks to a Wheatstone bridge

ay Viac N Reference:

Membrane +

NBN Thermometer/
Thermometer/ sample Rreference heater NN
heater WL
2 (V)
—/ > V,_measurement
R Ryariaple (Pridge balancing)
Viac

After balancing: V(3w)/V(w) = 0.4 (2V)

A. Sikora, H. Ftouni, J. Richard, C. Hébert, D. Eon, F. Omnes, and O. B, Rev. Sci. Instrum. 83, 054902 (2012). erratum Rev. Sci. Instrum. 84, 029901
(2013)

45
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3 omega technique: equations EEL
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0 o IZsin(wt) . dR
—T(x,t)—k—T(x,t) =2 [R+(—), (AT (x,1))]
PCp Y (x,1) o (x,1) T (dT)TO( (x,1))
Low frequenty AT 1 AT AT % High frequency A
TacmaX Temperature profile
N N
(M AT o :
-L/2 0 L/2
K sensitive K and C sensitive C sensitive
AI°R? 473 R>
‘/360 — - ¢ q K — —(Z‘ -
7 K(1+Qay)’ 7'V,

O. Bourgeois, Th. Fournier and J. Chaussy, J. Appl. Phys, 101, 016104 (2007)
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Thermal conductivity and specific heat measurements on very thin fﬂ

CIirs

membrane : 50nm thick institut
1 ' T I o 1 4.5 y T g T v T Y T v T
1.8x10° - ® T=100K i
o T=200K 4.0
. o T=300K | al
1.5x107 - Theretical fit - ]
: 1 3.0
1.2x10° . & 1
= _ § 2.5+
>" 9.0x10° - = 2.0
~— 4
] X 15
6.0x10° 1 1
] 1.0
1 —o— 50 nm
3.0x10° 1 . 0.5+ —e—100nm
1 10 100 00 T ——
T T T T T T T T T T T T(K)
0.8 - °¢° 4
. ° o0
@ SiN50nm 000°
4B o SiN 100 nm .03
. 8300 T
< o8
2044 . J
2 * ]
5% 2
0 ooss Hossein Ftouni, Dimitri Tainoff, Jacques Richard, Kunal Lulla,
L . ° . . . . .
82" Jean Guidi, Eddy Collin, and O.B., Rev. Sci. Instrum. 84,
i o 4
° 094902 (2013).
0.0+ @‘#;ﬁ T T T T T T T T T —
0 50 100 150 200 250 300

Thesis of Hossein Ftouni (I. Néel, 2013)

Temperature (K)

Tutorials, 14t October 2014, Eurotherm IV, Lyon, France 47



Generic method: measurement of thermal properties of evaporated fﬂ
materails TR

CIirs

T 1,40 @ BiTe thermal conductivity

1,35-
g fic

1,30

~ N

115
1,10
1,051
1,001

Thermal conductivity (W/m.K)

T T T T T . T . T T T T T T T * 1
100 125 150 175 200 225 250 275 300
Temperture (K)

Thermal conductivity of 200 nm thick Bi,Tes film as a function of temperature

0301 5 pgite specific heat o® |

0,29 i

0,28 ° .

0,27 2 ? .

0,26 - 0 i

Specific heat (J/g.K)
[ ]

Thesis Hossein Ftouni (Néel I. sup. O.B.)

0,25+ @ .

T T T T T T T T T T T T T T T T T T
100 125 150 175 200 225 250 275 300
Temperture (K)

5.3: Specific heat of 200 nm thick BiyTes film as a function of temperature.

Tutorials, 14t October 2014, Eurotherm IV, Lyon, France



FEL
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3 omega at the nanoscale
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3m method Measure in plane (longitudinal) FEL

institut

* Proposed by Lu et coll.
* Adapted for suspended | |

v

nanowires
* Low frequency limit
v )
\_/

I  thermometer (transducer) Joule Heating
| :
nanowire (suspended)

Lu L, ¥i W and Zhang DL 2001 Hew. Seci. Instrum. T2 20906

O. B., Th. Fournier and J. Chaussy, J. Appl. Phys, 101, 016104 (2007)
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@ Blocking phonons at the nanoscale FEL

* |Introducing of a serpentine
nanostructure in the
suspended nanowire (5um
long)

