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"What we know is a drop, what we don’t know is an ocean”

(Isaac Newton)






ABSTRACT

In this thesis, cryogenic systems capable of measuring thin film electric characteristics
at low temperatures (77-300 K) were developed. Building in total three different prototypes
capable of precise temperature control using liquid nitrogen as a cold source. Two proto-
types measure the AC impedance of the samples and a third one measures the sheet re-
sistance.

These systems are capable of obtaining the impedance value of DNA and graphene ox-
ide thin films and the indium and fluorine doped tin oxides (ITO, FTO) sheet resistance. The
study of such samples is essential to future sensor development, opening ways to improve
the efficiency of these sensors.

In this thesis, we monitor the DNA and graphene oxide thin film impedance values in-
crease with temperature decrease. Analyzing the DNA results, it was possible to build an
equivalent electric circuit for this thin film, observing the Warburg component of the film.
Regarding the ITO and FTO sheet resistance measurements a decrease with temperature was

observed.

Keywords: Impedance spectroscopy, Temperature control,

Low temperature Electric characteristics
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RESUMO

Nesta tese foram desenvolvidos de sistemas criogénicos capazes de fazer uma caracte-
rizacdo elétrica de filmes finos a baixas temperaturas (77-300 K). No total trés protétipos di-
ferente foram construidos, capazes de um controlo preciso da temperatura usando azoto
liquido como fonte fria. Dois destes prototipos conseguem obter a impedancia da amostra e
um terceiro capaz de obter a resisténcia folha da amostra.

Apods a construcao destes sistemas, estes foram utilizados para medir a impedancia de
filmes finos de DNA e 6xido de grafeno e a resisténcia-folha de substratos de éxidos de es-
tanho dopados com indio e fluor (ITO, FTO). O estudo destes diferentes tipos de amostras €
importante para desenvolvimento futuro de sensores, permitindo melhorar a eficacia destes.

Nesta tese, observa-se o aumento dos valores de impedancia, dos filmes finos de DNA
e Oxido de grafeno, com a diminuicao da temperatura. Observando os resultados obtidos do
DNA foi possivel fazer a representacao de um circuito equivalente, no qual existe uma com-
ponente de Warburg no filme de DNA. Quanto as medicSes de resisténcia-folha do ITO e do

FTO, observa-se uma diminuicao destes valores com a temperatura.

Palavas chave: Espectroscopia de impedancia, Controlo de temperatura,

Caracterizagao elétrica a baixa temperatura

Xiii






CONTENTS

LIST OF FIGURES .....eveeeeererereerereseseesesesessssnssssssssssssesesssssssssessssssssssssssssssssasesssssssesssessssssssssssssessasasesssssesssesessssnsses XIX
LIST OF TABLES .....eveveeeeeeeeececueeeeetststessssssesssssssassssssesssssssssssassssssssesssssasassssssssssssssstasessssssssssasssasasssssssnssssssssessass XXl
ACRONYMS AND INITIALISMS ...ecueurureetetesseereresssssssesesssssssssssssessssssasasssssssssessssssssssssssssasssssssssssasasesssssssesssasasass XXV
SYMBOLS......oeuetrieiereesstesesetesessssssastsssesssssssasssssasssssassssssssasessssssesesssasassssssssssssssssesssssssssssssesasesssasnssssssesassases XXV
1 INTRODUCTION.......cuivereeerneceereeststssesesssssssssssesessssssesssssssssasessssssssssasssassssesesssssssssasssssesesesasasasssssnssssssasasesases 1
1.1 Framework and MOTIVAtION ...t 1
1.2 Contribution tO FULUIE GOAIS......c.ocuieeeeeieieseeie et 2

2 IMPEDANCE SPECTROSCOPY = SOME CONCEPTS....cocurimnimimnissinssssasssssssssssssssasssssssasssasssssasssssasssssasasssasasss 3
2.1 RESIStANCE/IMPEAANCE ...ttt s s enses 3
2.1.1 COMPIEX @IGEDIA ..ottt nnes 3

2.2 IMPEAANCE SPECIIOSCOPY ...vurrvrierieriiriseeiresiseisssssessssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnses 5
2.2.1 Bode Plot/ EQUIVAIENT CIrCUITS ......uvuiereerieiecie et sssessses s s sssssnes 7

2.3 A-POINT METNOM.......oi et 9
2.3.1 SHEET RESISTANCE ...t 11

3 MATERIALS AND METHODS ......ccueuiirireeeeeseeesesesesesssnsaseseststsssesssssssssssssssssasssnsasesssssssesssssesssssasassssssnsasass 13
3.1 INterdigitated SENSOIS ...ttt ssseseen 13
3.11 DINA FIIIM ettt bbb bbb 13
3.1.2 Graphene OXIAE FIlM ...ttt st sssssssnsssssnes 14

3.2 IMPEAANCE SPECIIOMELEN ...ttt ss st ssssnsens 15
3.3 Temperature MONITOMING ...ttt ss st ssses s sssnsns 16

XV



3.3.1 PETOO ..o 16

332 Temperature Controller LakeShore 332 ... seeees 17
3.33 LADVIEW INEEITACE ..ttt 18

34  CryogeniC SyStem CONSIUCTION. ..ottt ssse st sssss s sasssssens 19
3.4.1 Thermal Insulation of the Cryogenic Cell....... e seenes 21
342 Prototype T CryOStat. ..ttt 23
343 Prototype 2 CryOStat. ...ttt s sasessees 25
344 Prototype 3 CryOStat. ... essees 28

3.5 CircUits @Nd CONNECLOLS. ...ttt s 29

4 RESULTS AND DISCUSSION ....ccuceuririereresesesuesesesssesesssssnssssssssassssssssssssesssessssssssssssssesassssssssesssssasasassnsnsnsnes 31
4.1 Temperature Validation ...t esss s ssessssssssssssessnns 31
411 PrototyPe T @nd 3 ..ttt 31
412 PrOTOTYPE 2.ttt et 33

4.2 Circuit and Probes Validation ... ssessssesssesssnessnse 34
4.3 Prototype 1 MEASUIEMENTS......ccovrieeeeiecereieie et ssses s es s s ssssssss s s ssessnes 36
4.3.1 SUDSTIATE .o bbb bbb 36
432 DINA ettt bbb 37
433 Graphen@ OXIdE FilM ...ttt sssnens 42

44 Prototype 2 MEASUIEMENTS.......c.ccvrieecieiereireireetiseiseiesesisesse e sssessesse e es s sssesse e saesines 44
441 SUBDSTIALE .ot 44
442 DNA (15t CryogenicC Cell VEIrSION) ........ocuvuceeeeineriecisereresissesesessssesesesssssssesssesssesssessenens 45
443 DNA (2nd Cryogenic Cell VEISION) .....oovrverreerreerirererseesessssssssssssssssssssssssssssssssssssssssssessnses 47

45  Prototype 3 MEASUIEMENTS ...ttt ettt s st st 49
4.5.1 ITO ShEEt RESISTANCE ..ottt s 49
452 FTO SREEt RESISTANCE ..ot 50

5 CONCLUSIONS AND FUTURE PERSPECTIVES........cceeeeuruenereserenesensasesesessssasssssssssasssssnsnsssssssssssssssssssssssasss 53
BIBLIOGRAPHY .......ooveeerrernceeeneressssssssssssssssssessssssssssssssssessesssssssssssasassssssssssssssstsssssssesssasasasssssssssssssesessssssssssssasasass 55

XVi



A

A1

A2

B

B.1

B.2

B.3

B.4

B.5

APPENDIX A: PROTOTYPE 2......cveveeeeeeeeeersessesessssssssssstssessssssssssssssssssssssssssssssssssssssssssssasssssssnssssssasssssases 57
Cryogenic sample holder Prototype 2 ... ssssssssens 58
Final sample holder PrototyPe 2 ... ssssssssssssssssssssnses 59

APPENDIX B: PROTOTYPE 3.....oeeeerereensesnsesesesessssssesssssssssssssesesssssssssssssssssssssssssssssssssssasesessssssssssesssssssns 60
BaSE SNEET MESISTANCE ......cuueeceee et 61
Connector holder Sheet reSISTANCE. ... 62
CONNECLON ClAMPING ..ttt ss s ss s 63
Cryogenic tip holder for surface measuremMeNts. ... 64
Cryogenic tip holder for volume measuremMeENts .........c.ooeveerreneeseinernseessesesesssesesesssesens 65

XVii






LIST OF FIGURES

Figure 2.1: Representation of Z in the complex plane [5]. ... 4

Figure 2.2 Relationship between the phase and magnitude of current and voltage sinusoids

Figure 2.3: Nyquist plots of Imaginary and real components [5]. ... 6
Figure 2.4: Representation of simplest circuits. a) Capacitor, b) Resistor, c) Capacitor and
Resistor in Series, d) Capacitor and Resistor in Parallel [2] ... 7
Figure 2.5: Bode plot of the impedance modulus as a function of frequency in simplest

circuits. a)Capacitor, b) Resistor, ¢) Capacitor and Resistor in Series, d) Capacitor and Resistor

