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Motivation
onventional
thermometers:
Limitation of size
or access
<Nanothermometry>

No universal
thermal sensor

Development of
thermometers
with a spatial

resolution > 1 um

Development and
characterization of
nanoscale
thermocouples (ThCs

Different applications
require different
properties

Measurement of
nanoparticles in
TEM
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estimation State of the Art
Nanothermometer | Temperature | Temperature | Spatial Resolution | Main Advantage Main Disadvantage
Range Resolution
PNIPAM 306 K- 314 K ~1 K* <1 pm* Reversible Aqueous
Nanoparticles environment
Wider temperature Calculation of the
273 K- K 1K
JENPs 73 K900 0 < lpm range (than PNIPAM) | intensity relations
i ole) In si D L ;
Ga-filled CNT 323K-773K | > 13K* | 10 um x 75 nm* | OmPle) Insitu etermination o
procedure Ga-level
: " « | Wider temperature . .
Ga-filled MgO-NT 303 K-1073 K > 10 K 2 um X 50 nm Spatial resolution
range (than CNT)
SThEM ~RT* ~1K* 20 nm Precise Expansion of the
subtrate
. Topography and .
AFM Thermistor ~RT* <1mK 100 nm Fragile
temperature
AFM Thermocouple ~RT* <0.1K > 50 nm Precise Complex structure
Mionometal- ~RT ~0.1 K* > 150 nm* Simple structue Few.pos.5|ble
Thermocouple application
Bimetal- ~RT* 300 uK 85 nm X 230 nm Temperfature Complex structure
Thermocouple Resolution

20.01.2021

More details in my last presentation.
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Contact vs. Thermal Voltage

Compensation of all contact voltages in closed electric circuits

Thermal voltage = temperature dependence of contact voltage (no compensation,
if contact are on different temperatures)
=» Thermocouple
 Measurement of AT between thermal contact and measurement contact
* Independent of number of materials (provided all contacts are at the same

temperature) = Ice water

Mat. C

Mat. B Mat. B

20.01.2021 5
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Seebeck Coefficients

Material | s, (273 K) [%]

. ~——1°* Seebeck coefficients S,  as the

Cd 75 temperature sensitivity of thermocouples
. . * Upap=Sap*(Th —T3)

Ag 65 « Temperature and material dependent

. ~—+ Estimation:

Al 35 Ugeau = 293,5 % (22 °C — 20°C) = 587 pV
? e Unicrau = 18,5 % (22°C — 20°C) =37 puv

https://www.efunda.com/designstandards/sensors/thermocouples/thmcple_theory.cfm? Orderby=SeebeckOC#Sensitivity, 12.12.2020 17:50.

20.01.2021 6
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2-Step-Lithoqgraphy

aa Sample preparation
1. Sample cleaning: acetone,
Wi \Wa_<Mat. A ba water, isoprqpanol
. PMMA Coating:
/ 1 \ Thickness: 200 nm
r
\

2
3. Electron beam lithography
4. Developer
Mat. A Wi\ by 5. Stopper
by a a 6. Evaporation
H H .
7. Lift-off
8. Repeat from step 2.
Materialpaarung 1 2 3
Material A Au Au Chromel
Material B Ge NiCr Ni Au, Ge = Weimann (BHE)
Haftvermittler (Ti) 5 nm fiir Au 5 nm fiir Au 5 nm fir Ni Chromel, NiCr, Ni =» Lorke

20.01.2021 7
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2 Step Lithography

100I um | Si — Substrat

10um EHT = 10,00 kv Scan Rotation = 1738 ° Brightness = 45.0 %  System Vacuum = 5.95¢.007 miar
WD= dmm Signal A= InLens igmation Y = .0.9.2 Gun Yocuur =6.00e 010 mBar
Width = 376.2 um Detector = InLens i s

Mag= 100K X Cycle Time = 20.2 Secs Aperture Size = 30,00 ym _ Aper Align ¥ Only = Date 6 Nov 2020

Sample preparation

1. Sample cleaning: acetone,
water, isopropanol

2. PMMA Coating:
Thickness: 200 nm

3. Electron beam lithography

4. Developer

5. Stopper

6. Evaporation

7. Lift-off

8. Repeat from step 2.

Materialpaarung 1 2 3
Material A Au Au Chromel
Material B Ge NiCr Ni

Haftvermittler (Ti) 5 nm fur Au 5 nm fur Au 5 nm fur Ni
20.01.2021

Au, Ge = Weimann (BHE)
Chromel, NiCr, Ni =» Lorke
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Measurement Method: 3w-Model

