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Thermal radiation involving small sizes...

Near-field thermal radiation
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Back to basics...

Random motion of charges These fields act on
generate EM fields charges of other bodies

d=ExXB

oscillating

Maxwell’s equations
— Green’s tensors

FDT + Maxwell’s equations = Fluctuational Electrodynamics
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Fundamentals: thermal radiation between 2 surfaces

Z
Hot body Th,J
Hot body '&"h
k
f@\ d> Ay d< Ay
Tk = 2sing B -
P ||E||< Cold body T,
\ 4
Cold body T,
w? 1 1 G
g = Z J dow ;5 ho (—5 - ) j dk, theep (@, k,) + f dk,Penn (@, k,)
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‘ 1 / e(w) photon
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Polder & Van Hove, PRB (1971)
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Converting thermal energy into electrical power...

2|

window

Thermo- High-temperature : Near-field TPV  Thermophotonics Hybrid
photovoltaics TPV devices
] [ ~2500K | |
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...breaking Planck/Bose-Einstein limits
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Features of near-field transfer between surfaces

Mulet et al., MTE (2002)

Heat transfer coefficient

Near field Far field
7
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L
Stefan-Boltzmann’s law in near field?
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Temperature exponent seems different
Lucchesi et al., Materials Today Physics 21, 100562 (2021)
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Exchange area A [m?]
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10}
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106}

>40 experiments in the last decade
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Lucchesi et al., Nanoscale Horizons 6, 201 (2021)
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Our microsphere near-fleld experlment

Mlcroscope camera

i Vacuum chamber

Manual vertical
positioner

Xyz piezo
positioners

Emitter holder

Emitter
Optical fiber
Cryostat

Emitter

Sample
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Measurement of emitter temperature: R(T)

self-heating RI?

— Resistive thermometry

Quadratic
fit Spieser et al., JAP 121, 174503 (2017)
I8 [ I / I 1
— 2500 i i v/ tif cantilever
G -/ ¢
Y 2000 Maximum '
c sensitivity Electrical
..g 1500 - measurements: T < P
‘O
2 1000 . 9 0 .
Inferred _______C_il"___~ /Meltmg
500 zones 7 T —— =>—X
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Temperature [K]

Better calibration: Piqueras et al.

Lucchesi et al., Nano Lett. 21, 4524 (2021)
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L
Approach curves and radiative heat transfer
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Lucchesi et al., Materials Today Physics 21, 100562 (2021)




Distance uncertainties

= Temperature gradient = Attraction forces = Roughness

Cantilever Tip
JEES—

i i .
-‘1 4 Sphere
v \

Substrate

Measured by AFM Measured by AFM Measured by AFM
Negligible for small temperature 3 nm max =30 nm
variations

QO Mechanical vibrations > measured by interferometry
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. \r%{ sparse peaks!
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Time [s] :
Maximum measured amplitude =7 nm
for sample at room temperature ~ 30 nm
Lucchesi et al., Nano Lett. 21, 4524 (2021)
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Approach curves as a function of temperature
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L
Temperature exponent in near field

2 : . 1 ' 1
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Temperature power law exponent
Maximum conductance at

Sphere-substrate AT yiax AT of the near-field radiative conductance
configuration [K] [n“.ff‘f}_ﬁ] Far-field d =100 nm

(calculated) | Calculated Measured
Graphite-S10- 477 49=x1.0 4.30 2.88 2.84+£0.31
Modified S10:-S107 493 7.4x1.5 4.15 2.46 411042
Modified S10,-InSb 904 7.6x2.1 4.07 2.61 2.21+£0.27
Graphite-InSb 448 10.8=x2.1 4.18 3.01 3.67+£0.39
Modified S10,-Graphite 904  16.7 = 3.3 (at AT = 604 K) 4.30 2.89 2.80£0.36
Graphite-Graphite 904 68.9+13.7 4.32 2.82 2.92+0.31

Softening of temperature dependence in near field

Lucchesi et al., Materials Today Physics 21, 100562 (2021)
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l. Context
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Efficient near-field thermophotovoltaic conversion?

no experiment with efficiency above 1% in 2020...