TN PAFAIIET [2]. ettt sttt easasbassstasassassesasssens 7
Figure 2.6: Semi-circle impedance. a) Circuit resistor and capacitor in parallel, b)
correspoNdent NYQUIST PIOT [S]. . 8
Figure 2.7: Warburg element impedance a) Circuit equivalence to DNA thin film, b)
corresponNdent NYQUIST PIOT [S]. .t 9
Figure 2.8: Electrical circuit diagram of the 4-Point method. ... 10

Figure 3.1: Interdigitated gold electrode. Representation of interdigitated sensor on the left,

with chain visible on the right side of the IDE, with dimension in mm. And equivalent electric

CIFCUIT ON T FIGNT. .ottt 13
Figure 3.2: Interdigitated electrode with thin DNA film. Different perspectives of DNA thin
I @) AN D) ettt ettt ettt sttt n s n e en e sanaes 14
Figure 3.3: Interdigitated electrode with thin GO film. Different perspectives of GO thin film a)
ANA D) ettt ettt ettt ettt ettt t e ettt et st s e et e st s e s et etsaesesseanasnes 14
Figure 3.4: Impedance spectrometer instruments. 1296A dielectric interface on the 1260A
IMPEAANCE ANAIYZET ...ttt sttt s st s s s st ss e sansaes 15
FIGUIE 3.5 PtT00 FESISTOIS ....ouueirrircrirerinceieciaeeiesiseeisessaesse s e ssss e ssses e ssses e ssss e s sssessssssnessssssnens 16

XiX



Figure 3.6: Schematization of 4-Point method used in the platinun sensors.........cccoecnnecenneennne. 16

Figure 3.7: Temperature controller MOdel 332 ... sssssssens 17
Figure 3.8: Scheme between the different devices required for impedance measurement with
ENE CIYOSTAL .ottt 17
Figure 3.9: Main panel control tEMPErature ... ssssssssssesens 18
Figure 3.10: Control summary panel control teEMPEerature ... 19
Figure 3.11: Save panel CONtrol tEMPErature ... sesesens 19

Figure 3.12: Base schematic of the cryogenic system with internal and external view of the
CIYOGENIC CEII ettt bbb bbbt 20

Figure 3.13: Systems and cryogenic cells of previous projects. a) System capable of measure

thin films in AC [2] and b) ) System capable of measure wires in DC [1].....cccoereenrecrreneirneerecennens 21
Figure 3.14: Temperature variation as function of time, used in the systems and cryogenic
CEIIS TN FIGUIE3.T2 oottt bbbt 21
Figure 3.15: Prototypes structures possibilities schemes. a) First possible structure, b) Second
ANA AEVEIOPEA STIUCTUIE. ...ttt st 22
Figure 3.16: Thermal barrier evaluation, from left to right. Final version at the right.................. 23
Figure 3.17: GOIAEN SPIING PrODES. ...ttt ssssss st ssss s ss s sssesans 24
Figure 3.18: Pictures of Prototype 1. a) Sample holder, b) Cryogenic Cell Exterior .................... 24
Figure 3.19: Balance system, used with prototype 1. a) System connections and b) System in
OPEIALION .ottt st R bRt 25
Figure 3.20: Major changes in the PrototyPe 2. sssssens 26

Figure 3.21: Lateral scheme of prototype 2 1 version cryogenic cell, and position of its
AIffErENT COMPONENTS ...ttt sttt sanbaes 27

Figure 3.22: Assembled cryogenic cell in different perspectives. a) Without Sample, b) With

Sample, €) Wrapped BY alUmMINUM ...t sss s s s ssssssssssssssssssssanes 27
Figure 3.23: Lateral scheme of Prototype 2" version cryogenic cell, and position of its
AIffErENT COMPONENTS ...ttt sttt saes s 28
Figure 3.24: Cryogenic cell in different perspectives. .........nensinnensinsissssssssessssssssssssssesssens 28
Figure 3.25: Pictures of Prototype 3. a and b) Sample holder in different perspectives, c)
Prototype 3 structure and Cryogenic Cell. ... sasessiens 28
Figure 3.26: Reference circuit schematic and picture in printed board .........cccooevovronrcerreirninnenn. 29
Figure 3.27: a) AMETEK reference circuit b) BIU€ Probe ... 30

Figure 4.1: Graph Temperature stabilization for structure used in Prototype 1 and 3.

Considered stabilized with a temperature variation lower then 3 K/min ......c.cccoevevvricnnicnnieerinnes 32

XX



Figure 4.2: Graph Temperature stabilization for structure used in Prototype 2. Considered
stabilized with a temperature variation lower then 3 K/MiN........ccccooomnernnrnnionsiesessessissiesis 33
Figure 4.3: Bode plot of impedance of different probes with reference circuits..........cccccorruenn.... 34
Figure 4.4: Electrical impedances as a function of AC tension, at fixed frequencies and for the
EWO [IMIT TEMPEIATUIES ...ttt 35

Figure 4.5: Bode plot of impedance at different temperatures for substrate using prototype 1

Figure 4.6: Bode plot of impedance at different temperatures for DNA thin film using

PIOTOTYPE T ottt s bbbttt 37
Figure 4.7: Plot of impedance as a function of temperature at different frequencies, for DNA
thin film USING PrOtOTYPE Tttt sttt 38
Figure 4.8: Bode plot of impedance at different temperatures, for DNA thin film involved with
tEflON USING PrOTOLYPE Tttt bbb bbb 39
Figure 4.9: Plot of impedance as a function of temperature at different frequencies, for DNA
thin film involved with teflon uSINg Prototype T...... e eeeeeees 39
Figure 4.10: Bode plot of impedance as at room temperature, for DNA thin film involved with
teflon using prototype 1. Evolution of impedance curves values after cooling process........... 40
Figure 4.11: Nyquist plot of DNA at different temperatures ... 40
Figure 4.12: Electric circuit equivalence a) The sample b) The DNA film ..., 41
Figure 4.13:ZView graphs of fitting in some temperatures. a) 250K b) 280K .........ccooerererrrirerunnnee 41
Figure 4.14: Bode plot of impedance at different temperatures, for GO thin film using
PIOTOTYPE T ottt s bbb bbbttt 43
Figure 4.15: Impedance as a function of temperature at different frequencies, for GO thin film
USING PrOTOTYPE T oottt sttt s s sseeses 43
Figure 4.16: Bode plot of substrate at different temperatures, using prototype 2 ......cccccoovueun.... 44
Figure 4.17: Temperature variation of sensors Pt100 A and B during the develop of this
experiment with DNA USING the ProtOtYPe 2 ... sssssssssssssssssssanes 45
Figure 4.18: Bode plot of DNA thin film at different temperatures, using prototype 2 .............. 46

Figure 4.19: Bode plot at different temperatures for DNA film using prototype 2 1 version
while heating without temperature CONLIOL ... saessesesseseeens 46
Figure 4.20: Temperature variation of sensor A and B for DNA, using the prototype 2 1%
version, without temperature control. The temperature spikes indicate an impedance

measurement (data in FIGUIE 4.8) ... isss bbb ss s 47

XXi



Figure 4.21: Impedance as a function of temperature for DNA film at different frequencies,
using prototype 2 ' Version without temperature CONtrol. ... vvweecoonmneeeeeeeecessseeeeeeeesssseseseeseeees 47
Figure 4.22: Bode plot at different temperatures for DNA film using prototype 2 2" version.
On top the measurements when colling and below the measurements when heating ............. 48

Figure 4.23: Temperature variation of sensor A and B for DNA, using the prototype 2 2"

VETSION. ceceerirernrerereaeeessesssee i s sssessse s s sse e et 48
Figure 4.24: ITO sheet resistance as a function of temperature at.........covcneroneceneecnneceneeennne. 50
Figure 4.25: FTO sheet resistance as a function of temperature..........ccvcneenecenecnecenecnecenens 50

XXii



LIST OF TABLES

(2.1) ONIM'S LAW .ottt sese st bbb bbb bbb 3
(2.2) IMPEAANCE......coeeeeeeie ettt s et 3
(2.3) Impedance in complex cartesian CoOOrdiNALES .........c.covrieieereneieie e sssaesseeens 3
(2.4) IMpPedance iN POIAT FOIM ...ttt ss bbbt nnes 3
(2.5) IMPEAANCE MOAUIE ...ttt nees 4
(2.6) Impedance Phase diffErENCE ... nees 4
(2.7) RESISTOr IMPEUANCE.......o ittt ettt s st 4
(2.8) CUITENT IN @ CAPACITATON ...t 4
(2.9) Capacitor impedance dEVEIOPEM. ...t ss st st sssnses 4
(2.10) CapaCItOr IMPEAANCE. ...ttt sttt s st s s a s s s sasssensns 4
(2.17) VOIAGE IN @ INAUCTON ...t 5
(2.12) Inductor impedance deVEIOPEd ... ss s s sssnses 5
(2.13) INAUCLOT IMPEAANCE ...ttt sttt s bbb ssenses 5
(2.14) IMPEAANCE EQUALIONS ...ttt ss sttt ss s s sse st s s sassssssesssssssssnsns 5
(2.15) Impedance module and phase difference equations ... 5
(2.16) Impedance module and phase difference equations developed.........coooevvrrrrinrrenrrreeees 5
(2.17) Thin film sheet resistance, using 4-point MEthOd ... 10
(2.18) Sheet resistance and resistivity COrrelation ... 11

xXXiii






ACRONYMS AND INITIALISMS

DC Direct Current

AC Alternate Current

DNA Deoxyribonucleic Acid

GO Graphene Oxide

IDEs InterDigitated gold Electrodes
RT Room Temperature

LT Low Temperature

LN2 Liquid Nitrogen

USB Universal Serial Bus

GSP Gold plate Spring Probes
PEI/GO polyethylenimine of Graphene Oxide
ITO Indium-doped Tin Oxide