* Length scale 200nm

* Blocking only the ballistic
phonons

e Reduce the thermal
conductance

300 nm EHT = 10.00 kv Signal A = SE2 Date :25 May 2009 /"Eﬂ
Vi =271ed
WD =136 mm System Vacuum = 2.71e-006 mbar Time 17:43.05 s

Mag=13522KX  (Polarcid)
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Strong reduction of thermal conductance FEL

institut

e Reduction of up to 40% of the

| ——theory serpentine

thermal conductance M T )
* Model this system by 251 }_ | 7
transmission function analysis ‘ , v ‘
20L @ straight NW y 2
* Very good agreement between OF | B e . _
the model and the data § L ki - T -

* Concerning ballistic phonons the 1.0

reduction is of the order of 80%
0.5

0.0

J-S. Heron, T. Fournier, N. Mingo, and O. B., Nano Letters, 9, 1861 (2009)
J-S. Heron, C. Bera, T. Fournier, N. Mingo, and O. B., Phys Rev B 82, 155458 (2010)
C. Blanc, A. Rajabpour, S. Volz, O. B, Appl. Phys. Lett. 103, 013104 (2013).
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3 omega: Limitations at very low temperature IEEL

institut

0 0’ 17 sin*(wt) dR
~T(x0)—k_—5T(x1)=— R+(—); (AT (x,t
PCh 2 Te1) k=5 Tt === = (Rt (700, (AT (10)
Tacmax Temperature profile
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Phonon transport : specificity of low temperature ;,EEL

institut

0 0.1K 1K 10K 100K 300K
2 > & oV
> . N &K
<O N & &
N/
— Silicon nanowire of diameter: 100nm
. - U
Agom (T) < Agp (T) < L z;fi::/e Maxwell Boltzmann: Kk = 3s J‘C(Q))A(a))da)
}\dom (T) <L®” /\Cas < /\ph-bulk (T) E:gsll:nmer Casimir model KCas — IBACasT3
Ziman . _ 1+ P A
}\dom (T) ~L< /\Ziman (T) regime Ziman model Ziman ~— E Cask
Ballistic T = 1
L < Agom (T) <Ay (T) regime Landauer : 1+ A p /L




Finite size effect: Casimir theory for phonon transport £LL

institut

* Mean free path A,

* A.,=D (Diameter of the
nanowire)

 Boundary scattering: black
body radiation for phonons

 Still diffusive
e Comment on the specific heat
(kinetic equation)

; 2/3
Q?I_E _1;";'? { 'IIII :I u(_; Jli'l {las T_'i
dhd? L

K(T)=3.2x10* (

Breakdown of the concept of
thermal conductivity
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At low temperature, the dominant
phonon wave length is increasing:

Probability of specular reflection p(A,,,,)
depending on A .. (phenomenological
parameter)

dom

P(Agom)=0 (perfectly rough surface)
Agom<<mN, Casimir model

P(Agom)=1 (perfectly smooth surface)
7“dom>>n0

N is the root mean square of the
asperity

JM. Aiman Electrons and phonons (Clarendon Press, Oxford, 2001)
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Casimir Theory and beyond : the Ziman model CEL
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e Ziman-Casimir model

A where p probability of specular reflection

ph — 1 Cas

If p=0 transport is diffusive (Casimir), if p=1 ballistic transport

~167°n> e
Probability distribution of P(n) = 1 me
1) = . ¢
7o

p(A)=[P(m)e “= dn  asperity

— E‘:_"jﬂ-","rﬂ T E-] I:'-'ll Tio

- 4" 2 : a3
K(T) =1.35x 10 "‘( T )ﬂc_ﬂxr
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Ziman model of phonon transport: ballistic contribution CEL
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2.4 2/3 SA
K=32x10" 27 K W3 !_.__—

Shv? L
hv
/1 = S _ 1+ p —1 — —1 -1

PO 405k, T Ny =12 P Acay Aph Aeff +L

1.0} I-q.h...
a 0.6 - ‘m <g 14

00— ; ; : 0 B 6

T(K)

J.-S. Heron, T. Fournier, N. Mingo and O. Bourgeois, Nano Letters 9, 1861 (2009).
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%W Evidence of contribution from ballistic phonons FEL

Dominated by
the thermal
resistance of
the
wire/reservoir
junction

Fitting parameter:

! *Roughness h=4nm

Diffusive transport: ] *Speed of sound 9000m/s
classical Casimirmodely o Contribution of the contact
(Chang, C.; Geller, M.
Phys. Rev. B 2005, 71,