% 10°
16 —— d =100 um
—— d =100 nm
— 14 hg=5.3 um
£ 12/ 730 K—-77K
E 10
=
5 8
T 6
©
2 4
wv
2 | Sea
0 L
0 5 10 15
Wavelength [um]
Work Cell E, [eV] Emitter T [K] Efficiency [%] P [W.cm?]
Bhatt et al.3, Nat. Com. 2020 Ge 0.67 at 300 K 880 0.003 estimated 1.310°
Inoue et al.2, Nano Lett. 2019 InGaAs 0.73 at 300 K 1065 0.98 estimated 7.510%
Fiorino et al.1, Nat. Nano 2018 InAsSb  0.35 at 300 K 655 0.015 estimated 3.4.10°
Mittapaly et al.l, Nat. Com. 2021 InAsSb  0.35 at 300 K 1250 ~8 0.5
Lucchesi et al., 2019 InSb 0.23at 77 K ~700

Lucchesi et al., ArXiV (2019) - Nano Lett. 21, 4524 (2021)
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Near-field TPV cell design

m

Poisson
dE e z(%":) 700+ 0.24
dz (z) = — - (n(z) —p(2) + Na(Z) — Ny (Z)) N, (em?®)— 10" 107 107 10"
05- m— 600 |
n .y — _ _ .
dz (2) = —e(R(2) = G(2)) Continuity 10- oz
d | 400
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dz ' ' | 300
dn 20~ - 0.20
Jn=e-n(DuE(z) +e- DnE (z) Na(m"’;; =10 200|
g0 == :
_ . __.pn 9 = hod Boz fod fosl'™
]p - € p(Z)ﬂpE(Z) € Dp dz (Z) =G 231 233 221 142 242 111 24 o
Drift-diffusion -
* Non-linearities
« Coupled equations Mesa
geometry

- iterative process

see also Francoeur et al.,

Blandre etaI Sci. Rep. 7, 15860 (2017) Tervo et al.,, and Feng et al.

Vaillon et al., Optics Express 24, 347515 (2019)
Cakiroglu et al., Sol. Mat. 203, 110190 (2019)




Near-field TPV cell design

Piezoelectric actuation

Heater: doped-Si SThM probe

— Emitter: graphite
sphere
D =40 pm

Vacuum Top contact: Ti (20 nm)/

Photoresist— d
(1.8 pm) gap Pt (20 nm)/Au (200 nm)
510, InSh (p type.
: ~ ;017_{1',01!2?“-3) 500 nm
InSb (nid — n type = 1015 cm3) '2500 nm
4 InSb substrate
(n type = 4.10Y7 cm3) 200-500 pm
(D " Back contact: Ti (20 nm /Au (200 nm)
Cryostat 77 K for InSﬁ) cefls to operate

Emitter

TPV cells and connectors

i o 3-axis
positioning system
Emitter holder
Optical fiber

Silver paste

Gold-coated surface.

Common
back contact

TPV cells sample
Cold finger

Individual
top contacts

Chip holder

Lucchesi et al., ArXiV (2019) - Nano Lett. 21, 4524 (2021)
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Output power measurement as a function of distance

Fixed V, I(d) measurements

10 ,
14 to 10-curve average 102 mV .
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\\ = 5
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£ 6 i St !
]
al ] 10l : decreases| =/
- 1 Photogeneration —
! quadrant L 4 _/
2 ! I I | L i
0 1 2 3 4 5 I(d) atz V 0 0.05 01 0.15
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> |(V)atzd

— Reconstruction of (V) = f(d)

— Maximum power as a function of distance

Lucchesi et al., ArXiV (2019) - Nano Lett. 21, 4524 (2021)
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Temitter [K]

Contact determination....