FTO Fluorine-doped Tin Oxide

XXV






AV

Z(w)

Zr

Zc

Z

Resistance

Voltage Difference

Current

Impedance in function of frequency
Phase difference

Resistor impedance

Capacitor impedance

Inductor impedance

Sheet resistance

Resistivity

XXVil

SYMBOLS






INTRODUCTION

Electrical characterization of materials is essential for their physical understanding and
future technology development. Various characteristics can be measured and studied in dif-
ferent samples. Such as:

e Volume Resistivity (Q/cm)
e Surface Resistivity (/o)

e Dissipation Factor (%)

e Break Down Voltage (kV)

These electrical characteristics present a temperature variation. This work aims to build
a system that enables precise temperature control, allowing to study the variation of some

electrical properties of different samples with the temperature, namely in the 77-300 K range.

1.1 Framework and Motivation

In the past, systems that allowed measuring impedance at low temperatures were al-
ready developed in the physics department, namely in the Laboratory of cryogenics (LIBPhys)
[1, 2]. However, those systems did not have temperature control.

Systems that allow temperature control within an extensive range are already commer-
cially available. For example, the system "129610A LHe/LN, Cryostat" developed by So-
lartron. This system works in 77-600 K, using liquid nitrogen, with a precision of 0.05 K [3, 4].
However, this system is an expensive piece of machinery, developing a custom-made cryostat
becomes much cheaper and will create the possibility to improve it through time and specifi-

cally to the exact searches needed in the future.



1.2 Contribution to Future Goals

The development of this system will allow a controlled study of different samples, such
as graphene sheets, metallic oxides, and organic molecules. Such a study is essential for pos-

terior sensor development, allowing us to understand various sensors optimal work point and

working limits, improving future technology.



IMPEDANCE SPECTROSCOPY - SOME CONCEPTS

2.1 Resistance/Impedance

Ohm's law defines the resistance in terms of the voltage and direct current ratio (DC).

AV
R = - 2.1)

However, some materials are not only resistive when submitted to an alternate current
(AC). Those materials present a capacitive and inductive component, presenting a more com-
plex behavior denominated as impedance.

The impedance is the system's AC response to an AC signal imposed on the system [5].
As in DC systems, the impedance is expressed as the ratio between voltage variation and
current variation. Impedance can be considered the AC analog to DC resistance, with the crit-
ical difference between the two being that the impedance includes a phase difference be-

tween the current and voltage, 6 [6].

V() Vpsin(wt +6)

Z = = .
(@) =76 = " losin (0D (22)
2.1.1 Complex algebra

The impedance can be represented using complex cartesian coordinates:

Z="Zpe+iZyy (2.3)
where Z,.and Z;,, are the real and imaginary parts of Z(w), respectively.
The impedance can also be represented in polar form:

Z =|Z|et® Z = |Z|(cos(0) + isen(0)) (2.4)



where |Z| is the magnitude of Z and 6 is the phase angle. The magnitude of Z and 8, can be

calculated in the following manner.

1Z] = (Zye)? + (Zim)? (2.5)
_ Zim
@ = arctan™! (Z_) (2.6)

re

A representation of the components can be seen in the Figure 2.1.

|1Zlcos

i|2lsind

Imaginary axis

0 =— >
0 Real axis

Figure 2.1: Representation of Z in the complex plane [5].

For pure resistive circuits (R), there is always a direct proportionality between the ten-
sion and current, respecting Ohm's law, not presenting a correlation with the frequency.
Hence the impedance of the resistor circuit only offers a real component:

Zre = ZR =R (27)

Considering an only capacitive circuit (C), the AC current in the capacitator is propor-
tional to the rate of change of V(t) and capacitance of the capacitor, which is:

B dav(t)
I(t) = C< It

) = WCVpayx cos(wt) (2.8)

Since sin(x) = cos(x — 90°), we can rewrite the equation showing that I(t) is —90° out

of phase with V(t), and using the polar form for a more straightforward calculation, we can

conclude:
, Voo ' Vi i 0° ~ el (—90%)
T Lnax €9 wCVye, €19 wC (2.9)
7. = i
€T wC (2.10)

The impedance of a pure capacitor has only an imaginary component that is inversely

proportional to the product of w and capacitance.



In an only inductive circuit, the inductor generates voltage V(t) when a current I(t)
passes through it. Using the Faraday’s law, the voltage is proportional to the rate of change

current passing through the inductor of value L.

3 dI(t) B
Vit) =1L <T> = WLl 4, cos(wt) 2.11)

Like the capacitor circuit, the cosine indicates that the current and voltage are out of

phase, but in inductor system the I(t) is displaced +90° with V(t).

Vinax €% WLlpgyx e .

— = —— = wlL
Imax el Imax el wL e (2.12)

ZL:

Z; =iwl (2.13)

The impedance of a pure inductor circuit has only an imaginary component, as the ca-
pacitor, which is proportional to wL.
Resuming the impedance of purely resistive, capitative and inductive, circuits are re-
spectively:
i

Where impedance provided by capacitance and inductance are imaginary component

and the pure resistive are real components, using equations 2.14 in 2.5 and 2.6, we obtain:

Z; + 7
— -1 (2L c
12| = J(ZR)? + (Z, + Z¢)? § = arctan ( . ) (2.15)
] i
.2 iwl + —
1Z] = j(mu(m—ﬁ) 0 = arctan™ | ——2C (2.16)

2.2 Impedance Spectroscopy

The impedance spectroscopy analysis studies the material's resistive, capacitive, and in-
ductive impedance components. To analyze these components, a sinusoidal voltage is ap-
plied, generating a phase difference. This phase difference is expressed as radians or degrees

and is necessary to measure the impedance.



1004 Vi 1100
I Voltage
max —— Current 1
S 50- 150 <
< =
S g &
g O 0 =
S "o 3
-50 - 1-50
|Z|:VI'T‘IE|X/II'T\EIX
-1004 Z* = |Z| (cosb+ ] sinB) 1-100
00 02 04 06 08 10
Time/cycles
(arbitrary units)

Figure 2.2 Relationship between the phase and magnitude of current and voltage sinusoids [6].

The impedance data is usually presented in the Nyquist and Bode plots. During this
thesis, we will show the results using mainly Bode diagrams, representing log(Z) as a function
of log (w), describing the frequency dependency on the modulus. And the Nyquist plots to
display the real and imaginary parts of the impedance for n point measured.

In Figure 2.3 some typical behaviors that can occur in the imaginary/real Nyquist plots
can be seen. Some of these forms will be explained in the next section (2.2.1.1), and also ap-

pear in thin film samples measured, analyzed in this thesis.

- Semi-circle &
Semi-circle Two semi-circles Warburg diffusion
(Two time constants)
Depressed semi-circle
Depressed Two depressed & Warburg diffusion
semi-circle semi-circles

Figure 2.3: Nyquist plots of Imaginary and real components [5].
Semi-circles are obtained for RC circuits




2.2.1 Bode Plot/ Equivalent Circuits

Impedance analysis is done by fitting the sample data to an equivalent electric circuit
model. An equivalent circuit model combines resistors, capacitors, and inductors, in series or
parallel. In electrochemical and organic samples Warburg diffusion elements can also be in-
volved.

Analyzing the simplest circuits, as present in Figure 2.4, is fundamental to understand
the information of the equivalent circuit model. During this thesis, a circuit equivalence to an
inductor component did not appear in the samples studied. That is why it is not represented
on the following circuits, although it has a logic similar to conductor circuit model.

a) b) <) d)
o o o o1} ﬁ_q

Figure 2.4: Representation of simplest circuits.

|
o
|

a) Capacitor, b) Resistor, c) Capacitor and Resistor in Series, d) Capacitor and Resistor in Parallel [2]

The impedance value of a capacitor (Figure 2.5 a)) is inversely correlated with the fre-
quency, this is because when the capacitor is fully charged, it tends to oppose the current
flux, as shown by capacitors equation (2.14). On the other hand, the impedance of a resistor
(Figure 2.5 b)) is independent of the frequency, because current flux opposition strength is an
intrinsic characteristic of resistors, as shown by resistor equation (2.14).