(SUBSTRAT HEIZER
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Uy, ~AT

1(¢t):
Iy:
w:

t:
P(t):
R(t):

AR:

AC-Current

Current amplitude
Angular frequency
Time

Electrical power
Resistance

Change in resistance

Us;,, (t): 3w Voltage

¢:

¢:
AT:

Temperature coefficient of
resistance

Phase shift

Temperature difference

M. Becker, Entwicklung eines Messverfahrens zur Bestimmung der Warmeleitfahigkeit von diinnen Schichten, Dissertation, Fakultat fir Physik der Universitat Duisburg-

Essen, 2019.
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Sw-Model

Cabhill & Pohl 1987:

P
AT = ﬁKO(CIT)

If qr < 1:
P |1 a 1 I
SUBSTRAT _weizer AT = Re [—|=In (—2) +In(2) — 0,5772 — =In(w) — —
( Aoty It |2 \r 2 4

-

u AT: Temperature difference

4

thermal Diffusivity
Angular frequency
Imaginary unit

P: Electrical power

L: Wire length PNAT
K: Thermal conductivity

Ky: function

q: Reciprocal value of the thermal wavelength

T Distance

a:

W’

i

D. G. Cahill und R. O. Pohl, Thermal Conductivity of Amorphous Solids above the Plateau, Phys. Rev. B, vol. 35, no. 8, pp. 4067-4073, 1987.
M. Becker, Entwicklung eines Messverfahrens zur Bestimmung der Warmeleitfahigkeit von diinnen Schichten, Dissertation, Fakultat fir Physik der Universitat Duisburg-
Essen, 2019.
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3w-Simulation
0,25
—Gel/Au
i —NICr/Au
0,20 .
= i Chromel/Ni
=
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c
c
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e
= i
0,05
o,oo/:----:----:----:----:----
0 25 50 75 100 125 150
Elektrische Leistung P [uW]
wy =1 um
r =2 um
20.01.2021
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Measurement Setup

Stanford Research SR830

|:| |:| Lock-In « AC current (f = 5 kHz)

« SMU 1+ SMU 2: Heat element
« SMU 3: Thermal contact of material A
« SMU 4: Thermal contact of material B
Referenzsignal « Heat propagation through Si-substrate
(thermal wave)

« 2w-Detection: Thermal voltage

« All four contacts
« 3w-Detection: 3w-voltage

 Heat contacts

Keithley 6221

AC-Quelle

W-Needle

Heater SMU-

Contact Lock-In

Thermo Contact

20.01.2021 12
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Si — Substrat

-007 mBar

n Rotation = 17.
n on Ij rﬂ&ar

Mag= 100K X

Stigmation X System Vacuum = 5.78¢-007 mBar|
Stigmation Y = - % GunVacuum = 597¢010 mBar

e S (273 K)
Ge,Au
) T' — 2 4 m 100nm EHT = 1000 kv an Rotation = 1738 *
) H WD= 4 mm ignal \Lent
Width = 3762 pm Lens
Mag =100.00 KX Cycle Time = 20.2 Secs_Aperture Size = 30.00 ym

20.01.2021
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Ge/Au Thermocouple

7
B ® Thermospannung vom Ge/Au-ThC
< 6 ‘% ® Phase vom Ge/Au-ThC
= § ¢
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E2134 o
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ﬁ 1 L - ® s = - *
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0 5 10 15 20 25
Leistung P [pW]
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* No constant phase
« Large spread of voltage
* Not measurable
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* NiCr =50% Ni + 50% Cr
* Snicrau(273K) = 18,552
e r=51um
« Bigger contacts enable
3w-measurement
=>» 3-step-lithography
Si — Substrat

=4

System Yacuum = f.42e-0:l?" mBar

10pm EHT = 10,00 kV Scan Rotation = 1726 ®  Stigmation ¥= 109 % Brightness = 43.7 %
WD= 4mm Signal &= InLens Stigmation ¥ = -1.2 % Contrast = 52.2 % Gun Vacuum = 5,72e-010 mBar

Width = 376.2 pym Detector = InLens Aper Align X Only = 0.0 %

Mag= 100K X Cycle Time = 202 Secs ierlureSlze=3GUJim Ager Align ¥ Only = -16.9 % Da1e-1iJan2021___m Lo

20.01.2021 15
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NiCr/Au Thermocouple

"

