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Introduction

Prof. Dr. Thomas RiedlI

asagn IR,
lj!f!‘g \I!TM:J Centers of interest in research and
i ” development:

» Scanning Electron Microscopy (SEM),

+ different measurement set-ups of

Scanning Probe Microscopy (SPM) (like
Optical Near-field (SNOM), Tunneling
(STM), or Scanning Force Microscopy

(SFM))
@ as well as their combination to

* hybrid systems.

650 m? lab space
(230 mZ clean room)
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Motivation and Purpose

World record in solar cell research: Perovskite-
organic tandem solar cells

9 Adv. Energy Mater., 2015, 5, 1500477}

Adv. Mater., 2016, 28, 6804-6834

* next-generation (perovskite-organic) tandem solar
cells reaching a new efficiency record of 24%
» published in Nature 604, 280 (2022)

Scanning Thermal Microscopy 4, @ 53733?.‘5"
Institute of Electronic Devices | Ralf Heiderhoff 4 [ WUPPERTAL




22.05.2023

Motivation and Purpose

MAPDbI, MAPbBTr,
a o a (b}
B o
Pourdavoud et al. Adv. Mater. 29, 1605003 (2017) Pourdavoud et al. Adv. Mater. Technol. 3, 1700253 (2018)
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Motivation and Purpose

Vertical Cavity Surface Emitting Laser

Distributed Feedback
Resonators

—=|~0.14 nm

Intensity / a.u
Intensity / a.u

E, =7.2 pJicm’ S
Innovative comprehensive failure and reliability investigations are mandatory to get

z 4 o 8 10 1z 50| gccess to the thermal properties of these devices and systems as a whole!

Energy density [ pJfcm?
. " E ¥
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Motivation
dimension of thermal characterization
um mm m km

C. Williams,H. Wickramasinghe, Appl. Phys. Lett.
1822 4 49(23), 1587-1589 (1986)

)
£
J.B.J. Fourier,
toda Theorié analytique de la chaleur,
YT = Chez Firmin Didot, pére et fils,
v M. Nonnenmacher, H.K. Wickramasinghe, 1822
Appl. Phys. Lett. 61 (1992) 168
Fourier law g=—1-grad T(T_")
general equation of C@T(F) _9d 1 aT (") + 9 1 aT(¥) + a 1 aT(¥) ta
heat conduction ot ax\"* ox ay\"” oy 0z\"? oz E

p: specific density  gz: amount of heat generated per unit time and unit volume
A. Freeman, Theory of heat, Cambridge University Press, London, 1878
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Set-up of Scanning Thermal Microscope

P. Tovee et al.; Journal of Applied dB
Physics, (2012) 112, 114317 150 /\/E

I. Joachimsthaler et al.,
Journal of Measurement Science
and Technology 14, (2003), 87-96

Dinwiddie R B, et al.;
30 UM Thermal Conductivity M. Ma
— (1994) 22, 668
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Measurements of temperature distributions

Voltage source:
local heat
dissipation in
dependence on
the heating power
density

G.B.M. Fiege et al.
Microelectron. Reliab.
38 (1998) 957-961.

Temperature

ﬂ
Scanning Thermal Microscopy
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Topography

K .
5 %: thermal noise

i—;: 1/temperature gradient

achievable spatial resolution:

mK Ax
|/\y =5— . JAf—— 130

10 nm: in ultra high vaccuum
W. Jeong et al., Sci.Rep.4 (2014) 4975

30 nm: effect. contact area in air
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Reliability investigations by means of SThM

10 A
\ /\ \ R. Heiderhoff et al., Microelectron. Reliab. 40 (2000) 1383-1388
=
. 8 - (o
5 -
2 A\ 8E s3] ,
E=N = Ol a
o 6 < e
e | Sapphire 2la
g Substrate R
=S o [ <
g | / p-GaN gl /
2 =T . © r/" %
27 pat S
§ . r
, J _
0 Al D
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Position in um
Topography Tempnearature

M. Palaniappan et al., Proc. 25th Int. Symp. Test. Fail. Anal., 1595: pp. 465—4/0
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Scanning Joule Expansion Microscopy

Vertical und lateral surface < > N\ Vertical

displacement detection on
an interconnect structure

iy

ref

ref 4

Lock-in |
A
Lateral

Lock-in Il

=

< Function
N generator ]

Piezo
L —
Topography data

ECU

2.1pm

Lett. 72 (1998), 37-39
Surface
displacement U (#)
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J. Varesi and A. Majumdar, Appl. Phys.