In circuits with more than one component, the impedance value depends on how the
circuit is assembled, mainly where the current tends flow. In series circuits (Figure 2.4 c)), the
impedance value is controlled by the component with the higher resistance in a specific fre-
quency (Figure 2.5 c)). Furthermore, the impedance value in parallel circuits (Figure 2.4 d)) is

controlled by the branch with the lowest current resistance in due frequency (Figure 2.5 d)).

|z?} |zl|=} |.«|°} lffl}

Figure 2.5: Bode plot of the impedance modulus as a function of frequency in simplest circuits.

a)Capacitor, b) Resistor, c) Capacitor and Resistor in Series, d) Capacitor and Resistor in Parallel [2].



2.2.1.1 Impedance of Semi-circle and Warburg Element

The impedance data of a sample is often described by an equivalent circuit relevant to
the conditions of the experiment, using circuit elements that represent various physical pro-
cesses [7]. During the development of this work, two meaningful equivalent circuits need to

be considered, the ones represented in Figure 2.6 a) and Figure 2.7 a).

a) b)

—-
— O
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Figure 2.6: Semi-circle impedance.

a) Circuit resistor and capacitor in parallel, b) correspondent Nyquist plot [5].

The impedance associated with the circuit in Figure 2.6 a), leads to a semicircular
Nyquist curve Figure 2.6 b). When the frequency tends to infinity, the impedance of the ca-
pacitor branch tends to zero in equation (2.14), meaning that the only component influencing
the current route is Re. Conversely, when the frequency tends to zero, the capacitor branch
impedance tends to infinity, forcing the current through the remaining branch, resulting in an
impedance value of Re+Re, which means the higher the value of R.: the higher the radius of
the semi-circumference. In both these frequency extremes, the impedance originated from
the capacitor is zero, therefore not presenting imaginary values and intercepting the real axis
in the Nyquist plot. The Nyquist curve's highest imaginary value occurs when both branches
equally divide the current corresponding to the characteristic frequency of the circuit. On the
left side of the maximum imaginary value, the current mainly passes by the capacitor branch,
and on the right side of the maximum imaginary value, the current passes mainly by the re-
sistor branch.

The circuit represented in Figure 2.7 differs from the previous one because it has a
Warburg diffusion element in the resistor branch. It is important to highlight that the War-
burg impedance cannot be described (in an equivalent circuit representation) by any combi-

nation of capacitors and resistors [7], or other usual electronic components.



a) b)
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Figure 2.7: Warburg element impedance

a) Circuit equivalence to DNA thin film, b) correspondent Nyquist plot [5].

The Warburg diffusion element represents the diffusion that occurs at low frequency
when performing measurements with an impedance spectrometer. At low frequency, the low
potential values are held long enough, reducing the number of conducting species (elec-
trons, ions) in front of the electrode. This reduction is relevant because due to the lack of
species close to the electrode, it is harder to the current to flow, using the same potential,
increasing the impedance measured. The Warburg impedance is visible in the Nyquist plot as
a straight line with a 45° angle with the real axis (Figure 2.7 b)).

In this thesis, when analyzing a DNA film in section 4.3.2, an equivalent circuit model is
built, using a software called ZView. Since the Warburg impedance cannot be represented as
a combination of resistors and capacitors, ZView defines the Warburg impedance element
with three components, Wp, Wr, and Wr. Wp is a fixed value of 0.5 that defines the Warburg
element as being finite length Warburg. Wr is a value characteristic of the study sample being
calculated as Wr=L?/D (in which L is the effective diffusion thickness, and D is the effective
diffusion coefficient of the particle). Wr is a parameter that defines when the Warburg im-

pedance starts to appear in the Nyquist plots, being proportional to the value of Ret.

2.3 4-Point Method

The 4-Point Probe Method, also known as Kelvin sensing, allows one to measure the
sheet resistance and consecutively calculate the resistivity of thin layers, provided there are
satisfied some primary sample conditions such as the homogeneity of the sample and con-

stant thickness [8].



This method consists of four independent electrical probes placed along a straight line
and separated by a constant distance (s). The two external probes apply a current to the
sample, while the two internal probes measure the potential drop between them. Due to not
passing current in the internal probes, the resistance intrinsic to the wires and the contacts of
the probes with the sample is not counted in the measurement. Considering an ideal infinite
thin film of thickness ¢, the resistivity (p) and the sheet resistivity (Rs) are calculated with the
following formula [9]:

p T V (V

The thin film can be considered infinite if its length and width are forty times longer
than the distance between the probes (s). Since we don't follow these required dimensions
when calculating and the sheet resistance, it is necessary to multiply the previous equation by
a geometric correction factor, this geometric correction factor depends on the dimension of

the sample (L, W) and the distance between probes (s).

b)

B § >
W

Figure 2.8: Electrical circuit diagram of the 4-Point method.

a) Representation of 4-point method, with Rc as contact resistance and Rwie as wire resistance. b) Sketched the

current/electric filled lines in such a configuration.
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2.3.1 Sheet Resistance

Sheet resistance is measured using the 4-Point Method, and it is a very useful meas-
urement because it enables us to compare the electrical properties of samples with different
dimensions.

While the resistance is a three-dimension measurement, the sheet resistance is not de-
pendent of the sample size and represents the sheet resistance of a square (L=W), distinguish
of the intrinsic resistivity by its units Q/o (read as "Ohm per square").

The resistance and the sheet resistance have the following relation:

! I pl l
—pe=p— = _p = 2.18
R=pa=rui=tw=Pw (.18)

where R is the resistance, L is the length, A4 is the cross section that can be split in W with and

t thickness, as shown in Figure 2.8. So, is possible to obtain the resistivity and resistance val-

ues, using the sheet resistance, if the sample dimensions are known.

11






MATERIALS AND METHODS

3.1 Interdigitated Sensors

To measure the electrical properties of DNA and graphene oxide (GO), thin films inter-
digitated gold electrodes (IDE) over ceramic substrate were used. These interdigitated gold
electrodes are composed of two gold electrodes that can be represented as one capacitor of
value 100 pF. These IDEs offer several advantages, such as working with samples of low vol-
ume and avoiding tedious polishing of solid electrodes. Furthermore, the chain configuration,
where the thin film is deposited, enhances sensitivity and detection limits [10].
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Figure 3.1: Interdigitated gold electrode. Representation of interdigitated sensor on the left, with chain visible on

the right side of the IDE, with dimension in mm. And equivalent electric circuit on the right

3.1.1 DNA Film

The DNA thin film, as shown in Figure 3.2, was prepared using 10 mg of DNA extracted
from lyophilized calf thymus DNA (cas number 73049-39-5). For the purpose of making a
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DNA sensor, 500 pL of ultrapure water was used to dissolve the DNA. Then, the DNA solution
was gently mixed and left to rest in the fridge for 30 min. After that, using a micropipette, 50
uL were deposited in the interdigitated area of the sensor. Finally, the sensor was left in a
dark and closed environment with silica for 2 h, to remove the water from the solution by

evaporation.

Figure 3.2: Interdigitated electrode with thin DNA film. Different perspectives of DNA thin film a) and b)

3.1.2 Graphene Oxide Film

The graphene oxide (GO) thin film, as shown in Figure 3.3, was prepared by removing
450 ul graphene oxide from the ALDRICH case, with a concentration of 4 mg/mL in water.
Then the 450 pl were directly deposited in the interdigitated sensor, not diluting the solution
more than it was any further. Finally, the solution was left to dry in a dark and closed envi-
ronment with silica during the night, for about 10 h, with the same purpose that when mak-

ing a DNA film, to evaporate the water from the sensor.

Figure 3.3: Interdigitated electrode with thin GO film. Different perspectives of GO thin film a) and b)
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3.2 Impedance Spectrometer

The impedance spectrometer used during the development of this project was the
1260A impedance analyzer coupled to a 7296A Dielectric interface system from AMETEK Sci-
entific instruments, as seen in the Figure 3.4. These two instruments were controlled by a
computer using the interface software SMaRT. A scheme of how it is assembled is shown
Figure 3.8.

The 7260A impedance analyzer is an apparatus that measures the output spectrum of
systems relative to an input signal. It measures the magnitude and phase relationship be-
tween the input and output signal, testing the sample over a wide frequency range of 10 pHZ
to 32 MHz [11]. However, the equipment 1260A is not capable of measuring impedance for
materials with low conductivity, especially at low frequencies.

So, the 7296A Dielectric Interface overcomes these limitations allowing for accurate
measurements for all kinds of highly resistive materials such as: polymers, ceramics, ion con-
ductors, dielectrics, piezo/ferroelectrics, among others, also allowing to preform measure-

ments in the frequency range to 100 M2 (102Q) - 100 TQ (10™ Q) [12].

Figure 3.4: Impedance spectrometer instruments.

1296A dielectric interface on the 1260A impedance analyzer
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3.3 Temperature Monitoring

3.3.1 Pt100

Pt100 resistors are platinum sensors that have an excellent correlation between tem-
perature and (DC) electrical resistance. Denominated as such because, at 273.15 K or 0°C,
they have a resistance value of 100 Q. The precise sensor correlation, temperature versus re-
sistance in 70 K to 300 K temperature range and their low price are the reason why these

sensors were chosen to monitor the temperature in our cryogenic systems.