KI4K

Competition
between ballistic
and diffusive

regime: roughness 125304
[ ef?ect : - 0.1 )
1 10

T(K)

J.-S. Heron, T. Fournier, N. Mingo and O. B, Nano Letters 9, 1861 (2009).
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Beyond the 3 omega at low temperature EEL
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. A>>d (temperature defined over a volume A3)

* }“dom>>d
* 4 acoustic phonon modes
4k, T
K, = B~

3h

*  Conduction channel (Similar to the Landauer model of
electrical conductance)

*  Not dependant on the materials M R
*  Valid whatever the heat carrier statistic ! 2] x
*  Pendry, Maynard: flow of entropy or information
L
100 T =

10

K/4K

0.1}

0.1 1 10
T(K)

J.B. Pendry, J. Phys. 16, 2161 (1953)

R. Maynard and E. Akkermans, Phys. Rev. B 32, 5440 (1985)

LG Rego and G, Kirczenow, Phys. Rev. Lett. 81 232 (1998)
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FEL

institut

Mechanical technique based on bimetal cantilever:
an old thermometry

—_—
- inorease of

_ — —
—_—

fimad connacion
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Dual Cantilever Technique f[[

institut

-1
Grs
- y VWA A _T
end,1 end,2

Sensing laser c‘;/\_/}/\

Silicon chip -1 stray -1

Ge G2

Cantilever 1 Cantilever 2

T,

Heating laser

nanowire * G, — nanostructure conductance

oy Giyay - Stray cogductance
b G, , G, — cantilever

conductances. Usually G, = G, ,

C. Canetta and A. Narayanaswamy, Rev. Sci. Instrum.,
84, 105002 (2013)

COLUMBIA |[ENGINEERING

The Fu Foundation School of Engineering and Applied Science
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Method of attaching nanowires to cantilevers

FEL

institut

(a) Electrospin polymer fibers

Taylor cone

suspended

fibers grounded

— ~electrodes

(b) Bring cantilevers under a suspended fiber

Two cantilever chip
affixed to substrate

(c) Position single fiber

(d) Cut fiber ends

1 COLUMBIA |ENGINEERING

The Fu Foundation School of Engineering and Applied Science

2.0kV 12.8mm x600 SE(M) 2/13/2012 12:44 50.0um

Polystyrene fiber, diameter < 200 nm
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Measurement set-up EEL
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Lock-in amp.

beam

splitter microscope

objective

/

isolator

A

isolator
3 laser diode, A, §
diode 1

ﬁ;\ 10° L + _’ © PE (Shen) : '<T | / Y4 wave gﬁir;)t”ever
o + I ¢ Nylon-11 (Zhong) | 3 EO anzing plate

§ ® 3-PS (Canetta) % ele.l m

= « a-PT (Singh) o splitter

* 3

210 L ; ko

2z i - &

g [

_g R

s [+

Q 0

z ¢ o ]

= - COLUMBIA [ENGINEERING
ﬁ 1 The Fu Foundation School of Engineering and Applied Science

10'1 | 1 I 1 | 1 1
50 100 150 200 250 300 350 400 450
Diameter (nm)
64
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FEL
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Micro and Nanofabrication
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Clean room facilities f[[

institut

* A need for thermally isolated samples Heater
* Suspended objects (difficult) \\

* Optical photolithography (UV light, \{

monochromatic)

e Laser lithography (UV laser) Tmax
 E-beam lithography (electron beam) £ T
0
* Chemical etching (vapour or liquid), HF, \\
KOH, XeF2, CH3CF4 /
Thermometer
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An exemple: SOI substrate EEL

institut

. SOl: silicon on insulator

. The fabrication of the silicon nanowire are realized by e-beam lithography on SOI
substrate.

. Spinning e-beam resist

. e-beam isolation (structuration)

. Reactive lon Etching (RIE)

. HF etching, nanowire suspended

. Deposition of thermometer

v

Ay — thermometer (transducer) Joule Heating
N Si s8I0, . Shipley UVN2 nanowire (suspended)
100 nm 400 nm _ substrate
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Si or Silicon nitride membrane IEF/

institut

* KOH (liquid) need critical point drying, super-critic CO2
* XeF2 (vapour) avoid sticking effect

Si low stress membrane (VTT, Finland)

Si membrane stressed by SiN (VTT, Finland)
Chavez, APL Mat 2014
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More examples...