/ Fakhri M. et al., Microelectronics Reliability
Opm 50 (2010), 1459-1463
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Thermally induced mechanical stress analysis

Thermally induced

Electric current .
mechanical stress

FEM-model

M. Fakhri et al., Proc. Int. Symp.
Phys. Fail. Anal. Integr. Circuits,

IPFA. (2011).
doi:10.1109/IPFA.2011.5992792
Solution of thermal and thermo-elastic differential equations by Finite

Element Method and using experimental data as boundary
conditions

Scanning Thermal Microscopy
Institute of Electronic Devices | Ralf Heiderhoff
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Thermally induced mechanical stress analysis

2.1pm

Ty + 323mK

Surface

A Surface
Displacement U( 1)

Temperature T(T)

130kPa

v Ay

OkPa

Mechanical
stress (von Mises)

VDE-Promotionspreis 2011to Dr.-Ing. Anne-Katrin Geinzer
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Heat flows in Scanning Thermal Microscopy

Temperature Thermal conductivity
heat flow gvacuum [| [\ [\ [\ [| [\ [\ [ _rvacuum
very small from probe probe probe
current into
AN ‘\

sample

Tsample W\AA%“\/‘\(/‘\VZ‘ Tsample
heat ﬂow\ y high\‘ & probe T probe
from sample N current
into probe time

Localization of a highly doped
GaAs layer -
ncopeal Juncoped 7

500 T

1 0nm
50 nm n-doped 10" topography ~ 1HM 500 nm
500 nm

temperature of probe

o S——

sample

1 um

L.J. Balk, M. Maywald, R.J. Pylkki, Inst. .
Phys. Conf. Ser. 146 (1995) 655-658. thermal conductivity 0 nm
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Motivation and Purpose

infinitepowersolutions.com solarenergyfactsblog.com/ nextbigfuture.com

thin film batteries flexible solar cells bendable thermoelectrics

Performances/efficiencies are significantly influenced by thermal properties
(reliability, life time, thermoelectric figure of merit, etc.)

- Investigations of cross-plane and in-plane thermal transports in
dependence on thin film thicknesses

Scanning Thermal Microscopy
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Scanning Thermal Microscopy on thin films

A. Makris et al., RSC Advances, (2016) 6, 94193-94199.

probe on film

averaging of
integrated signal

o Tritm

Tsubstrate T\MA/\][\/V'\'/ - ‘substrate

ATAV\A—/—V\/\W- AT

Trim

probe on
substrate

temperature of probe
Integrated temperature
Oscillation of probe

time position

Scanning Thermal Microscopy
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Out-of-plane heat transport

— R. Heiderhoff et al.,

Microelectronics
Reliability. 53 (2013)
o 1413-1417
&
*Si substrate Ag;: 150 Wm1K1 =]
AlLO, films Ap05: 0.8 WmiK2
**Aa203: 0.47-3.5 nm
*DETHERM, (2017) http://www.dechema.de/Detherm.htm|
**N. Oka et al., Thin Solid Films, (2010) 518, 3119-3121
dfilm (nm)

o P
AT (drjpm < W
film @ Afilm

, W= 2"Tcontact

. p _ Gpum
AT(dfilm) = 7‘f—l “(1—e 2Teontact) + Teontace
um

optical image of fabricated

e ! —> enhanced out-of-plane heat dissipation
step-like film matrix

***S.-M. Lee and D. G. Cahill, Journal of Applied Physics, (1997) 81, 2590-2595
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Stefan-Boltzmann-like heat transport