Figure 3.5 Pt100 resistors

For measuring the resistance in the sensor Pt100, the 4-point method is used. As ex-
plained before, this method is more suitable because it eliminates the wire resistance from
the measurement, measuring only the potential difference between the sensor terminals,

turning more precise the temperature measurement.

V

Pt100
LY e AVAVAY

Figure 3.6: Schematization of 4-Point method used in the platinun sensors
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3.3.2 Temperature Controller LakeShore 332

The Model 332, depicted in Figure 3.7, is a temperature controller manufactured by the
Lakeshore company. This device offers the possibility to easily measure the temperature with
a high resolution of 1 K for two separated sensors. It also has two independent control cir-
cuits, one with a 50 W (50 V/ 1 A) and the other with a 10 W (10 V / 1 A) output, that allow
working according to the value measured by the input chosen sensor [13].

This Model also has a significant advantage because it allows a line of communication
with the SMaRT software used to measure the impedance, allowing a more straightforward
way to measure electrical impedance with temperature. Although this direct communication
is possible, a more flexible approach was chosen to analyze the data, being the temperature
data followed in the device LakeShore 332 and the impedance analyzer data in the software

SMaRT. A scheme of how the devices are connecter is shown in the Figure 3.8.

Figure 3.7: Temperature controller Model 332

Temperature
E mm mm B mm | ckeShore|controller

Impedance spectrometer
(1260A and 1296A)

Cryostat

Figure 3.8: Scheme between the different devices required for impedance measurement with the cryostat
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3.3.3 LabVIEW Interface

As means to interact with the temperature controller Lakeshore 332, a LabView inter-
face was developed. Beyond the indication of the two sensors temperature values, this inter-
face displays three graphs showing the temperatures, the temperature slope, and the output
power used for temperature control in percentage, all in function of time (only one is shown
in the figures). It includes, also a main panel seen in Figure 3.9, where the main commands
can be seen and control, such as: the setpoint, the output power range (High, medium, or
low), the maximum slope value considered for temperature stability check, the liquid nitrogen
level in the dewar. In this panel a more automatic way to make different successive tempera-
ture steps (stair control), can also be applied. To simplify the communication and mobility of

Model 332, the LabView program was developed to communicate via GPIB or RS232.
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Figure 3.9: Main panel control temperature

This interface has two more secondary panels, the command summary and the save
panels.

The command summary in Figure 3.10 contains the main panel's information, and the
controls typically kept the same for the all experiment, defined at the beginning. Such as the
sensor used for temperature control, the units of temperature to use, the output power scale
(low, medium, or high), and if the setpoint changes gradually or instantly (ramp mode),

among others.
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Figure 3.10: Control summary panel control temperature

Finally, the third panel is responsible for the data saving process in Figure 3.11, con-
firming if it is saving, where it is being saved, and what variables measured want to be saved.

Also, it defines if it saves all variables from the data measured through time or only when the

temperature is stable, being also possible to keep both types of data.
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Figure 3.11: Save panel control temperature

3.4 Cryogenic System Construction

As said before, this project is based on systems developed in the Laboratory of Cryo-
genics of the Physics Department [1, 2]. In both projects, the systems were capable of electri-

cal characterization (DC [1] and AC [2]) and have a similar constitution, as seen in Figure 3.12.
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—— Cable Connectors
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Cryogenic Flange 5l
Cell — Cooper Shell

Sample Holder—#

Figure 3.12: Base schematic of the cryogenic system

with internal and external view of the cryogenic cell

These systems comprise three significant parts, the cryogenic cell, the tube in which the
wires pass from room temperature (RT) to the cryogenic cell at low temperature (LT), and the
cable connectors at RT. The cryogenic cell is composed of a copper shell, a flange, and a
sample holder. In the cryogenic cell, the copper shell ensures a good heat flux transfer, tem-
perature homogenization and protects the sample holder inside the copper shell from direct
contact with liquid nitrogen. The flange is the support that sustains and fixes all the cryogenic
cell components together. Finally, the cable connectors are fixed on a plastic or inox box and
links the system to the electronic equipment at RT that will measure and analyze the data.

To perform measurements in the previous systems mentioned, shown in Figure 3.13,
the cryogenic cell is initially cooled down by direct contact between the cooper shell and the
liquid nitrogen (LN2) at 77 K, reaching this temperature. Eventually, the LN2 evaporates, and
the cryogenic cell starts to warm slowly, reaching room temperature. These systems meas-
urements are performed during the slow temperature increase, without temperature stabili-
zation, shown in Figure 3.14.

These assemblies allow for a rapid sample replacement, being only necessary to un-
screw the copper shell from the flange to access the sample holder.

The systems developed and described in this thesis will follow a similar structure but
will allow to stabilize the temperature at any value. Prototype 2, described more ahead, es-

capes from this typical structure, still allowing temperature stabilization.
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Figure 3.13: Systems and cryogenic cells of previous projects.

a) System capable of measure thin films in AC [2] and b) ) System capable of measure wires in DC [1]
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Figure 3.14: Temperature variation as function of time, used in the systems and cryogenic cells in Figure3.12

3.4.1 Thermal Insulation of the Cryogenic Cell

To control the system's temperature, it is necessary to establish a balance between a

hot source and a cold source. In this project, the cold source will be the LN2. There are two

design system possibilities, as seen in Figure 3.15.
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The first possibility is to attach copper wires to the bottom of the copper shell, letting
the cryogenic cell suspended above the LN2, allowing only the copper wires to be in touch
with the LN2, these wires work as the cold source. And attach a set of heating resistors to the
flange, working these ones has a hot source, as exemplified in Figure 3.15 a).

The second possibility, the one chosen and developed during this thesis, instead of us-
ing copper wires in contact with LN2 as a cold source, the entire cryogenic cell is used as a
cold source, being the cryogenic cell involved in a thermal barrier and dipped in LN2. And
like the first possibility, the heat resistors are attached to the flange or sample holder to work

as a hot source, as exemplified in Figure 3.15 b).

a) b)

Figure 3.15: Prototypes structures possibilities schemes.

a) First possible structure, b) Second and developed structure.

This thermal barrier must provide a good thermal isolation avoiding liquid nitrogen
from entering into direct contact with the copper all at the same time, preventing a noncon-
trolled rapid temperature decrease when dipped, and allowing to maintain the wanted tem-
perature value, using a reasonable heating power. This barrier also allows the infiltration of
some liquid nitrogen to allow it to cool the system without taking too much time and power
to reach the required temperature. The balance of the heat resistor's power and the cold pro-
vided by the thermal barrier will allow a good temperature control and allowing different
temperature steps to be created.

To achieve the ideal insulation barrier, multiple types of materials were tested. The pro-

tective barrier must protect the cryogenic cell from direct contact with LN2 but also allows
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some nitrogen leaks to enter into contact with the copper through natural or artificial porosi-
ty channels.

For the first approach, a black sponge was used, letting the nitrogen flow by capillarity
through the sponge's natural porosity. However, the flow was excessive, not allowing us to
control the temperature of the sample holder above 110 K. By trying different materials and
configurations, as seen in Figure 3.16, an adequate thermal isolation was achieved that al-
lowed us to control the temperature of the cryogenic cell between 77 K and 300 K. The final
isolation material chosen was polystyrene because it is a high isolative material, an easy ma-
terial to work and less expensive, being used in house insolation. The copper shell was cov-

ered with a set of polystyrene donut shaped disks fixed to each other with aluminum tape.

Figure 3.16: Thermal barrier evaluation, from left to right. Final version at the right

3.4.2 Prototype 1 Cryostat

For the construction of prototype 1, was used an assembly (sample holder) built in a
previous thesis [2]. Prototype 1 is an aluminum structure with the IDE sample facing upward.
Since the structure is made of aluminum, a 3D printed plastic cylinder isolates the contact
cylindrical probes responsible for the electrical contact between the IDE and the copper
wires, avoiding short circuits. The IDE sample is positioned between ledges with the appro-
priate interdigitated sample dimensions, forcing the correct alignment between the cylindri-
cal probes and the samples. The probes used in this prototype and prototype 3 are gold
plate spring probes (GSP), shown in Figure 3.17. The GSP is composed of two parts connect-
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ed by a spring. When pressed, the spring of this probe ensures good electrical contact be-

tween the probe and the interdigitated sample, seen in Figure 3.18 a).

Figure 3.17: Golden spring probes.

An insulating barrier, shown in Figure 3.18 b) and described in section 3.4.1, was added
to the assembly as well as a set of two 22 Q heating resistors [14] in series, screwed on the
aluminum flange. The insulation barrier is fixed around the copper shell while the heating
resistors are on opposite sides of the flange, as seen Figure 3.18 a), transferring the heat from

the flange to the sample holder.

Connector PTI00  Cooper Shell With : @
Sensors Insulating Barrier } &

. /f‘
Heating PT100 r Coaxial Cable Plug 4

Resistors < Sensor B

«— GSP e

- 2 [»]3
PT100 —» Position

Sensor A <+—Connector Heating Resistors thﬁej

Figure 3.18: Pictures of Prototype 1.
a) Sample holder, b) Cryogenic Cell Exterior

Since the heat resistors are placed on the exterior of the cryogenic cell while perform-
ing the experimentation, it is necessary to be aware that the liquid nitrogen can not pass
above the bottom of the flange. If that happens, the nitrogen enters in direct contact with the
heat resistors, preventing to obtain the required temperature.