100-curve average with standard
deviation
& systematic error

0in the far field |

Cell voltage =0

4
z-piezo position [um]

Lucchesi et al., ArXiV (2019) - Nano Lett. 21, 4524 (2021)




Near-field thermophotovoltaic conversion

Generated

Near-field conversic

Near-field exchanged
radiative power [uW]
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-
77K D=20um

p-doping 107 cm™3
substrate 200 um

Estimation of s
propagative z ¢
contribution % |
\
surement \

10

10°°

Distance [m]

8
6
4f
2.
0
215/
5
2
2 1]
805
Q
g50'
> 40
2 30|
S 20
10 |
0
0

Distance d [um]

Lucchesi et al., ArXiV (2019) - Nano Lett. 21, 4524 (2021)
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L
Which modes contribute?
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Lucchesi et al., ArXiV (2019) - Nano Lett. 21, 4524 (2021)
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L
Photon conversion into electron-hole pairs

100 , T - .
Measured near-field efficiency 732K
a0 w— Estimated efficiency ‘ 4
Estimated dficienc'y !:; _’r:diativc power d \
— nao,
80 absorbed atd < 4., 77K @B 0=20um
Number of electrical charges generated and p-doping 10" em?
== rcollected by the cell divided by the number of substrate 200 um

70+ photons absorbed at 4 < A'g?:‘" K Prax / ” z
GV 1ax
Gnr cale\@ 0 [
60 F TN -ﬁ,—’hh d{‘:)( ) d(u) + (L:E;;- 7K _h_‘lFF,m(J‘.;( ") d{u) -
50 -

40

Conversion efficiency [%)

30

20 Pitax/ Qur, exp

10
Pyax/(Qnr. cate + Qrr catc)

0 . . :
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Lucchesi et al., ArXiV (2019) - Nano Lett. 21, 4524 (2021)




L
Current SoA for near-field thermophotovoltaics

Work Cell E, [eV] Emitter T [K] Efficiency [%] P [W.cm?]

Bhatt et al.3, Nat. Com. 2020 Ge 0.67 at 300 K 880 0.003 estimated 1.310°®

Inoue et al.2, Nano Lett. 2019 InGaAs 0.73 at 300 K 1065 0.98 estimated 7.510%

Fiorino et al.1, Nat. Nano 2018 InAsSb  0.35 at 300 K 655 0.015 estimated 3.4.10°

Mittapaly et al.l, Nat. Com. 2021 InAsSb  0.35 at 300 K 1250 ~8 0.5
14.1+2.9
Lucchesi et al., 2019 InSb 0.23at 77K ~700 measured 0.75

(near-field )

* Low-bandgap semiconductors allow for both high efficiency

ﬁwer and high power output
* Need now to be developed at room temperature

i I

Lucchesi et al., ArXiV (2019) - Nano Lett. 21, 4524 (2021)




mm © INSA @)

Il.
1.
V.

VI.

VII.

Context

Near-field thermal radiation vs T
Near-field thermophotovoltaics
Near-field thermophotonics
Sub-wavelength thermal emission vs T
Concentric cylinders

Some prospects

S

o

J. Legendre

30



L
Controlling also the emitter spectrum...

thermophotonics (TPX)

Modified Planck’s law

Energy (eV)

e 10 1 0.1
11020 [rerrTrTeT [rrrrTTeT T [rrrrrTeT
Heat source o
E 10
= 10~
Gads-based >
- 5 a . )
Zirp light-emitting du:n:l-zl!1 oo o JLED % 1000
¥ PE
p-type S
— — X 110
| | 7 5 10
et N N N P E
= = ” o mms Thermal radiation
'I_:: r"'F"FT'-' g 10_20 ~ s €U = 0.5 Eg
= ¥ .
Zpy Upv, Ipv © eU=F
4{‘)10—30 L I ool L
Q .
+ o 101 10° 10! 10°
)

Heat sink

Harder & Green, SST(2003)
see also Oksanen et al.