13 — Q'vacuum 100
electr. = cprobe « 10 nm Al,O5film on Si
_ 90 |
gracuum _ Tyac=To o £ 9 measurement
probe T R 3 AE — fit of Stefan-Boltzmann
probe © = 80f heat transport

@ =

g%
@ 70

2

Q

58 eof
C

20 ‘

8 & 50 heating by a

A film Tfilm_TO 5 laser beam
Qprobe - R 40 i i |
probe 250 ~—_400 350 400 450
— Qvacuum _ Q* .
probe Stefan Boltzmann probe temperature Ty, in K
T. -T _4ritm
vac “film _ At Stefan Boltzmann (m4 4
R =e i maAcontact (Tfilm - TO)
probe

o Stefan-Boltzmann constant for phonons

Agitm: phonon mean-free path

AStefan Boltzmann
contact

*A. Majumdar, Journal of Heat

Transfer, (1993) 115, 716 : effective contact area for ballistic heat transport

Scanning Thermal Microscopy
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In-plane heat transport

Substrate Vs

bsubstrate < Mim

*glass substrate A, 0.8-1.4 Wm- K-
**TiO, films Aqgy: 2-8 Wm K-
**Ario2: 0.4 =1 nm

Tsubstrate W\MA/\A/ - Tsubstrate
Trum BAPFAA P Trim

time

ATA\;’%M\/WM— AT

temperature of probe

temperature difference AT in [K]

film thickness dg,, in [nm]

*DETHERM, (2017) http://www.dechema.de/Detherm.html.
**D.J. Kim et al., Int. J. of Thermophysics, (2004) 25, 281-289.
***C. B. Carter, M. G. Norton, in Ceramic Materials, (2013), 641-657
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In-plane heat transport

Heiderhoff R. et al., Microelectronics Reliability (2017),
doi: 10.1016/j.microrel.2017.06.064

temperature difference AT in [K]

TiO, layer considered as bulk
material in case of dy,, > 100 nm

-

film thickness d;,, in [nm]

*D. Chu et al. Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures, (2001) 19, 2874

. . e
Scanning Thermal Microscopy Zgé ﬁ?s:;i?:"
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Disparate anisotropic heat transport

temperature difference AT in [K]

fil film , film film
R in Cin Rcros Ccross
Rinterface
R C film thickness dg,,, in [nm]
substrat substrate R
sigigififieant et difiqilan@Stie¢aheBokirmann-
= T, lik®heat ity paiolo phbabis e éttating
phammﬁansp&r?a/., Journal of Heat Transfer,
for dg,, <100 nm (2013) 135, doi:10.1115/1.4023577

Scanning Thermal Microscopy 4, Q BERGISCHE

Institute of Electronic Devices | Ralf Heiderhoff E m'l’f::ﬂf’

Frequency dependence of 3w-method

i ‘d‘ ‘i( ot)
I

w
wave number k = f_
2a

thermal diffusivity: a = )l/pc
1/k >>d : @pey << 2ald?

D. G. Cahill, Review of Scientific 1/k <l oy, >2all?
Instruments, 1990, 61, 802—-808

temperature distribution of line heat source with thermal penetration depth . (approximation):

N P ,
= Joier) =

P jor 1 a 1
ek <ln(2) ~05772 =7 +>1n (r_z) - E1n(w))
analysis in the frequency domain

Uso,~Usw, _ P 1, dR
In(wy) —In(w,)  L-mw-1 4° dT

Scanning Thermal Microscopy e @ RNene iy
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Validation of 3®-method

FEM model of thermal probe: 1 L L
. 320 5
electrical thermal = \
oundary condition oundary condition o - | o
boundary dit boundary dit 410 In (r) 88%
=) deca
. Vo T,.=293K & - Y
L = 1o Sin(ot)  NEEd @ ©
iNt ~ fo ALY b o
o 2 300 N\ ]
v = - & R~ | €
Up = OV E e — i =0 L — 5
’ R S 290 =
R
A 0 2r, r
< ﬂ’i contact
SIS
= e
5@ §§ hN2
initial condition | Gk ,
Ti f 293K TDS = 293K 2rcontact
l; = 0mA — <2 naet : ~ In ()
Altes A. et al.: Journal of Physics D: Applied Sample r>2r tact -~ 1/r
Physics, 37 (2004), issue 6, pp 952 - 963 contac