To monitor the liquid nitrogen level, a balance system was built using an arduino UNO
microcontroller, and the force sensors of a low-cost commercial balance. This system con-
verts the conjunct weight of the liquid nitrogen and the dewar to the nitrogen level, allowing

the LabView to measure the LN2 level during the experiment.
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Figure 3.19: Balance system, used with prototype 1. a) System connections and b) System in operation

3.4.3 Prototype 2 Cryostat

The prototype 1 allowed a very good temperature control (see section 4.1.1) but pre-
sented two defaults. The first was the necessity of constant monitorization of the liquid nitro-
gen level, having a height range for optimal work, making it necessary to replenish liquid
nitrogen, when out of the optimal range. Second, a strange and reproducible phenomenon
occurs, in the experimental data, changing the impedance values after the colling process.
Supposably due to water condensation, more about this phenomenon will be explained in
section 4.3.2 of this thesis.

To try to correct these two principal short comings, another system was developed,
with a significant number of changes to avoid the condensation of water in the sample hold-
er and the need to monitor the LN2 level, also preventing direct contact between the nitro-
gen and the cryogenic cell. One of the changes made was using an adapted USB port to re-
place the probes used in prototype 1, shown in Figure 3.20 b) and c), allowing for an easier
and more stable way to place and replace the samples. Moreover, this new probe type offers
a larger electrical contact than the previous spring probes, generating less noise in the meas-
ured data.

Another change was to replace the principal cooling strategy by changing the system

structure. The sample holder, unlike prototype 1, doesn't have a cooper shell and a polysty-
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rene insulation barrier. The cryogenic cell is placed on the tip of an inox rod, in which the
electrical wires pass through ending in a cable connector. Then the inox rod is placed inside a
tube and closed. All the components mentioned are shown in Figure 3.20 a), making the hol-
low structure airtight. Then after these two pieces are assembled, and the entire system is
placed inside the dewar liquid nitrogen. Since there is no direct contact between the sample
holder and LN2, both liquid and gas, the sample is cooled by gaseous conduction through
the existing gas in the tube (1 bar at 300 K to 700 mbar when the tube is in the LN2) and by
thermal radiation. Since the sample is in an airtight place, when the system is cooled, the wa-

ter condensation will be residual (limited to the H,O quantity in the system before closing).

*— Cable Connector .

== e
L Inox Rod \‘!" Cryogemc_f

Cell

Inox Tube

Adapted
USB Port

Figure 3.20: Major changes in the prototype 2.
a) Structure of prototype 2, on the top is the inox rod where the sample structure is put, on the bottom is the
hollow structure that protects the sample from liquid nitrogen contact and is airtight when assemble. Adapted

USB to replace previous probes b) Before modification, and c) After the modifications

The development of this prototype can be separated into two specific versions. The first
version was the first try to build a sample holder capable of measurements using the USB
probe. However, this version could not correctly measure, as demonstrated by the data in
section 4.4.2, due to a lack of temperature uniformization through the cryogenic cell. The

second version tries to resolve this problem.
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34.3.1 Prototype 2, 1% Version

The first assembly of prototype 2 uses a brass support and two thermal resistances on
opposite sides in the middle of the support. As prototype 1, two Pt100 sensors are used to
monitor the temperature along the brass support and the IDE, positioned as represented in
Figure 3.21. In this prototype, the sample holder is the adapted USB port, and when the IDE

is placed on it, part of it stays suspended in the air, as seen in Figure 3.22 b) (annex A.1).
IDE USB Sample Thermal
Holder l/ Resistances
ESensor A
\

Sensor B
Brass support >

64 mm

Figure 3.21: Lateral scheme of prototype 2 15t version cryogenic cell, and position of its different components

Before closing, the sample holder was wrapped in aluminum to ensure that the sample

does not receive directly thermal radiation from the 77 K wall of the tube (Figure 3.22 c).

Figure 3.22: Assembled cryogenic cell in different perspectives.

a) Without Sample, b) With Sample, c) Wrapped by aluminum

3432 Prototype 2, 2" Version

After analyzing the data obtained using the first prototype, it was necessary to modify
the cryogenic cell to permit a better temperature distribution along the brass support (more
explanation in section 4.4), developing an improvised and simpler cryogenic cell. Using an
aluminum plate, the brass support surface is extended and a new USB probe was built, reduc-
ing its size, as shown in Figure 3.23. The IDE is positioned in the aluminum, as showed in Fig-
ure 3.24 a) and b), not being suspended as in the first version making it easier for the heat
flux to propagate throughout the film.

Although a final sample holder was not built, it was designed, present in annex A.2.
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Figure 3.23: Lateral scheme of Prototype 2" version cryogenic cell, and position of its different components

AR

Figure 3.24: Cryogenic cell in different perspectives.

3.4.4 Prototype 3 Cryostat

Prototypes 1 and 2 were developed to measure the impedance using the impedance
spectrometer Solartron, but other electric characteristics are interesting to measure, such as
the sheet resistance, used to calculate the resistivity of the material in study. Using the same
design as prototype 1, a new sample holder was developed that could support a different
type of samples and the four probes necessary for measuring, depicted in Figure 3.25.
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Figure 3.25: Pictures of Prototype 3.

a and b) Sample holder in different perspectives, c) Prototype 3 structure and cryogenic cell.
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This sample holder is composed of three separated pieces, all of them made of alumi-
num seen in Figure 3.25 a). The first piece (annex B.1), is the base of the assembly, where the
sample is positioned by sliding it on to a groove in the side of the base (Figure 3.25 b). This
base is fixed to the flange by two screws, and a heating resistance is attached to the back of
the base, as seen in Figure 3.25, being the piece where the heat flux will propagate. The sec-
ond piece, the connector holder (annex B.2), is a movable piece located on the top of the
base that moves perpendicular to the base. This piece has a spring system that ensures that
the probes are well positioned and in contact with the sample (not seen in the Figures be-
cause it is inside the connector holder). Finally, the third piece, (annex B.3), is attached to the
connector holder, clamping the white plastic piece, coming from a commercial connector,

that holds firmly the four GSP probes.

3.5 Circuits and Connectors

To ensure the systems developed were measuring correctly, a reference circuit with a
100 k2 resistor in series with a 10 nF capacitor, in parallel with a 100 pF capacitor, was made
on a circuited printed board, as shown in Figure 3.26. By measuring this circuit with known

variables, we can compare the data measured with the expected one.

100 kO 10 nF

100 pF

Figure 3.26: Reference circuit schematic and picture in printed board

Additionally, a circuit reference made by AMETEK SI (Figure 3.27 a)), with the same val-
ues, is also used to confirm the normal operation of the 1260A impedance analyzer.

Finally, additional tests were made using a blue connector normally used in the lab
(Figure 3.27 b)).

It is essential to highlight that the comparison between our new systems with the refer-
ence ones (AMETEK and blue probe) can only be made at room temperature, since those do

not support to be exposed to low temperatures.
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Figure 3.27: a) AMETEK reference circuit b) Blue probe
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4

RESULTS AND DISCUSSION

In this section, we will describe the tests that validate that the cryogenic cell tempera-
ture control is working satisfactorily and if the measurement done using the sample holders
designed and the different systems configurations are adequate for our measurements.

The experiments were performed using the impedance spectrometer 1260A and 1296A,
through the SMaRT software, defining the parameters of 50 mV voltage amplitude and 0 V
bias voltage, with thirty-one frequency points between 1 and 10° Hz.

The software SMaRT is used to obtain the measured impedance data, and the LabVIEW
interface controls the temperature of the sample. A scheme how the devices are connecter is

shown in the Figure 3.8.

4.1 Temperature Validation

During the development of this project, three prototypes were built in total. Prototypes
1 and 3 have essentially the same structure, prototype 1: Figure 3.18 a) and prototype 3: Fig-
ure 3.25 ¢), while prototype 2 is significatively different, Figure 3.20. Both these types of struc-
tures use the Lakeshore 332 to control the temperature of the sample holder, using the same
LabVIEW program for both structures. But since the structure format impacts the tempera-

ture control, it was necessary to analyze the two control temperature structures separately.

4.1.1 Prototype 1 and 3

Prototypes 1 and 3 were made to study different electrical characteristics of thin films,
however they have the same structure and use the same thermal barrier involving the cryo-

genic cell.
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When performing the experiment, the dewar was filled up to 13 ¢cm with nitrogen liquid
(= 2.3 L, = 1.9 kg), and then the system was introduced slowly inside the dewar, involving the
cryogenic cell in liquid nitrogen. After inserting the cryogenic cell in nitrogen, the LabVIEW
interface was used to control the temperature as seen in Figure 4.1, using two Pt100 type
sensors A and B to monitor the temperature (Prototype 1: Figure 3.18, Prototype 3: Figure
3.25). First, the temperature drops slowly until it reaches 80 K, and from that point forward,
the temperature is controlled in 20 K steps until it reaches 280 K.

