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Micro- and nanofabrication

1. Lithography and thin film
deposition (structures in 2D)
Single-electron transistor

2. Etching (structures in 3D)
Antenna-coupled micro-
bolometer




Temperature in an electronic device
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Generic thermal model for an
electronic conductor
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Electron-electron and electron-
phonon relaxation
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Kinetic equation

of(E,1)
ot :Iinel[f] — e—e[f]"‘le—ph[f]‘l‘---
. . (1-fE+hw)) (1-f(E-hw))
(in a spatially homogeneous case) iy \ /E’_ﬁ
VA NVANY
f(Ef/' ‘\Ef(E')

le—e|f] = —/dwdE’IfEe(EaE’@-‘)[f(E)f(E’)(l — f(E + hw))(1 — f(£" — Iw))
— (1= f(E)(L = f(E)f(E+ hw) f(E" — hw)]

(1-f(E+hw)) (1-f(E-hw))
E +ﬁm\ o E 'ﬁ(’)\ ho
o~ ~_~_ n(how) o~/ hfho)+]
V E/'

J-Te—ph[f] — ‘/[; dWI{Eph(EW){[f(E)(l - f(E _ hw)) - f(E + hw)(l - f(En]
< [n(hw) + 1] — [f(E — fw)(1 — f(E)) — f(E)(1 — f(E + Aw))] n(fw)}.



The energy distribution of electrons
In a small metal conductor

The distribution is determined by energy relaxation:

Equilibrium —Thermometer measures the temperature of the ”bath”

Quasi-equilibrium —Thermometer measures the temperature of the electron system which
can be different from that of the "bath”

Non-equilibrium —There is no well defined temperature measured by the "thermometer”
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Analogy between “electronics”
and "heattronics”
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Thermal response of an absorber

Steady-state heating ("bolometer™)
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Electron-phonon relaxation in
metals at low T
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FIG. 2. Emission and absorption of phonons of wave vector
q by an electron of wave vector k.



Measurement of electron-phonon
coupling of a normal metal wire

K. L. Viisanen and JP, arXiv:1606.02985

Pgen Pdet
Voltage, U —_
II +1- —
= 0.1MQ! )
Attenuated Amplified

coaxline  coaxline

Attenuatgd
coax Iinei
L]

Ground Four-probe

Al
leads E RE-heater
NS-

contacts? e
TR

Sample E

L_T
1
box  :CU wire NIS -probe II W

2pum

Copper and silver thin film wires measured



G,, - electron-phonon coupling
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Formal treatment of e-p
coupling at the end of the first
lecture



Quasiparticle recombination In

superconductor
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This process represents electron-phonon relaxation in a superconductor at low T.
The corresponding heat current is suppressed exponentially.

~ 5 o~ A/kgT
Pgp-ph = 63{(5)2VT o



Measurement of recombination In a
superconductor

Measurement of relaxation in an
aluminium bar, A. Timofeev et al, 2009, 10

V. Maisi et al. 2013
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Electronic heat conduction

1D heat diffusion along x-axis of a uniform wire with cross-sectional area A

- dT’
Q) = —GthA—d
X

In a metal, diffusive heat transport is governed by the Wiedemann-Franz law:

£O — 7'('2 (kB/e)Q/S is the Lorenz number and

G, Is the electrical conductivity.



Quasiparticle heat conduction In
a superconductor -
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Recent measurement on Nb

A. Feshchenko et al. arxXiv:1609.06519
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http://arxiv.org/abs/1609.06519

Single-electron transistor (SET)
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Steady-state heat transport measurement
through a single-electron transistor
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Quantum heat conductance

Electrons:

Electrical
coicd{;g?anceina O-Q — 262/]7/

ballistic contact:

2
Thermal G _ ﬂ-kB
Q

conductance: -
6h

Go and oq related by Wiedemann-Franz law
More generally:

Expression of G, is expected to hold for carriers obeying arbitrary
statistics, in particular for electrons, phonons, photons (Pendry 1983,
Greiner et al. 1997, Rego and Kirczenow 1999, Blencowe and Vitelli
1999).