L. Shi Science 2010

SiN structure from Group of Li Shi,
Univ of Texas at Austin

FEL

institut

’fV(I((l((/I!(

D OO000000C

s

OO0 O000OC

\

Germanium structure O.B. group Néel CNRS

SINIS
Thermometer~

SINIS
Heater .

d Normal metal island
ESss e

SiN from Group of Maasilta Jyvaskyla Univ., Nature Com 2014
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Nanoscale tip for SThM EEL
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Kelvin probe

http://web.eng.gla.ac.uk/groups/nan
o/afm/TCouplePage.html

AFM tip: First test
with NbN
thermometer

- 10
Instioe Neetnianotan 11 ¢ SIOKY T gigen
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FEL
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Near field Thermal measurement
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Coupling an AFM with a thermometer EEL

institut

e Allows local thermal characterization

*  Mapping of surface (temperature or by 3 omega the thermal
conductance of the surface)

* Need an elaborated thermal model
o Radiation
Convection if not under vacuum
Contribution of the contact
Conduction through the tip itself to the heat bath
Estimation of the thermal contact

O O O O

Sample

N\ Water meniscus @ Water Conduction exchange Probe
'D Convective exchange \\, Radiation exchange
h Sensor/Sample Conduction exchange

Nanoscale, 2012,4, 4799-4829
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The tip and the experimental set-up EEL
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Wollaston tip Force feedback
logp
G R
Mirror %ﬂﬂ-ﬂr
v ; L. ’Mv /
Wollaston ", ~ \‘ \ ‘ % Fhﬂlﬂﬁiﬂd&
Wire ~ AR -
[ : \ ) Fd detector
| B Control * v
19 resistance s o Mimor
; 7 \ b
bl adls \
- Sample
Wollaston
Measured
. voltage
< frge Piezo-electric displacement
A " / system
075 im NN pratne thodié ] e
PtS0/Rh10 | - Topography > Thermal Image
N /.'__' 108 E
r 120 ars | 1
Lefévre thesis 2004, Ali Assi thesis 2014 I i I \
Group S. Gomes, o..‘ o : | : b | -
Microelec. Journ. 44, 1129 0.’"5“ S : " m
(2013) o Lron
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SThM based on fluorescence EEL
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* Fluorescence of nanoparticles of Erbium/Ytterbium

20 0.8 . . . .
= = Experimental data
[ 15 0.7 — Exponential fit
g_ "
s g 06 - 'l-@}
g 510} 2
ﬂ F
E E _§ 0.5
s i 0.4
T
gm'ﬁ -_:l L«‘L%“z'«'»'hﬁ? 480 520 560 800 03 00024 0.0028 0.0032
il AT (K
Filters
"1 Fiters PMT#2 Resistive stripe b AFM _ (m}
| B | (550 nm) i
Fluorescent Beam sa s »
particle splitter - = »
Lock-in #2
t 1 Lens (f=620Hz) p
1 Modulated laser =
diode (f=620Hz) = 0 0
= 980 1
" | objective e , lszo / lsso (AU (A0)
] |t {30
™ 16
Oscillating tip 7 26
Tapping mode f=6kHz z @ 14
f : ‘ ! 22
Mlcroelectronic% Analyzed zone s Y
ircui XY
circuit (X,Y,Z) stage (a) (b) i=omA (c)i=50mA

APPLIED PHYSICS LETTERS 87, 184105 (2005) L. Aigouy, G. Tessier (ESPCI)
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SThM with thermocouple f[[
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* Couple Au/Cr: 20uV/K

* Another junction serves as
references

from T.C junction

* Pramod Reddy Univ. Michigan
SThM probe

~10 nm contact
TN

Temperature field
Metal Seebeck
T ot T cold Coefficient (uV/K)
b Al -1.66
Au 1.94
) V ] Cr 21.8
Thermopower, S = V/AT Ni 195
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Calibration and measurements

FEL
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500

400

< 300
=
w

=~ 200

100

T T T T I v '
" p‘.’ o0e Thermocouple
gt Te
= Silver epoxy VTE
T
- 5
Si substrate Thermocouple

Heater

0 S 10 15 20

25
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Calibration and measurements

FEL

institut

Temperature map
Topograhic map |«

F N

Feedback

Controller

Lock-In

Amplifier

UHV chamber /

(b)

Out of contact

-

In-contact

=

Jump to contact

‘IIIIIIIII .IIIIIIIIIIIIIIIIIIII’