The data obtained shows that reaching the minimum temperature of 80 K takes about
30 min, and it is possible to establish different temperature levels, taking no more than
10 min to stabilize each temperature level. Using steps of 20 K, it is possible to go from 80 K
to ambient temperature in no more than 156 min, in other words, less than 2 h 36 min. Also,
both sensors, Pt100 A and B, located in different places on the sample holder, present the

same values, meaning that the heat is uniformly spread.
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Figure 4.1: Graph Temperature stabilization for structure used in Prototype 1 and 3. Considered stabilized with a

temperature variation lower then 3 K/min

It is also important to refer that it was not necessary to replenish the liquid nitrogen
during this temperature variation, being possible to do two of these cycles of temperature

variation without refilling.
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4.1.2 Prototype 2

As described before, prototype 2 is the one that escapes the typical structure format
used in the other structures developed. So, it was necessary to conduct a separate study to
confirm if this structure is adequate for temperature control of the sample.

Such as the test of prototypes 1 and 3, liquid nitrogen was poured inside the dewar to
the required level (not critical in this case), and then the assembled structure (Figure 3.20)
was placed inside it. The temperature data obtained during this test is displayed in Figure 4.2,
using, as the other two prototypes described above, two Pt100 sensors located in different
parts of the cryogenic cell (Figure 3.21). As for the prototypes 1 and 3 test, first, the cryogenic
cell reached the lowest temperature possible, then 20 K temperature steps were done until

reaches room temperature (300 K).
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Figure 4.2: Graph Temperature stabilization for structure used in Prototype 2. Considered stabilized with a

temperature variation lower then 3 K/min

The data obtained shows that the minimal temperature reached is 90 K and it was pos-
sible to achieve different temperature levels, taking no more than 5 min stabilize each set-
points. Compared with the other structure of prototypes 1 and 3, this one has a higher mini-

mum temperature but provides faster temperature control, reducing the measurement time
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in a full range of temperatures. However, a significant temperature gradient exists along the

temperature cell.

4.2 Circuit and Probes Validation

As said before, diverse types of cryogenic systems were used in this thesis. Before using
those systems for sample characterization, it is necessary to confirm if they are working cor-
rectly. For that purpose, the circuits and connectors mentioned in section 3.5 are used.

The test circuit used to confirm the correct functioning is shown in Figure 3.26. The
samples analyzed are thin films placed above an interdigitated electrode substrate. In this
circuit, the 100 pF capacitor represents the substrate, while the branch with 100 kQ resistance
and 10 nF capacitor represent the components of the thin film. Testing the different probes

and the different circuits, we get the data in Figure 4.3.

Reference Circuit Comparation
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Figure 4.3: Bode plot of impedance of different probes with reference circuits

The curves obtained by the blue probe, the reference circuit Solartron, shown in Figure
3.27, and the theoretical curve have an excellent data overlap, concluding that the blue probe
is working correctly. The curves obtained using prototype 1 probe and the USB probe pre-
sented a deviation of values at high frequency. This deviation means that there is some para-

sitical capacitance in series with the 100 pF element, reducing the original value of this
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branch. Although it is an unexpected phenomenon, it does not present a serious issue be-
cause it only affects the capacitor that represents the substrate, not the values of the branch
that represents the thin film we want to measure.

Also, an important aspect, before measuring impedance with the systems, is to know
which is the most suitable AC voltage to apply to the system and if it changes with the tem-
perature. The experiments that gave the results in Figure 4.4 were developed using a film of

polyethylenimine of Graphene Oxide (PEI/GO) in prototype 1, varying the AC tension applied.
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Figure 4.4: Electrical impedances as a function of AC tension, at fixed frequencies and for the two limit tempera-

tures

With the results of the graphs in Figure 4.4, we can observe that the AC tension does
not affect the value of the thin film impedance measured, except when carried out at 100 Hz
and 300 K.

Since the results at 100 Hz and 300 K are the only results with impedance varying with
the tension and it has a low frequency value, we conclude that these results were not correct-
ly measured due to noise at low frequency, similar noise is also seen in Figure 4.5, and there

is no immediate impact in the system measurements using different voltage values.
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4.3 Prototype 1 Measurements

Prototype 1 was designed to study interdigitated electrode samples. Therefore, were
studied a interdigitated substrate and thin films of DNA and graphene oxide, produced as

mentioned in 3.1.

4.3.1 Substrate

The IDE is the substrate where the thin film is deposited, so it is essential to analyze it
and its behavior at low temperatures. The IDE is expected not to show a variation of imped-
ance with temperature. If it had, it would be necessary to consider that fact, when measuring
the deposited films. Also, it is essential to compare the values obtained via the blue probe,

using this one as a reference, obtaining the results in Figure 4.5.
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Figure 4.5: Bode plot of impedance at different temperatures for substrate using prototype 1

By analyzing this data, we can observe, as expected, that there is no significant change
in the substrate data values when the temperature changes. There is a curve deviation be-
tween the data acquired by prototype 1 and with the blue reference probe. Considering the
deviation that appeared in the data of Figure 4.3, this deviation was expected, but as ex-
plained before, this deviation only affects the substrate capacitance, and the film is less resis-
tive than the 100 pF capacitor. A possible reason for this deviation could be the cable used to
connect the impedance spectrometer with the sample. Prototype 1, as prototype 2, uses co-
axial cables, unlike the reference blue probe that uses standard cables without a shield.

Moreover, a significant noise increase can also be seen for frequency lower than
100 Hz, probably due to the high impedance values, which is difficult for the impedance

spectrometer to analyze. However, by cleaning the tips of the GSP and better adjusting its
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position, the contact between the probes and the IDE can be improved, reducing this noise at

low frequency

4.3.2 DNA

After the validation of our system, a DNA film was deposited on a IDE, as described in
section 3.1.1. For the characterization of this DNA thin film, the system was first cooled to a
low temperature, and then heated, using the temperature control system previously de-
scribed, making temperature steps of 20 K starting at 180 K and finishing at 300 K. According
to previous data, it was already known that for impedance values below 180 K, only the IDE is
being measured, which means that the thin film isn't analyzed under 180 K. So, by starting
the measurements at 180 K, it allows us to reduce the total data acquisition time. Before
starting this temperature cycle, the film impedance was measured at RT to test if the cooling

process induced irreversible changes.
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Figure 4.6: Bode plot of impedance at different temperatures for DNA thin film using prototype 1

This data in Figure 4.6 shows that, in the 180-220 K range, the film is much more resis-
tive than the substrate. As a matter of fact, the current applied mainly propagates by the sub-
strate, and the measured values appear to be that of a substrate.

For temperatures above 240 K, the thin film starts to have low enough impedance val-
ues to be measured. At high frequencies, the substrate still has a lower impedance than the
film, not being possible to measure the thin film properties. For lower frequencies, we can
verify that the film presents a resistive (flat part) and a Warburg components (seen by the
increase of impedance coming close to 1 Hz, especially for the first measure at 300 K).

Analyzing the data showed that there is a well-defined behavior between the imped-

ance value and the temperature. Although it can be seen in the graph of Figure 4.6 that the
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impedance values before (blue dashed lines) and after the cooling process (black dashed
lines) at RT, are not the same, the curve after the cooling process being more resistive. To
make the data analisis easier, a impedance versus the temperature at a fixed frequency is
plotted, as presented in Figure 4.7.

This graph shows that the impedance curve starts from a high value at a low tempera-
ture decreasing to a lower one when the temperature increases. However, this behavior
changes around 270 K, when the impedance value increases. Because this phenomenon be-
gins at = 270 K = 0°C and after 5h-6h, the curve at 300 K returns to its initial values (not rep-
resented in the graph), we conclude that water condensation is the most likely cause for this

slope change at = 270 K.
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Figure 4.7: Plot of impedance as a function of temperature at different frequencies, for DNA thin film using proto-
type 1

The most likely cause for this condensation is the acrylic tube, since its two extremities
are open, which allows a connection between the inner part of the cryogenic cell and the
ambient atmosphere, which is water a source.

To try to limit this phenomenon, foam was placed inside the acrylic tube. Using this
method, the foam should limit the water transfer from RT to the cryogenic cell. To observe
the impedance variation more precisely, from this point forward, 10 K steps were used in the
temperature range. This modification led to the same results as before, so the sample was
also protected with teflon tape to avoid condensation on the film itself. Also, to confirm that
this phenomenon is due a very slow temperature dynamic in each temperature step two
measurements, 5 to 10 min apart, were made in some temperatures to confirm (or not) if the
values remain constant for the given temperature. The results obtained in these conditions

are displayed in Figure 4.8 and Figure 4.9.
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Again, it can see that there is a well-defined behaviour between the impedance com-
ponents and the temperature. However, there is still a change of slope starting around 270 K

and different impedance values at room temperature before and after the cryogenic cooling

process.
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Figure 4.8: Bode plot of impedance at different temperatures, for DNA thin film involved with teflon using proto-
type 1
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Figure 4.9: Plot of impedance as a function of temperature at different frequencies, for DNA thin film involved with
teflon using prototype 1

Without full confirmation, it is still believed that the formation of water is the main rea-
son for the appearance of this phenomenon because the slope starts around 270 K and
above, and because the impedance values return to the initial ones after some hours, at room
temperature. The graph of Figure 4.10 shows how maintaining the room temperature at the
end of the cooling process, the impedance reverts to the initial values. Such results could

reinforce the idea that this effect is due to water.

