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Graphene & thermal management

laser light heat sink

:ngraphene: v heat wave .'_‘—

T
silicon oxide 4 silicon oxide

trench

silicon substrate

Ghosh et al, APL 92, 151911 (2008)

) Suspended graphene has a very high in-plane thermal conductivity:
>1000 W/mK

=) Supported graphene: ideal substrate = heat sink!



Graphene & thermal management

Light-emitting diodes

Conventional GaN LED Embedded graphene layer GaN LED

Han et al, Nature Comm. 4, 1452 (2013)



Graphene & thermal management

Field-effect transistors

181 113
150 Temperature (*C) Igs

Temperature (°C)

118

AlGaN/GaN FET AlGaN/GaN FET with graphene/graphite

Yan et al, Nature Comm. 3, 827 (2012)



Graphene & thermal management

Fast photodetectors



Fast photodetectors

>50 Gbit/s

Graphene

Schall et al, ACS Photonics (2014)



Fast photodetectors

Hot graphene electrons

Contact

.. W 0N
22233328 T <— Graphene
“—— hBN

= Split gates

Photo-thermoelectric (PTE) detector

Song et al. PRL (2011)
Gabor et al. Science (2011)

Koppens et al. Nature Nano (2014)



Fast photodetectors

Hot graphene electrons

Contact

FZ2200 7'?‘:i:: : &~ hBN
- ".i."‘-“ ::"_."'.-'.”'.'._’_.--'.:."‘.: Vo o S Graphene
= N

= Split gates

Photo-thermoelectric (PTE) detector

AT,
Ay

.:::‘: - .::s

Use the heat!

Electron heat 75 phonon heat

&

Cold Hot Cold Song et al. PRL (2011)

carriers carriers carriers Gabor et al. Science (2011)
Koppens et al. Nature Nano (2014)




Fast photodetectors

Photo-thermoelectric (PTE) detector

ATe Pabs Pabs Tcool

g

Electron heat phonon heat

Song et al. PRL (2011)
Gabor et al. Science (2011)

Koppens et al. Nature Nano (2014)



Fast photodetectors

Photo-thermoelectric (PTE) detector

== Slow electron cooling is beneficial!

Pabs Pabs Tcool

o .

Electron heat phonon heat

Song et al. PRL (2011)
Gabor et al. Science (2011)

Koppens et al. Nature Nano (2014)



Understand thermal transport

==) Photodetectors: electron cooling?




Understand thermal transport

|Gch/phene

—
hBN

Efficient out-of-plane heat transfer:

Hot graphene electrons to hBN hyperbolic phonon polaritons




Graphene: Hot electrons

|Graphene

Hot electrons:
broadened Fermi-Dirac distribution

T =300 K
T’ = 2000 K

Distribution

Electron energy

Electron heat 75 phonon heat



Graphene: Hot electrons

|Graphene

E: E;

T.=300 K

Distribution

T’ = 2000 K

Electron energy

Planck radiation: coupling to far-field light in vacuum

k<w/c



Graphene: Hot electrons

|Graphene

T.=300 K

Distribution

I’,=2000 K

Electron energy

Planck radiation: coupling to far-field light in vacuum

k<w/c

Very inefficient!
. . Bistritzer and MacDonald, PRL (2009
=> Cooling to graphene phonons dominates Song et al. PRL (2012) —

(Governed by deformation potential) Graham et al. Nature Phys. (2013)
Betz et al. Nature Phys. (2013)



Graphene: Hot electrons

T =300 K
T’ = 2000 K

Distribution

Electron energy

Planck radiation: coupling to far-field light in vacuum

k<w/c

Very inefficient!

=> What about near-field radiation to encapsulant?



hBN: Hyperbolic phonons

Lower € Upper
200 { restsirahlen || | reststrahlen
band €| band
£ 100 - |
=
Q.
g | 4
@ —100 - | Typel
Hyperbolic modes: o0 -
sgn(e ) # sgn(e)
0.18 eV

Caldwell et al, Nature Comm. 5, 5221 (2014)




hBN: Hyperbolic phonons

Hyperbolic modes:

sgn(el ) # sgn(e))

Yoxall et al, Nature Photon. (2015)



hBN: Hyperbolic phonons

Hyperbolic modes:

sgn(el ) # sgn(e))

k=0

Yoxall et al, Nature Photon. (2015)



hBN: Hyperbolic phonons

Isotropic medium:

EJ_ZEH

k=w/c

Jacob et al, Appl. Phys. B 100, 215 (2010)



hBN: Hyperbolic phonons

Isotropic medium:

EJ_ZEH

k=w/c

Hyperbolic mode (Type 1l):
sgn(e ) # sgn(e))

k> w/c

Jacob et al, Appl. Phys. B 100, 215 (2010)



Near-field, hyperbolic coolingk

Graphene in vacuum

 Light cone with restricted k-vectors
* Low thermal energy density
==) Blackbody Planck radiation (inefficient)




Near-field, hyperbolic coolingk

Graphene in vacuum

 Light cone with restricted k-vectors

* Low thermal energy density
==) Blackbody Planck radiation (inefficient)

hBN-encapsulated graphene

* Hyperbolic modes with near-infinite
range of k-vectors
* High thermal energy density

==) Super-Planckian radiation (very efficient) <&
k,

More efficient than graphene phonon cooling?



Experiment

Hot graphene electrons

N\ | Contact
2l iIRRR SR s <4— Graphene
“— hBN

=\ Split gates

Photo-thermoelectric (PTE) detector



Experiment

Hot graphene electrons

Contact
e [ 222 R Rt e <4— Graphene
— * < hBN

) Split gates VPTE — (SQ — Sl)ATe

Photo-thermoelectric (PTE) detector



Experiment
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Delay time At (ps)

Vprg = (59 — S1) AT,

Access to temperature dynamics! AVPTE ( At) ~ ATe ( At)



Voltage dip AV, (norm.)

Ultrafast heating

_ —

AVors | N
R | )

|

Photovoltage (a.u.)

20 710 0 10
Delay time At (ps)

- / » Ultrafast response function
of photodetector

» Ultrafast generation of hot
electrons
==p Ultrafast generation of local
photovoltage: <80 fs

Heating
I

0 0.4 0.8
Delay time At (ps)

Tielrooij et al. Nature Nano 10, 437 (2015)



Cooling: varying carrier density

—————

| |vAvVPTEN// " ' -
A

Photovoltage (a.u.)

o

20 710 0 10
Delay time At (ps)



Voltage dip AV, (norm.)

Photovoltage (a.u.)

\_

0.1}

n=10"/cm’
E.=0.04 eV

n=1.7x10"/cm*
E.=0.17 eV

Delay time At (ps)

Cooling: varying carrier density

—~——— —

J_‘_A'VPTEN/_, —‘—‘—

7

P,

20

10 0 10

Delay time At (ps)

==p) Cooling time ~2-3 ps

==) Faster cooling for higher density

Tielrooij et al, Arxiv:1702.03766 (2017)




Super-collision cooling?

Disorder-assisted scattering with Graham et al. Nature Phys (2013)
Song et al. PRL (2012)

acoustic graphene phonons:
* Deformation potential

* Disorder density




Super-collision cooling?

e Su per-collision cooling is faster Graham et al. Nature Phys (2013)
for lower carrier density




Super-collision cooling?

» Super-collision cooling is faster
for lower carrier density

* Super-collision cooling
requires an unrealistic
deformation potential of 65 eV

Voltage dip AV, (horm.)

20 15 -10 5 0 5 10 15 20
Delay time At (ps)

Tielrooij et al, Arxiv:1702.03766 (2017)



» Super-collision cooling is faster
for lower carrier density

* Super-collision cooling
requires an unrealistic
deformation potential of 65 eV

 Qur device has a deformation
potential <35 eV

400 60 .
2
“© 200} - 440 5
b ‘_I ‘e 4 “.:j ” <">o
..".‘ r R =.
0 > 0 1 20

Voltage dip AV, (horm.)

20 15 -10 5 0 5 10 15 20
Delay time At (ps)

Tielrooij et al, Arxiv:1702.03766 (2017)



Cooling: varying lattice temperature

Voltage dip AV, (nOrm.)

P,

|

I

Photovoltage (a.u.)

20

\

_ T.=50 K
' "'& T. =300 K
b RS S temperature
%‘ :’ .g', KN .,‘”“_ :..
s R L
0.1 - A .‘-. .:. ¢ ¢ ) .:o“.: .'-. ‘
[ ' ' e '..'\ ‘ .
- . .\ : e -.'.. ?. P2
0 10 20 30 40 50
Delay time At (ps)

-10 0
Delay time At (ps)

10

\ Faster cooling for higher lattice

Tielrooij et al, Arxiv:1702.03766 (2017)




Normal collision cooling?