0.3 :
0.25 . 4 300

T [
4 200

02} [
0.15 | . 1100

0.1 r"‘ 10

0.05 Temperature -100
0 =200

0 50

T50 200 250 300

700
Piezo position (nm)

(NU) 82404
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Sensitivity and spatial resolution EEL
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(a)
Tr
Rcan
v
-
c
a4 300
Rtip * (b) ! :
T, < 3° 250
© 3
e —
Rrs v = - 200 8
g 2 150%
TS o - :5_
Q Sample 81 100 =
S [ 3
(72] 1 ~—
S 50
= 05
0
0 0.5 1 1.5 2
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FEL
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Optical methods: Raman thermometry and thermoreflectance

Advantage of contact less method for fragile membranes
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Introduction

FEL

institut

* Interaction between light and matter

* Elastic scattering Rayleigh

* What is Raman scattering ? Inelastic scattering
* Brillouin scattering ?

L. N. Brillouin C. V. Raman

1888 — 1970

1889 — 1969

Main achievements Main achievements
1. Brillouin Scattering (1922) 1. Raman effect
2. Brillouin Zones (Solids)
3. WKB method (diff. egs.)
4. Perturbation Theory

Nobel Prize (1930)

28 of February 1928

L. I. Mandelstam

1879 — 1944

Main achievements

1. Inelastic Combinatorial
Scattering
21 February 1928
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IR absorption and Raman effect in simple words....

FEL

institut

IR ABSORPTION

Incident photon

E.

RAMAN EFFECT

Incident photon

E.

scattered photon

O ® O ® O
Ephotons = Ephonons = 50 meV
exciton
(o]
_________ > o
scattered photon
® o © ® 0 ® 0 P
. _________ > ‘ Ef
. Ephotons = EeIectrons (ViSibIe range)
Ei-Ef= Ephonon

Tutorials, 14t October 2014, Eurotherm 1V, Lyon, France
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A//'
Experimental determination of Raman spectra. FE/

institut

LASER + Single + edge or LASER  +  Triple spectrom.
notch filter
& grating « grating
c)"b& c,’b(o
Lens Lens
Notch Double
filter Substractive
spectrometer

o | o S
Y ccD . CCD
< <

i) High luminosity. i) Lower luminosity.

ii) Capable to achive 10 cm™ from the
incident laser.

iii) Suitable for acoustic or optical phonons.
iv) Stokes and anti-Stokes

ii) Capable to achieve 100 cm™ from the
incident laser.

iii) Suitable for optical phonons.

iv) Usually only Stokes capable.

v) Extremely user friendly.
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Ery
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The Raman process takes the following steps:

1) The incident photon excites the semiconductor creating an
electron-hole pair (exciton).

2) The exciton is scattered to a different state through the interaction
with a phonon.

3) The exciton recombines radiatively with the emission of a photon.

Intensity (arb. units)

200 300 400 500 1200 1250 1300 1350
Raman Shift (cm™)
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Raman scattering: probing optical phonons ff[
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20
SI T T T T
[£00] [LLo] [geL) Silicon
151 =, e | 35K
> = N | ce0 —e—0— " .«r{;_{?_“__.l Zone Center LO
"~ -~ . -
= : "
= rd B p 2 |
:IE' | - " Ty >
& / "~ °
g .|:|. Fo, _fi{ S
g l/ a— -'i-. ..’f -é's
= = ST B N, s @n L
-'f ._::n u'\' .‘r 'E.‘ QCJ
5K o H’Wf&wﬁ_ﬁ_ﬁ%hmb\u\h- . E
g A \ I3 g
n Wy m u
Vil \\Val B
0 | | | | | | | | I 480 500 520 540 560
0 02 04 06 08700 08 06 04 02 0|00102 03 0405 1
Red. wavevector coord. £ Raman Shift (cm )
A 0
>
- .
G Stokes Anti-Stokes
C
—
c
N
7
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RAMAN THERMOMETRY: EXPERIMENTAL SET-UP EEL

fi

ser |

institut
1) Accurate definition of the absorption coefficient A by measuring incident (Pi), ‘ 5y 800
. | (a) - Heating (b) |
reflected (Pr) and transmitted (Pt) power 1700
2) Measuring the Raman shift of the Si LO phonons as function of the absorbed power OT/ARS =46 (1) Kiem" |
2] 1 —_
3) Calibration of the T dependence of the Si LO Raman mode = 4500 <
O 1 o
4) Solving the 2D heat equation using FE simulations with T and P, as known parameters 8 4400 §
é\ 1 Q
2 o Ref.[21] - 300 g
. 2 ® This Work ] s
Reflexion E L r=115um 1200
4100
-E' — dT/dRS = -174 (12) K/iem™ & |
v 7\ 513 516 519 522 510 513 516 519 522 525
.-g . @Z T T T Raman Shift (cm™) Raman Shift (cm™)
= - < LO (Si)