UNIVERSITAT

. . AL
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Validation of 3®»-method

Altes A. et al.: Journal of Physics D: Applied

Near field condition of thermal probe: k é
Physics, 37 (2004), issue 6, pp 952 - 963

New approach of estimation Conventional estimation

>

viewer

source

sample
the";:a' , Heiderhoff R. and Balk L.J.,
probe  contact “Scanning Probe Microscopy-History,

o Background, and State of the Art”,
temperature distribution and in Handbook of Nanoscopy (Wiley)
frequencies depend on probe 2012
characteristic
! S. Gomes et al., Phys. Status Solidi A 212, No. 3, 471

Scanning Thermal Microscopy
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Set-up of Scanning Thermal Microscope
P. Tovee et al.; Journal of Applied Physics, Altes A. et al.: Journal of Physics D: Applied Physics,
(2012) 112, 114317 (2004) 37, 6, 952 - 963
100 pm
| —————
U = Us0s __P_ 1, dR

In(wy) —In(w,) l-mw-1 4° dT

D. G. Cahill, Review of Scientific S. Lefevre, S. Volz, Rev. Sci. Instrum. 76 (2005) 033701

Instruments, (1990) 61, 802-808 S. Gomeés et al., Phys. Status Solidi A (2015) 212, 3, 477-494.
Scanning Thermal Microscopy . Q e .
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Quantitative thermal conductivity analysis on doped areas

163

output voltage detected
at 3w in pVv

n-MOSFET

T.H. Lee et al., 27th Int. Symp. Test.
Fail. Anal., 2001: pp. 191-197

Scanning Thermal Microscopy 4, @ BERGISCHE
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Thermal conductivity distribution on active devices

Local thermal conductivity A(T) analyses GaAs/CrAu chip size: 3.5 x 3.5 x 0.15 mm®
. . . thermopile dipole
on micro-machined thin membrane DC pa ___“— antenna
using 3o method ' s.i GaAs
~ substrate
NiCr (80/20)

re;(stor

Imax

Interface

bulk material Aly46Gag s,As/GaAs membran (2 pym)
membrane — bulk |
A min . |
VRN bulk material max
e A
e N A =146 W/mK  Imin
g )~=115W/mK\\ /,\
\\ , , \
membrane N
20 o s \
— ’ N
. o . -, \
passive termination resistance membrane ZOym
—
A. Altes et al., Superlattices Microstruct. 35 (2004) 465-476 heated termination resistance
Scanning Thermal Microscopy i é
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Frequency domain of Scanning Thermal Microscopy
Electrical 3w-signal generation: D. G. Cahill, Review of Scientific
Instruments, 1990, 61, 802—-808
T(t) — R(t) R
N Am R(t) = Ry — dRAT - T/2 - cos(2wt-¢)
h
/\ \ ut) =1, Ry sin(wt) + 1, - T/4 - dR/AT - sin(wt-¢)
Iy sin(wt) a=dRAT —ly-T/4 - dR/AT - sin(3wt-¢)

Removal of conductivity information and impact of tip—-sample thermal resistance
from temperature measurements

Scanning Thermal Microscopy 4, @ 53733?.‘5"
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Scanning Thermal Microscopy on active devices
Local thermal conductivity analyses on a A
InGaAIP-LED under different biasing conditions: H max
1 7\‘min
,‘\ [ ‘
) A -
= 8 WWO\"\\‘\ Ny line
£ g 0.8 i ,.(V"’Jih)i analyses
o Q0 \ I
L = S
% s 0. _\'.ca. 250nm/ j2um
NS \ e
T = 04 _ A j
€ S — passive \ 4 i
o ° | |— reverse Y #y
2§ 021 forward WJ
&) )
0 [ ] |
o 1 2 3 4 5 6 7 8
position in pm
2um
R. Heiderhoff et al., J. Phys. Low Dimens. Struct. 1/2 (2004) 63-70 =
Scanning Thermal Microscopy . Q e .
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Motivation and Purpose