Quantum limit of heat flow across
single electronic channels
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S. Jezouin et al., Science 342, 601 (2013)



Quantum thermal conductance by
phonons in a nanobridge
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K. Schwab et al., Nature 404, 974

(2000)
C. Yung, D. Schmidt and A. Cleland,
Appl. Phys. Lett. 81 31 (2002)




Electromagnetic transfer of heat
(photons)
Electron -

system [z Lyaw ] . | Electrical
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Schmidt et al., PRL 93, 045901 (2004)

Meschke et al., Nature 444, 187 (2006)

Ojanen et al., PRB 76, 073414 (2007), PRL 100, 155902 (2008)
D. Segal, PRL 100, 105901 (2008)

L. Pascal et al., PRB 83, 125113 (2011)



Radiative heat transport in an
electrical circuit

Voltage noise of a resistor:

Svi(w) = 4hwR;n;(w)

Bose distribution:

Su1 Sv2 n;(w) = ehw/kgl’_n 1
Rl Rz Current noise created by resistor 1.:
T, Ts Sr(w) = Sy (w)/| Ziot|?

Ziot = 1 + Ro

Spectrum of dissipation of energy created by resistor 1 and absorbed by resistor 2:

Spi2(w) = R2ST1(w)



Heat transported between two resistors

R, R, Radiative contribution to net heat flow
T, between electrons of 1 and 2:
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Classical or qguantum heat transport?
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Classical or quantum heat transport?
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Demonstratlon of photonic heat
‘ conduction
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2nd experiment

SAMPLE A in a loop ("matched”)
[SAMPLE B without loop ("not
matched”)] .

A. Timofeev et al., Phys. Rev. Lett. 102, 200801 (2009).



Heat transport in different set-ups
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Results in the two
sample geometries g —
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Photon transport over a
macroscopic distance

M. Partanen et al., Nature
Physics 2016.




Electron-phonon heat flux In
metals at low T

Hamiltonian of the electron-phonon system:

H = HE? + Hp + Hep

H, = E €, Q) ay H, = E hwqc, cq
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Electron-phonon heat flux

Hy = +[H.H,) = & [Hep. H,)
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Kubo formula (linear response):
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Electron-phonon heat flux in
metals at low T

The rate at which an electron at wave vector k is scattered to k’ = k — q with a phonon q emitted is given by

2m

Tickeq = 5 M?0(Ex — Ei—q — €q)[1 = f (Ex—q)l[n,(a) + 1. (1)

Here M? is the square of the matrix element of electron-phonon coupling, and

1 _
??.-pl:q) = m (2J
the phonon occupation number. We use 3; = (k sT:) L.
The electrons emit energy to phonons at the rate P. = f dEYN(Er)f(Ex) f dSQDP(q}equ; llc_q, ie.,
P, = - /dEk:\" (Er) f(Ex) / gDy (q)M*eqd(Ex — Ex_q — €,)[1 — f(Ex—q)][np(aq) + 1]. (3)
Here D,(q) is the phonon density of states, and N(FEp) is the density of states for electrons at the Fermi level.
Correspondingly, electrons absorb energy from phonons at the rate
27 N _ . - _ _ _
P, = ?l dExN(Er)f(Ex) / d*q Dy (q)MPeqd(Ex — Exiq + €q)[1 — f(Eirq)np(a).- (4)

The net heat flux between electrons and phonons is then

Q=P. —P.. (5)



We can first integrate over the angle # between electron and phonon wave vectors. In general for 3D phonons we have
Dp(q) = V/(27)3, where V is the volume of the system. In spherical coordinates, [d?q — 27 [~ dgq? fl d(cosB).

Further, Fy = Bk and Exzq = R (kFq) ~ Fx F R ;”Fqccrs@ where the last approximation is due to k& ~ kp and

2m 2m
q < kp. Then, collecting the angle dependent terms and integrating over cosf, we have
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Inserting this result into Eqs. (3) and (4), using the standard coupling with M? = M32q (scalar deformation potential.
longitudinal phonons), writing € = eq = fieyq, and dropping the index k we obtain
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Using (5), we then have
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Using the identity

fE) 7+ ) = LRI D)

and the symmetry f(—F)=1— f(F£), and f_xoo dE[f(E) — f(E + €)] = €, we can simplify (9) into
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This can be readily integrated to yield

12¢(5)mVN(Ep)ME & -
—_ 3 (ﬁj - .lllj )._.
ThSkpc,

~e p

Q

which is equivalent to the well known form

SR SNyt 5
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