Intensity (arb. units)

&= I 1
480 500 520 540 560
Raman Shift (cm™)

Detectors %
Wi
Pabs

Transmission V2T — - exp(rz/a2)
J. S. Reparaz et al., Rev. Sci Instrum. 85, 034901 (2014) rra-d

J. S. Reparaz — Lectures on Raman Spectroscopy 85
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FEL
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Sensitivity versus temperature

T T T T T T T T T
(@]
524 ~ e -
E % %3 é'.i‘o ‘o Silicon LO mode |
523 | g '%; .
‘_A 522 - i\ —
| 5
m
E s21t . -
= | ? _
= \
w0 520 [ é =
= AN
% r l\i A
& 519 . -
o N
518 | (- O- ) Menendez and Cardona, PRB 29, 2051 (1984) \ <
L1 ( ® , M ) Reparaz, et. al. (unpublished) O
517 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1\—

o 50 100 150 200 250 300 350 400 450

Temperature (K)
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DRAWBACK OF THE TECHNIQUE EEL
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Pabs
kma?d

V2T =

4

exp(r®/a®)

T at laser spot - from Raman spectrum

Only two points!!!

Temperature (K)

T at frame - Room temperature

Distance from the laser spot (um)
» Temperature profile is highly non-linear

» No information of heat transport regime
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Can DRAWBACK OF THE TECHNIQUE FEL

institut

“2-LASER RAMAN THERMOMETRY”

A T T T
l I 400 g 4% scan &

) ., . I| * 2"Scan g
Thermometer =3 el &
~ _ >
(low power laser probe) = ol * ’;~
© ® 340 3
o a g\f %m
CE’- E 320 o o
s , s a9,
[ 300 0093 29,000
> 28930 20 710 0 10 20 30
Distance from the laser spot (um) Position relative to heating laser (um)

Silicon

- sio2 sz
Si Si

Solution:

Scan of the heat distribution profile by

independent heating and probing lasers!

“Heating Laser” (High power fixed laser)
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2-DIMENSIONAL THERMAL TEMPERATURE MAPS EEL
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: 850 K
294 K
< >
450 um

* The temperature distribution on the membrane is accurately probed

e The thermal field is isotropic since Si is isotropic.
J. S. Reparaz et al., Rev. Sci. Instr. 85, 034901 (2014)
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POWER DEPENDENCE

— 250 NM S1 MEMBRANE

FEL

institut

475 3 - v T T y T
450 | ° i 450 + 50 i, i
D osf ag
'S ; ’ °
425 : ° = 420 F 'C—Z‘SOA u
. o’ﬂt 2 -
é 400 | P L ? - O
® R = 390 .
© ") [ 4 O% "]
o 3751 . wofo ?? 2@9 7 *g
e o Y A S 360 i
@9 %9570 9 %9 00, = K =80 +3 W/mK
= 350 2 o’ﬁ%ﬁ &.0\ ° 2%% i > | 250
ga‘fq&“;,:? ST -7 L TR T K =133+ 6 W/mK
ﬁf‘b %0 ° ow PonP oap” 330 1000 = —
325 ﬁ&f@"?‘% ‘%Sﬁi@o
e @ ) KK =147 + 8 W/mK
T T T T T T T T T T T 2000
200 -150 -100 -50 O 50 100 150 200 300 ' ' ' '
o) 1 2 a
Position (nm) In (r)
e Q =)
T(r)=Ty— ——1In(r/rg) — k=Ko
27Tdﬁ30
. J
—Q/2nda
T a
o - R=T
J
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¥ EXAMPLE 2: S1ZE DEPENDENCE OF THERMAL
% TRANSPORT IN SILICON MEMBRANES

Ery
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Position (um)
1 10 100

4 1500 nm |
X 400 nm d
X s © 200 nm
100 nm |

max )