* Normal collision cooling (in Bistritzer and MacDonald PRL 102, 206410 (2009)
overheating) is not dependent

on lattice temperature



* Normal collision cooling (in Bistritzer and MacDonald PRL 102, 206410 (2009)
overheating) is not dependent

on lattice temperature

N
oo
o
o

* Normal collision cooling gives
non-exponential cooling with a
timescale >30 ps at RT

N
N
-
-

600}

Exponentia

Electron temperature T, (K)

A f 30.ps A "
0 20 40 60 80 100
Delay time At (ps)

Tielrooij et al, Arxiv:1702.03766 (2017)



== |n-plane cooling mechanisms are not consistent with data

Tielrooij et al, Arxiv:1702.03766 (2017)



Out-of-plane transport!

== |n-plane cooling mechanisms are not consistent with data

Tielrooij et al, Arxiv:1702.03766 (2017)



Decay time 1., (PS)

10

Compare with hyperbolic cooling

Tielrooij et al, Arxiv:1702.03766 (2017)



Compare with hyperbolic cooling

10 ~ 12 -
“
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== Cooling to hyperbolic hBN phonon polaritons reproduces the trends

Principi et al, PRL 118, 126804 (2017)
Tielrooij et al, Arxiv:1702.03766 (2017)



Hyperbolic cooling

o= [[[ S (e T — nale. T M . b

Energy transfer rate

Mark Lundeberg

!.'!»
Alessandro Principi
Principi et al, PRL 118, 126804 (2017)




Hyperbolic cooling

Q= ///_: d?(;]::)iky np(w,Te) — np(w, Tv) M (w, k)

Energy transfer rate

R _ R{Y(w,k)}R{a(w,k:)}
M(w, k) = 4 Y (w,k)+0(w,k)|?
Impedance matching function
between graphene electrons and
hBN phonon polaritons

==) No adjustable fit parameters
Alessandro Principi

Principi et al, PRL 118, 126804 (2017)



Hyperbolic cooling

o= [[[ o nalw. T — na(e TIM @, b

Energy transfer rate

0Q

Pcool — aT

Te=1r1,

Interfacial heat conductivity

*
Tca]c — H/FCOOI

Near-equilibrium cooling time

Mark Lundeberg

Go)

y

&

Alessandro Principi
Principi et al, PRL 118, 126804 (2017)




Hyperbolic cooling

o_ / / /00 dwdk dky "

0.20 /
M(w, k) = 4R @RIREl) +

Y (w,k)+o(w, )\2

| | 0.15
Impedance matching function =
between graphene electrons and U

- — (.10
hBN phonon polaritons i

0.0 06 10

k(10° /cm)

Principi et al, PRL 118, 126804 (2017)



Decay time 1,,, (PS)

Quantitative comparison

[ AT
1 1
‘pn—junction ‘ ‘np-ju nction ‘
0 0
2 1 0 1 2

Carrier density n (10"/cm?)

* Origin of the low-density peak?

 Effect of laser power?

Cooling time t°__ (ps)

Tielrooij et al, Arxiv:1702.03766 (2017)



Decay time t,,, (PS)

Quantitative comparison

Heat capacity (107 J/K/m?)

15 3
€
. X
a2 =
=
v =
E =
_ > 3
AT () S  Tos
1 1 § 3 hBN-encapsulated graphene
_ S 10.5
% i
0
02 1 0 1 20 0 0.4 0.8 1.2 1.6 2 0
Carrier density n (10"/cm?) Carrier density n (10%/cm?)
e Origin of the low-density peak? Fcool _ Q
aTe T.=1r1,
T — Interfacial heat conductivit
Calc 1l CcOO

Tielrooij et al, Arxiv:1702.03766 (2017)



Decay time t,,, (PS)

Quantitative comparison

N
;N
w

Heat capacity (107 J/K/m?)

E
. 2
g =4
E [=)
> 2
£ =
_ > 3
AT, (K) % 205
1 1 8 8 hBN-encapsulated graphene
S 10.5
I :GE’ graphene on MoS, |
‘pn-Junctlon ‘ ‘np-junction ‘ Planck limit < 10 W/K/m®
0 0 0l—a—— ; . , 0
2 1 0 1 2 0 0.4 0.8 1.2 1.6 2

Carrier density n (10"/cm?) Carrier density n (10%/cm?)