Near-field: see Zhao et al. Nano Lett. 18, 5224 (2018)

n°(w,U,T) = 4

Wavelength (um)




Nonidealities: Internal Quantum Efficiency -
LED (600 K)

1 —-1IQE 0
J=e Ynlet IQE (Yem Yem)

d =10nm
Yabs — Vem e=10+i
Wavelength (um
gth (um) (W -

High 10 TRXnox  ERV D

Only small influence of E,

Low IQETBX 2 e LRV

Eg opt = maxof Plancklaw @ Tygp

0.1 0.5 1 1.5 2 2.5 3 3.5 4
Eg (eV)

— Thermal frequencies not required if IQE is high




L
Drift-diffusion equation in both LED and PV devices

High doping: simplifications

) 7
oyl _LED o0l PVcell
E
S 2 2
W, s L —~ 10° ' " '
z (m) z (m) : Total
E | — — — Propagative
() (b) L, L\ N e Frustrated
0 e g o e Surface
- ! g TN
> I .
> 2 i/ 5 \
0 =
10° 10 10% 107 10° 3 10° :
z (m) =
@ g .
L \
r P — 7 ——— x \
:: — S 102} ‘ ;
_ 1-5 1.5 L 1 L4 8 1 33 A a PR | PR | " 1 L4 & 3 a3
3, | . l 10°° 1078 1077 1076 107
iy | e EF" Gap distance (m)
1 | e
0.5 | 0.5 : Pl
5 — P ~— Huge flux emitted and converted,
-7 -8 -9 -0 -8 -7 - . -
AT om0 dem 1o 10010 only a fraction is harvested
z(m) z (m)

Legendre & Chapuis, Sol.Mat. 238, 111594 (2022)




L
Performances of PN GaAs-based NF-TPX devices

E, =14 eV
High doping
P ek (W.m~?) |
1.5/ U, ~Egle L’ 10° 1051 ,,.-"' ||
TS T T T T _ ’ |
Upv = UiepticlEg/@Ye! _ » 7 = "
—— & )
> . ¢ = |
: 1
& 1t ‘ 10?0 2 |
- _ a— "
r pv=Ypeo/IQE 2 10° I
> 5 e [ ar-field
Ep o o e Ref, case
Y05 < ""IF"'mI'=I"ILF.1::|I 1 o w/o surf. rec.
2 10 = Opt.
o Opt. w/o surf. rec.
No power production sss=s DB, IQE=0.9
zone 10§ m = = DB, IQE-1
0 . - -
0 0.5 1 1.5 0 0.5 1 1.5
LED voltage (V) LED voltage (V)

* Managing electrical losses and recombinations is critical
* Increasing the depleted zone in pin junctions

Legendre & Chapuis, Sol.Mat. 238, 111594 (2022)
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Thermal emission of a sphere

@

Q
EEff,tDt - CFT44S1TR2

2 2 0
Q:J do _ho__ Z Z(2£+1)[Re(Tf)— |Tf|2] ~Mie
0 I == |

¥(w)

Kattawar & Eisner, Appl. Optics 9 (1970)
, Kriger et al., PRB 86 (2012)
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Thermal emission of a sphere

o0 0o
o2
0— J dofo = 3™ N (214 1) [Re(T]) — |T7P]
0 T
B —1 " P=EM I=1 |
o~
= ) J(w)
Eff,tclt - O'T44TL'R2
10° Q; < R? — R3:volume emission
/"
,—””’ » .

R o skin depth
=107,
5 5
d ——Au s X R. _

—-Si0, magnetic dipole

—Class., Au

10 —Class,, SO, - \ Y |
10° 10° 10° 10° .
R (um) strong electromagnetic effects
Size dependence different than
for large objects
Nguyen et al., APL 112, 111906 (2018) see also Kattawar, Kriiger