Lev Perovski (1792-1856) Adv. Energy Mater., 2015, 5, 1500477

cation A=

Adv. Mater., 2016, 28, 6804-6834

B =Pb, Cd, Ti, or Sn

anion X =1, Br, or CI

UNIVERSITAT
WUPPERTAL

Institute of Electronic Devices | Ralf Heiderhoff
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Thermal conductivity of halide perovskites

)‘phonon = § Cphonon - Amfp—phonon * Vphonon

Cphonon* Volumetric heat capacity
Amfp—phonon: Phonon mean free path
Vphonon Velocity of phonons

increasing stiffness

increasing thermal conductivity

cl

thermal conductivity [W/(mK)]

I
0.6 2
i 5 € =
= o7 E g
0.5 {2 \E'J <l ST ¢
< 2{ -gf‘\ e = = =
518 8 TEogr oy o
0.4 s © -~ g 2
' s o s e~ Er g
sl g v TG
<§( < g \i
0.3 s AR
2 2
I /\F\'\fp-phonon= 2.5+1.3nm I <§[
0.2
0.175 0.1 0.075

Cphonon vsound /3 [GW/mzK]

Haeger T. et al., J. Mater. Chem. C, (2020), DOI: 10.1039/DOTC03754K

Scanning Thermal Microscopy
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Quantitative thermal conductivity mapping

Uz, = Uza, P 1 dR

In(w;) — In(w,) ~ 1 -71-/1'110 ar

applying mixed voltage signal:

1
U(t)bridge = B Ug sin(wgt + @4)

- Uy sin(wpt + @p)

c: coupling factor [V]

signal: phase neglected

.

R -i(cos((Zwl — wy)t) — cos((2wy + wy)t) — cos(2wy — wq)t) + cos(2w; + wy)t))

L d
odr 4

Haeger T. et al, J. Phys. Chem. Lett. (2019), 10,
3019-3023, DOI: 10.1021/acs.jpclett.9b01053

Photo-diodes

out

Scanning Thermal Microscopy e @ RNene iy
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Quantitative thermal conductivity mapping

Mapping the low thermal conductivity of Cs,Pb,Br,:with high resolution
topography 50nm  thermal conductivity 0.6W/(m-K) H 25K
0nm 0.2W/(m-K) 19K

2 um
5W/(m-K)
W
L] Onm 043 —— U

Topography 0.2W/(m-K)

=

Haeger T. et al, J. Phys. Chem. Lett. (2019), 10, 033 w

3019-3023, DOI: 10.1021/acs.jpclett.9p01053 “"m-K
Scanning Thermal Microscopy i é e .
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Quantitative thermal conductivity mapping