0Q

L e ) , ,
Origin of the low-density peak: Lol = e

Cl T =11,

T(;kalc — Un / Fcool Interfacial heat conductivity

Tielrooij et al, Arxiv:1702.03766 (2017)



Decay time 1,,, (PS)

‘pn—junction ‘ ‘np-ju nction ‘
0 0

Quantitative comparison

Cooling time 1", (ps)

2 1 0 1 2
Carrier density n (10"/cm?)

e Effect of laser power?

Tielrooij et al, Arxiv:1702.03766 (2017)



Teale (Te: TL) — Cn

Cooling time in overheating regime

Principi et al, PRL 118, 126804 (2017)

—

Quantitative comp

arison

T. — 1y, 4
Q

Decay time t,,, (ps)

N
Cooling time 1. (ps)

800 1200 1600
AT, (K)

* Longer cooling time with increasing laser power

e Consistent with hyperbolic phonon cooling

Tielrooij et al, Arxiv:1702.03766 (2017)



Summary

Graphene encapsulated by hBN:
Cooling of hot graphene carriers
through out-of-plane heat transfer
to hBN hyperbolic phonons

Tielrooij et al, Arxiv:1702.03766 (2017)



Decay time t,,, (PS)

Graphene encapsulated by hBN:

Summary

Cooling of hot graphene carriers
through out-of-plane heat transfer

to hBN hyperbolic phonons

Experimental agreement for varying carrier density, lattice temperature and laser power

10 12 -
8- £ 107
’.f 8. — : 3
a S 8 N 72]
6 7% 1 E-; °
P
q) 6 * P:
44 £ e ° 12
o
g 49 4
| 5
2 e »_ 8 2 <~ § _
v ‘ 1
15 15
am ° 250 o arrig ° 250
Ideng 1.5 300 T.(K) I deng; 1.5 300 T. (¢ . . . .
i "0%cmy  Lattice temperature Tu{ WY 0%y Lattice temperature f 400 800 1200 1600 ©
AT, (K)

Tielrooij et al, Arxiv:1702.03766 (2017)

Cooling time 1., (ps)



Outlook

Graphene encapsulated by hBN:
Cooling of hot graphene carriers
through out-of-plane heat transfer

to hBN hyperbolic phonons

==) Thermal management: ideal substrate = heat sink!

Tielrooij et al, Arxiv:1702.03766 (2017)



Outlook

Graphene encapsulated by hBN:
Cooling of hot graphene carriers
through out-of-plane heat transfer

to hBN hyperbolic phonons

==) Photodetectors: electron cooling?

Tielrooij et al, Arxiv:1702.03766 (2017)



Outlook

Graphene encapsulated by hBN:
Cooling of hot graphene carriers
through out-of-plane heat transfer
to hBN hyperbolic phonons

==) Photodetectors: electron cooling?

1.5 3

o
H .
125
e e -
A

—
T

Heat conductivity (10° W/K/m?)
Heat capacity (107 J/K/m?)

0.5f
hBN-encapsulated graphene
graphene on MoSz' 0.5
Planck limit < 10 W/K/m’
ol . . ) 0
0 0.4 0.8 1.2 1.6 2

Carrier density n (10%/cm?) Tielrooij et al, Arxiv:1702.03766 (2017)



Outlook

Graphene encapsulated by hBN:
Cooling of hot graphene carriers
through out-of-plane heat transfer
to hBN hyperbolic phonons

==) Photodetectors: electron cooling?

1.5 3

o
H .
125
e e -
A

—
T

==P Different encapsulant!

Heat conductivity (10° W/K/m?)
Heat capacity (107 J/K/m?)

0.5f
hBN-encapsulated graphene
graphene on MoSz' 0.5
Planck limit < 10 W/K/m’
ol . . ) 0
0 0.4 0.8 1.2 1.6 2

Carrier density n (10%/cm?) Tielrooij et al, Arxiv:1702.03766 (2017)



Decay time t,,, (PS)

Graphene encapsulated by hBN:

Summary

Cooling of hot graphene carriers
through out-of-plane heat transfer

to hBN hyperbolic phonons

Experimental agreement for varying carrier density, lattice temperature and laser power
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Cooling time 1., (ps)