36
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Thermal emission of a sphere

o0 0o
2
_ Fic P P2
0= dofo 2SS @i 1)[Re(T]) ~ [T7]
0 BT —1 " P=EM I=1 |
o~
= o J(w)
Eﬁ-,tﬂt - O'T44TL'R2
€eff tot >1 siC
10° 10°
— --¢(T) -
=3 —e(B00K)| @ oo====
=
= 5 10-10
< 1072 2
) o
d ——Au E
~+-Si0, £ 107
wl
—Class., Au
107, —Class,, SO, |
| 1 10'_30 — = -
107 10° 10° 10° 10 10° 10°
R (um) Temperature (K)
Size dependence different than Temperature dependence different
for large objects than predicted by Stefan-Boltzmann’s law

Nguyen et al., APL 112, 111906 (2018)
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Total hemispherical emissivity

~N

mm @ INsSA(

Temperature dependence of permittivity
Case of metals

l;l‘.ynn 1

Blandre et al., Opt. Exp. 24, A374 (2016)

N (m) .-.'_.Ip.
\ -—lilIII"-:'H'.'..
I... - 'Fi
l'r. *"
X '
. sl ’K
-'r‘ n (f.l'_], T')
0" 100 200 300 400

Temperature (K)

500

rad (W

102 um
110 pum
|1 um

0.1 gm
10 nm

11nm

Nguyen et al., APL 112, 111906 (2018)

10°
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Optimizing thermal emission with Mie resonances

i

Emissivity of a
large sphere

-100  -50 0 S0 100 150 200

Re(¢)

Blackbody = non-reflective medium that absorbs all radiation

Nguyen et al., APL 112, 111906 (2018)
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Optimizing thermal emission with Mie resonances

-2+0.0002i

7.023

247.9

€ supposed constant

R=1um

Ceffor — 3.98, T = 300K
1

-..__,‘-’_""'--.:

I 2 2
16.2 e 107
: ©

\ Eeofftot — 008,T = 300K
107

—¢g=-2+0.139i

£=32+0.0663i
10° : ' : :
0 2 4 6 8 10
o (rad/s) x 10"

Dipole resonance more

efficient because
‘broadband’

0

Nguyen et al., APL 112, 111906 (2018)

see also ACS Photonics 2, 263 (2015)
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L
Recap for sub-A4 finite objects

* Effective emissivity can be larger than 1
« S T*incorrect over large ranges of size/temperature
Q e Dipole resonance more broadband-compatible
than Mie geometric ones
* Isit possible to tune the temperature-dependance and
increase it for large surfaces with sub-A elements?

Recent measurements involve also the shape of the objects
Heat transfer between suspended

calorimeters Thermal emission from ribbons
10 L Measured T 0.2
= -+ - Blackbody v
¥ ! -+ Ratio 02
= 10%F e il =
= ° 0.15
'i = ﬂ =
> e =
 10%¢ M 5 2 0
O i o E
=) [ = L
5 | 2
™ L
é 10'F v ke 0.05
8 v
-Iﬂl:l L —_— ]
Thin film W=115um W=6.28um
Thickness (nm)
Thompson et al., Nature 561 (2018) Shin et al., Nat. Com 10 (2019)




l. Context
II.  Near-field thermal radiation vs T
lll.  Near-field thermophotovoltaics

IV. Near-field thermophotonics

V. Sub-wavelength thermal emission vs T’

VI. Concentric cylinders

VIl. Some prospects A, Alwakil

C_ & 5 3

Ll
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Refrigeration device: concentric cylinders

E Aluminum

Cooler/
heater

doped Si

Mykkénen et al., Sci. Adv. 6, eaax9191 (2020)

Cold zone

T<1K
Agp, > 3 mm

Thermal radiation is a
parasitic heating channel

mm @ Insa @~
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L
Electromagnetic modes for cylindrical objects

- Cylindrical waves  cos (ng), sin (ng)

07 |
i - Waves act as plane waves along z-axis e'*z?
- Polarizations are coupled Golyk et al. PRE 85 (2012)
/] L.
Vi, E/N-polarization E|,
H/M-polarization H,,
B S o {E} _f Jn(kcpp) {eiEZZ} {r:ﬂs (n.(p)}
H Hgl)(xpp} sin (ng)
n =1 a/A\p=1e+00 d/ Ay =1le-04
log(7)
-50

10°

10°1%°

T(w, Kz, M)

1-100
I -150
1 -200
o

-250

10:00.