ATIT

Normalized Temperature Rise (

i) A\ << d Dpiffusive

Hot spot .j"/#)
e

i) \ >>d

®

Phonon-Phonon
scattering supression

 Suppression of phonon-phonon scattering
due to size effects.
* Role of surface roughness?
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Thermal properties of 10 nm thick silicon membrane /\/f[[

R | ] ] o rErE !
[ ! 4 ‘[' e }_g. 2
L[ i A % i .
E * o{ E){pt EMD
; f/ —n:
ﬁ C L
sl el sl el L
1 10 100 1000
Membrane thickness (nm)
500 — 1 T 1 R 1 : 1 : - - 1 - — UL
(a) § (b} 42 nm {c) 9 nm
L . 42 am & 1S o J—— & e
— 450 o H . o + ° o 450 —
< 9 nm ¢|1|» ) -4
o L) _ et | =17+ 2 Y
E 400 - -&rll\u %1": =33+ 3 Wm'K! | H:;IH: 3 ¢ WmikK- 400 E
% B | e, | "o o 5
7 3 2. LS o =
£ 30l ~ "f': < Lo + o, 350 E
@ % 2 *-33 i { =
R S Fﬁv _ Sy 4K =51 257 oo o
2 o0 %
bR a2 P e ;

30 45 0 15 3005 10 15 20 2505 10 15 20 25
Pesition, r (um) Ln(r) Ln(r)

Group of Clivia Sotomayor-Torres in ICN (Barcelona, Spain)
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@ Measurement of thermal properties of suspended graphene féz
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Schematic of the Experiment

Excitation Laser Light

7 Suspended
Single-L
Focused Laser Light Glr';%henaew
Graphitic Layers Graphitic Layers

A.A. Balandin et al. APL, Nature Nano., PRB etc...

Graphene sheet
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A way to improve the resolution
* Tip enhance Raman Scattering (TERS)
Diode Laser -_
Controller
Detector
Enlarged
“antilever and Tip
v
Raman
Spectrometer
200nm 528 .
— Silicon Raman Peak
—; 526 |
= g N B
= 524 £ B
Z 2 \ Micro-stage -
g sz \__ Computer
& B R 3-D Micro-stage
S0 %0 ieo 240 320 509 525 5%
Temperature (C) Raman Shift (cm™)

Nano Reviews, Vol 3 (2012)

J. Wessel
J. Opt. Soc. Am. B 2, 1538 (1985)

100 nm
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Time domain thermoreflectance

Experts: Bernard Perrin (INSP, acoustic properties), Stefan Dilhaire
and co. w (thermal properties, Univ. Bordeaux, LOMA), David Cahill
(thermal properties, Univ. lllinois at Urbana Champ.),
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e Thermometry: temperature
variation of the coefficient of
reflection of the materials

 Aluminium: AR/R=10"

detector

substrate
opaque thin film

opaque thin film
transparent substrate |

— pump pulse
pump pulse | Nd: Yag 8 ns, 90 mJ

8ns, 90 mJ 1063 nm |
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Principle and experimental set-up EEL
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(a) Probe pulse e QW l
-‘—:; Detector w
3 # B AR .
© Pumppulse } e 9
Delay t 3 ® " g 5299000000%% |
l.=—F LS R e
T wmmm Filter MW
] ¢
e:® gg 88888855
: g 6 MOQ 0 “ 4
& A -4 L0 404D
F. 34 D9 O D 404 3
L N N N R e RE TN RN SR TN N ] LA A A A
DIV III99999 Substrate
(d) RegA:250kHz,800nm
% i
- g g % | Amplifier
BBO s =7 Detector
Lens a ®
Bandpass Filter Bandpass Filter
Polarizer
Half-Waveplate
Delay StageI y
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$ F o8 0 0 & % 8 4 % 0 0P 2

AR/R

l

@) | —I—AF( ) L | 102 1l
i i '\AIJ ‘J '. ll\ |I‘ Il
) l
50 100 150 200 250 300
Delay (ps)
To = 35~ 107%)

» Temperature sensitivity

» Thermal Lateral resolution

» Time resolution

Taken from Stefan Dilhaire (LOMA)
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TDTR versus 3 omega

 Accuracy is typically limited to several percent
due to uncertainties in the many experimental TDTR ypparameters
— Metal film thickness

— Heat capacity of the sample if film is thick

« But many experimental advantages

— No need for electrical insulation

— Can separate the metal/film interface thermal
conductance from the thermal conductivity
conductance from the thermal conductivity