Thermal conductivity of Cesium Lead Bromide Perovskites

coll. with Dr. Zaefferer

©3D-CsPbBr,
©2D-CsPb,Brg

BSE + EBSD

Scanning Thermal Microscopy 4, @ 53733?.‘5"
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Quantitative thermal conductivity mapping
CsyPb,Br, []0.6W/(m-K) Thermal conductivity of Cs,Pb,Cl,
g 1, XRay Diffraction (XRD) =
m-K ‘
02W/(mK) 1400 -
1200+ o ©
g g
1000 T o
0.33 W 1’&2 ¢ q
B33 800 ! ! -
m-K 3 g e g 8 Cs,Pb,Cl,
O 6004 | 2 2 w 4
o, o, 0.31—
CsxPb,Br, CsxPb,Cl, wol |8 8 m-Ki ]
| |
W =] o
3D:043 —  3D:049— 0] [S : J ]
. |
| oL 1
2D:0.33 i 2D:0.40 = o 0.49
W 10 20 30 40 50 60
. b o 2
uncertainty of +10% IR LT e 20 [°] el
3D-CsPbBr;: 0.4 W/(m-K) Woochul Lee et al., PNAS 114 (2017), 33, 8693-8697
T. Haeger et al., in MRS Fall Meeting, Boston, 2019, p. EN09.15.02
Scanning Thermal Microscopy i é e .
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Simultaneous Mapping of Thermal Conductivity, Thermal Diffusivity,
and Volumetric Heat Capacity Haeger T et al, J. Phys. Chem. Lett. (2019), 10, 3019-3023, DOI: 10.1021/acs jpclett.9b01053
. Qs (1 ray 1 jr aT(Z,t) .
7==-(3m (rz) 5In(0) +1n(2) - 05772 -7 e =A@
D. G. Cahill, Review of Scientific Instruments, 1990, 61, 802—808 [Qs] = E
Variation in thermal diffusivity s
Cs,Pb,Br, HO'O‘?’ mm?/s Volumetric heat capacity pc
4a CsyPbyBr,
specific heat:
CsPbBr,: 0.29 LK with p: 4.55 g/cm?® *
P
CsPb,Br,: 0.18 gLK with p: 5.85 glem?® ** ?
*H. Zhang et al., Cryst. Growth Des. (2017), 17, 6426—-6431
**Z. Zhang et al., J. Mater. Chem. C (2018),6, 446-451
1.4 Ji(cmK)
Pe 1.1 Jl(cmK)
average a: 0.3 £0.1 mm?¥s 1.0 J/(cm3K)

Scanning Thermal Microscopy 4, @ 53733?.‘5"
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Simultaneous Mapping of Thermal Conductivity, Thermal Diffusivity,
and Volumetric Heat Capacity Haeger T. etal, J. Phys. Chem. Lett. (2019), 10, 3019-3023, DOI: 10.1021/acs.jpclett.9b01053

L Qs (1 cay 1 jm OT(%,t) R
T== (2 In (rz) 5In(w) +In(2) — 05772 4> = a-ATE D W
D. =m
Var| Thermal properties of Cs based chloride perovskites

perovskite 7‘ a G Br,

[W/(mK)] [mm?/s] [J/(cm3K)]

3D-CsPbCl, 0.53 0.5 1.1

2D-CsPb,Cl, 0.40 0.6 0.7

0D-Cs,PbClg 0.30 0.5 0.5

T. Haeger et al., in MRS Fall Meeting, Boston, 2019, p. EN09.15.02
T. Haeger et al., J. Phys. Mater., 2020, 3, 024004

(3]

%

Apc

average a: 0.3 +0.1 mm#%s 0 J/(cm?K)

Scanning Thermal Microscopy i é e .
Institute of Electronic Devices | Ralf Heiderhoff 37 E WUPPERTAL

Motivation and Purpose
Ezl?:ee:)rearg?glz?eSSOf ‘ monoclinic -orlhorhombic -tetragonal -cubic

T. Haeger et al., J.Mater.Chem.C,
2020, 8, 14289-14311

Adv. Mater., 2016, 28,

6804-6834
| | |
-200 -100 -50 -25 0 25 50 75 100 125 150 200
phase transitions temperature in °C
free energy F(T, n)
order parameter n
st @
Ph*2 @
Brl « . .
cubic tetragonal ortharhaombic Landau theory
Scanning Thermal Microscopy ?/ @ RNene iy
38 # WUPPERTAL
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Thermal properties of CsPbCl; at phase transitions
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Closing remarks

Thermal and thermoelastic quantities determinable
+ on ultra-high und ultra-low thermal conductors
» with spatial resolution in the nanometer range

+ with femto-meter sensitivity
+ on thin films
» at phase transitions

Scanning near-field thermal microscopy techniques
assisted by complementary finite element simulation

Temperatures

Thermal diffusivity

» Reliability investigations on smart materials and devices
» Transition from diffusive heat flux to ballistic Stefan—Boltzmann like heat

transport in thin films

» Thermal properties of hybrid and all-inorganic perovskites in dependence
on choice of cations & halides, dimensionality, and crystal-phase

— ultra low thermal conductivities
— low thermal diffusivities
— low volumetric heat capacities
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