0
° -300
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Radiative heat transfer from inner to outer cylinder

Trace formula for

unbounded medium
vs Kriiger al., PRB B 86, 115423 (2012)

10°
inner radius in m
Unbounded Green’s 10° —— 169
—e— 1e-8
ltens or 10* 5 e 1?87e-8
—v—3.51e-8
P 1 . 1/d T esee
T = -2 1m0+ 6T & . / o
iy 1— GOTQGOT% 5 102 —»—2.31e-7
JIm{Ty,}— To Im{Go}Ty] } B~ T asseT
| {Ha}. y “1-G§T;GyT; B "1 No radius o is2es
eavisiae 0 e 2.85e-
2 &~ . 3 "1 dependence 2eee
:—;H(k‘o—kZ)Re{pr(1+pr-l-Lpp-l—Dpp) : 107 N
* m -
+Wpp(Lpp +Wpp + Dpp)"} Polarizations u 10° i: ‘*—_.m
1 < 10° Small
~ ReAWerCrp + Lep(1 4 Dpp)” + WepChip N eylinders
10*
+ LppDpip} 10°  10® 107 10°  10°  10*  10° 107
C,D L W: distance [m]
Coefficients expressed in terms of ratios of cylindrical
Bessel functions (poles & singularities...)
Tn(rpoa) AJAG — K2 1 Ji(kpaa) 1 HyY(kp00)

Tarn = — Ar= B

Hy(kpoa) AJAS — K2 ! kp.aa Jn(kpaa)  €akpoa ngl)(ﬁp,oa)




e AN P
Regime map vs (a, d) and (4, )

Near Field
Intermediate
[ regime 1 Far field
a A< >« > < >

: -Ray optics
(1) i (2) . planar No curvature
o : p|a,.,a, . ;:);;fntefl.r effects
3 : approximation : i (4) "

_—_— : . ............................... -’ Ray optics
S ! (5) ' concentric
g | Full | cylinders Intermediate
£ ! computation . curvature effects
6 g ' 1 Y

x '.-----.-.-.-..'.-.-.-.-.-.-.---.-’ ................... -
woo® (7) (8 A

' Quasi- :single cylinder: Emission from | strong curvature

i static 1+ Pplanar . single cylinder

' : emitter : \J

' ' /1 » d

8 wien
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|.  Context

Il.  Near-field thermal radiationvs T

lll.  Near-field thermophotovoltaics

IV. Near-field thermophotonics

V. Sub-wavelength thermal emission vs T’
VI. Concentric cylinders

VIl. Some prospects
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Spectroscopy without spectroscope?

(6, w)
Near-field radiative ‘spectroscopy’ ‘
(d,T)
b —456K. Measureméms log(LDOS)
= 2| 2R, 2/d 2/dy,,
g“ 1016 T—_ g (10
: o104 PEAGE AT
E ) .5
;: '8 1012
P =
By
10 45
10° 10° 1010

0 i 2 3 s 5
Distance [pm] k [ra d m-l]
p -

0.88 ym

q(W. (rad.s™)~L.m™2)
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Energy-conversion devices

Near-field thermophotovoltaics

Wien temperature [K] 1445 722 481 361
Gap ene;gy [ev] o061 0,31 0,20 0,15
PbTeb InSb
GaSb B ppSe +—,"
6 u lnés L] Sn!re
InFy " Pbs
" .Ge

Si

SEOIORQ 217 kW.m™?

Lattice parameter [A]
wv

Planck spectrum
[1010 (W.m?2).m"]

3 —
2 4 6 8
Wavelength [um]

 Room temperature cells

e Higher operating temperature

* Smaller distances

Other near-field thermo-electric phenomena

| en

Near-field thermophotonics

yovgpao.q

* Refrigeration
* Implementation...
*  Moving to IR?

A [pm]

Thermionics and coupling with

near-field thermal radiation
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