0

e Thermospannung von NiCr/Au-ThC
¢ Phase von NiCr/Au-ThC

g%m}ﬁﬁﬂ{}}miiﬂﬁ}}}}H}H} EEEE.
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Leistung P [uW]

NiCr/Au-ThC:

Phase @ =~ const
Urhc~P
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NiCr/Au Thermocouple

20 180

18 +
s o SN
214%§HH§HEE%§§§§ ¢ T 90
3 12 g 2
=2 - ¢ ¢ : =
T 1 p
= b TIXE 70 &
3 o &
) 13 :
3 j ¢ + -90
™ - - - - _
4 + * 3w-Spannung eines Au Heizleiters -
2 —— ® Phase der 3w-Spannung -
0+ — e 180
0 5 10 15 20 25

Leistung P [pW]

 Phase ® = const
« Continuous increase of Us,,

20.01.2021 17
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Chromel/Ni Thermocouple

Chromel

Snicrau(273 K) = 40 %/
e r=12um

Chromel

Si — Substrat

Brightness = 46.7 %  System Vacuum = 6.312-007 mBar

Stigmation X= 9.5 %
Contrast = 57.4 % Gun Vacuum = 5466010 mBar

EHT = 10.00 kY Sean Rotation = 357.0 *

Wh= 4mm Signal & = InLens Stigmation ¥ = -1.7 %
Width = 376.2 pm Detector = InLens Aper Align X Only = 0.0 %
Mag= 100K X Cycle Time = 20.2 Secs Aperture Size = 30,00 ym _ Aper Align ¥ Only = 0.0 %

* Type K = Chromel/Alumel
* Chromel = 89% Ni, 9% Cr, 1% Si, 1% Fe
Alumel = 95% Ni, 1,5% Si, 1,5% Al, 1,5% Mn, 0,5% Co

=» Ni instead of Alumel

10pm

Date -1 Dec 2020

20.01.2021 18
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Chromel/Ni Thermocouple

12 180
- | ® Thermospannung bei abnehmender Leistung ]
_| * Thermospannung zunehmender Leistung -
< 10 +|® Phase bei abnehmender Leistung E E 1
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20.01.2021

50 100 150 200 250 300 350 400 450
Leistung P [pW]

Measurement with increasing and decreasing power

Differerent Measurement result

Phase ® ~ const

Temperature hysteresis

f- -
ﬁ
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Chromel/Ni Thermocouple

600 T T 180

Open-Minded

S IR IS
[ } } + 90
s I } i |
E,400 + ﬁ {
E ; —
) i 1 e
£ 300 | ; 1o 3
z ZEEN RIEIE IR I JAE L T SN SN SN S SR O f:
S ¢ ] o
U‘) -
L 200 +
3 3 :
- -90
L ® 3w-Spannung von Chromel/Ni-ThC
1001 - ® Phase von Chromel/Ni-ThC
I ]
0 mevero— e 80
0 50 100 150 200 250 300 350 400 450

Leistung P [uW]
 Phase ® = const

« Offset at 35 uyW
 No linear increase
=» ~ Root function

20.01.2021 20
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Chromel/Ni Thermocouple

25
69,1 yW
. I T
>.E 20 - ¢ ® 432 yW
2
) _ :
> 15 1 Increasing Power
5
C L
310 A g
w
(o]
g @
(1] [ ]
c 5 4
= . B
i @
o+t
10 15 20 25 30
Flache Thermokontakt [um?]
» No correlation between thermal voltage and area
» Spread as a result of the production of the structure
20.01.2021 21
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sSummery

ThC:
Uag = Sap * (Ty — T3), independent of number of materials provided all are at the
same temperature
« Seebeck coefficient S, g material and temperature dependent
3w-Method = model of temperature determination of planar wires
o Usy~P~AT
Ge/Au, NiCr/Au, Chromel/Ni with 2- and 3-Step-Lithography
» Linear temperature and power dependence
« Measurement two decades larger than model
« Temperature hysteresis

« No area dependence: Uy g # f(A4)

20.01.2021 22
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Outlook

* Modifications of the measurement setup and the ThC structures are required
« Could not be optimized within this work
 E.g. 3w-voltage
« Wafer bonds = No influence of W-Needles
* Reduction of heat dissipation=>» E.g. membrane-substrate
* New material pairings = Improvement of sensitivity

« Reduction of the structure sizes = Spatial resolution improvement

=» Measurement in TEM

20.01.2021 23



uuuuuuuuu )

T
D.UISBU R G AG Farle
"Struktur und Magnetismus nanoskaliger Systeme"

Thank you for attention!

Questions?
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