— High spatial resolution

— Only need optical access: high pressures,
high magnetic fields, high temperatures

See papers by Cahill Univ. lllinois Urb. Champ.
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Conclusions
Measurement at the nanoscale : comparison and numbers
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Comparisons of the various techniques EEL
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Thin membrane 1/x dX/dT
films at RT
No Yes Yes 102

Differential 0K-400K <1mK Yes nW/K pW 0.1/1%
3 omega 1D/2D 0K-400K <1mK Yes Yes Yes Yes 102 pW/K fw 0.1%
3 omega Semi- 0K-400K <10mK No Yes No Yes/No 102 nW/K nW 1%
infinite
SThM resis. RT Few K / Yes ? Y/N 103 uW/K ? 1/10%
Fluoresc. SThM RT 1K / Yes Yes Yes 10° uW/K ? 10 %
Bimetal RT <1mK Yes No No Yes 103 10 nW/K pW 10%
Raman 100k<T 20K Yes ? Yes No 10 ?? ?? ??
TDTR 4K-300K Y/N Yes Yes No 10° ?? ?? ??
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Application in biophysics
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CrossMark
APPLIED PHYSICS LETTERS 102, 203702 (2013) @ ek o op
Thermal conductivity of single biological cells and relation with cell viability
Byoung Kyoo Park,” Namwoo Yi," Jaesung Park,? and Dongsik Kim-?
'Department of Mechanical Engineering, POSTECH, Pohang, 790-784, South Korea
“School of Interdisciplinary Bioscience and Bioengineering, POSTECH, Pohang, 790-784, South Korea
ey i
= 0.68
AwCy thin strip :‘
Dielectric layer -'E 066 T %
(Silicon oxide) = % Hepatocyte -
=
Veettom | 09 5, 06 ONIH 3T3 12
Tl £
T o082
Glass "'.'=.. ’ ,%
§ 05 & )
J’ E oss | %:;’ ,,,,,,,,,,,
-—
. =
0.56
@ Live cell Dead cell
— Injection FIG. 4. Thermal conductivities of live and dead cells.
\
‘Glass ‘
FIG. 1. Schematic design of the instrument.
FIG. 2. Photographs of deposited NIH-3T3 J2 cell on sensor surface.
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Thermal measurement of DNA fiber
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The thermal transport is strongly affected by the denaturation of the DNA strands
(@) i : — T
40 high T PBD = = —4 |
s Full PBD —__ ’F
o-“‘*o——o———-—of—-o—“'f highTJB » = « « « .
0 100 200 <13;'J[;K) 400 500 600

FIG. 1. (Color online) Schematic of DNA between two heat

reservoirs that probe its structure via an energy current.
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Polymeras chain reaction (PCR) EEL
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Silicon substrate

Nitride membrane

Ileater line Temperature sensor

g1zale

Figure 5. SEM of a microheater device used for
studying the effect of thermal gradients on nerve cells
[Jain, er al. (2009)].
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* Technique used to
duplicated DNA
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Available online at www.sciencedirect.com
SCIENCE DIRECT?® N
@ ultramicroscopy

Ultramicroscopy 106 (2006) 678—686

www elsevier.com/locate/ultramic

Nanometer-scale heat-conductivity measurements on biological samples

W. Haeberle', M. Pantea, J.K.H. Hoerber™?

Wayne State University Medical School, Department of Physiology, Detroit 48201, MI, USA

Received 5 October 2005; accepted 6 January 2006

Fig. 4. Image A depicts a 2.2-um scan on a human hair that was bleached and pretreated with strong detergents. The color texture corresponds to
variations in the heat flux of about 100 nW from dark blue to violet, with decreasing heat conductance towards violet. Images B and C depict 8.8 um scans
of an untreated hair. The texture in B shows heat flux differences whereas in C it shows differences in friction. All pictures were made with the cantilever at

300°C.
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Review on nanocalorimetry EEL
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* Garden J., Bourgeois O.: Nanocalorimetry. In: Bhushan B. (Ed.) Encyclopedia of
Nanotechnology: SpringerReference (www.springerreference.com). Springer-
Verlag Berlin Heidelberg, 2012. DOI: 10.1007/SpringerReference_340054 2012-08-
21 14:19:29 UTC.

1) i frame
2) SiN membrane

il 3) siisiand
4) Heating element
5) Scholtky junctions

Encyclopedia of
Nanotechnology
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