39



1.E+08
d @ DNA TEF 300K
] Before Cooling
1.E+07 (10h30 AM)
DNA TEF 300K
__ 1.E+06 f After Cooling
e 13h31 PM
=3 . . ( )
3 Rt | @ DNA TEF 300K
_rgs LE+05 [ 355 e After Cooling
] ] '3'. ®eesseccnsoces (17n34 PM)
S .
£ 1.E+04 oo s9e0eobooee ® DNA TEF 300K
] 90 ¢ o PP After Cooling
1E03. 0000000000 (18h06 PM)
. + T T T TTrrT T T T TTTrT T T T T TIrrrf T LI T T LELELELEAY T T—rrrrrr
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Frequency (Hz)

Figure 4.10: Bode plot of impedance as at room temperature, for DNA thin film involved with teflon using proto-
type 1. Evolution of impedance curves values after cooling process

Analyzing the real and imaginary components of the data is also important, allowing a
better understanding of the thin film's properties in the study and finding the film's equiva-
lent circuit model. Using only the bode plot of the DNA, the increasing impedance at low
frequency could be attributed to capacitive behavior. Although using the Figure 4.11 Nyquist

plot, one can conclude that this is due to the presence of a Warburg effect.
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Figure 4.11: Nyquist plot of DNA at different temperatures
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In the Nyquist plot of Figure 4.11, for reasons already explained are only represented

temperatures above 220 K.

Using the Nyquist and Bode plot data and the software Zview, it is possible to repre-
sent electric circuit equivalence to DNA sample, represented in Figure 4.12 and Figure 4.13.
This can lead to a better understanding of the DNA components variation with the tempera-

ture (Represented the data in Table 4.1). It can also be seen that the Warburg effect occurs at

any temperature.
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Figure 4.12: Electric circuit equivalence a) The sample b) The DNA film
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Table 4.1: Equivalent circuit film DNA component values, obtained using Zview software

Warburg
Temp (K) Cioe RFiim Wriim-r Weiimt  Wrim-p

(Beforiocooolmg) - 2.076+03  4.63E+05 5.8 0.5
220 4.6E-12 1.49E+09 2.25E+09 5.8 0.5
230 4.2E-12 1.52E+08 5.47E+08 5.8 0.5
240 4.2E-12 2.28E+07 1.79E+08 5.8 0.5
250 4.3E-12 5.10E+06 8.28E+07 5.8 0.5
260 4.4E-12 1.67E+06  4.93E+07 5.8 0.5
270 4.3E-12 1.74E+06 5.28E+07 5.8 0.5
280 4.6E-12 1.14E+06 4.58E+07 5.8 0.5
290 4.3E-12 1.37E+06 5.47E+07 5.8 0.5
300 (1) 4.3E-12 1.97E+07 2.24E+08 5.8 0.5

In every temperature, except the first measurement at RT before the cooling process,
appears the capacitance component corresponding to the IDE, being the circuit equivalence,
the circuit a) of Figure 4.12. In the first RT measurement the circuit equivalence is the circuit
b) of Figure 4.12.

The data in Table 4.1 shows that the values of the capacitor are constant, throughout
the range of temperatures, just like Wrim-r and Wrim-p. Something that was expected since the
IDE is not supposed to be affected by the temperature, and Wrim-r and Wrim-p are intrinsic
characteristics of the thin film and Warburg effect (section 2.2.1.1).

The Rrim values decrease when the temperature increases, meaning that the colder the
film is, the more resistive it becomes. However, from the steps of 260 K to 300 K, the behavior
doesn't seem so clear. Also, Rrim is different before and after the cryogenic process and
doesn't present the same values, reinforcing that "something occurs” around 270 K. The
Wrim-r, has a symmetric value variation with the Rrim, as expected and explained in section
2.2.1.1.

4.3.3 Graphene Oxide Film

The graphene oxide (GO) thin film was deposited, as described in section 4.3.3. Before
executing the low temperature measurements, the thin film was measured with prototype 1
and the reference blue probe at room temperature, in which both probes data were coinci-

dent.
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Repeating the same process made with the DNA film, the impedance of the GO film

was measured in 180 K - 300 K temperature range. The data are displayed in the Figure 4.14

and Figure 4.15.
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Figure 4.14: Bode plot of impedance at different temperatures, for GO thin film using prototype 1

These results show a similar behavior in the Bode plot to that obtained with the DNA.

For temperatures under 220 K, the film is too resistive, only measuring the IDE, and for tem-

peratures above 220 K, reduced slope areas can be seen.
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Figure 4.15: Impedance as a function of temperature at different frequencies, for GO thin film using prototype 1

It is important to note that, similarly to the DNA sample, the data obtained for the GO

film also ends up with values higher at 300K than before the cooling process. Recovering its

original RT values after resting at ambient temperature for five to six hours (not represented

in the graph). Also, it's seen in Figure 4.15 that the slope changes around 270 K, becoming

positive and even more accentuated than when performing measurements with the DNA.
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Since this phenomenon occurs no matter the film, we can conclude that its origin
comes from the prototype assembly. Although this phenomenon does not occur when only

analyzing the substrate (Figure 4.5).

4.4 Prototype 2 Measurements

The Prototype 1 measurements, as seen above, are not very reliable in the heating pro-
cess above 270 K and do not have the same impedance values at RT before and after the
cooling process, although it returns to its original values after resting for some hours. Due to
these facts, it is believed that the origin of these problems is the condensation of water inside
the cryogenic cell. So as an attempt to fix these problems, prototype 2 was built as specified
in the section 3.4.3. This prototype was also developed, in such a way that it is no longer nec-

essary to monitor the liquid nitrogen level.

44.1 Substrate

As for the first assembly, we started by measuring the IDE alone to ensure that its im-
pedance does not variate with the temperature, obtaining the results displayed in Figure 4.16.
As in Prototype 1, the data is completely superposed, indicating that the substrate does not
present variation with the temperature, as expected. This USB-adapted probe shows less

noise at low frequency then Prototype 1, thanks a better contact area.

1.E+10 i ® Sub 100K
1LE+09 gelg— ® Sub120K
] e, ® Sub 160K
1.E+08 = o
. °, ® Sub 180K
c : e,
- LE+07 o NEa® Sub 220K
Q ] N.'
S 1.E+06 s ° 5 Sub 240K
ke, E ]
8 ] % b
£ 1.E+05 s . ®  Sub 260K
] F S Sub 280K
1.E+04 3 O~
3 i".\ ®  Sub299K
1E+03 AN T Blue Sub 300K
1.E+00 1.E401 1.E+02 + 1.E+04 1.E+05 1.E+06

Freqtlj'gn(c)\a/ (Hz)

Figure 4.16: Bode plot of substrate at different temperatures, using prototype 2

Unlike Prototype 1, the USB probe used in Prototype 2 didn't suffer a deviation, alt-

hough such deviation was expected as it did on the graph in Figure 4.3. This assembly lost
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the parasite capacitance, returning to the original values for some unknown reason. But as

said before, this phenomenon does not affect the measures of the thin film.

44.2 DNA (1st Cryogenic Cell Version)

The same film of DNA used in prototype 1 was measured in this new system (sec-
tion 3.4.3.1). With this system a slightly different approach was used. Instead of only measur-
ing while heating, measurements were also obtained while cooling.

During the measurements, two significant problems were observed in the first con-
trolled temperature level at 280 K (Figure 4.17, t<100 min). First, sensor A and sensor B,
placed in the cryogenic cell as represented in Figure 3.21, present a large temperature differ-
ence, meaning there is no temperature uniformization along the cell. Second, the curve val-
ues obtained at 280 K, no matter which sensor was used as the controller, presented curves
that were only expected to appear at 240 K (Figure 4.18), according to the data obtained in
prototype 1. These results indicate a lousy temperature gradient in the cell.

The experiment was repeated to confirm if those two problems were not directly corre-
lated. However, in this case, the system was left to warm on its one, instead of using electrical
power to control the sample holder temperature. This was obtained by removing the system
from the liquid nitrogen and letting the room temperature warm the prototype. The Figure
4.17, shows for t>130 min that with such a process, the temperature in the cell becomes uni-
form. Unfortunately, with such a process, we cannot make the different temperature steps,
but we can confirm if the two problems are correlated. The data measured during a slow

temperature drift are displayed in Figure 4.19, Figure 4.20, and Figure 4.21.
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Figure 4.17: Temperature variation of sensors Pt100 A and B during the develop of this experiment with DNA
using the prototype 2
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Figure 4.18: Bode plot of DNA thin film at different temperatures, using prototype 2

Comparing these new data with the ones obtained by prototype 1, we can confirm that
the data are similar, without the issue appearance present when the temperature is con-
trolled. Meaning the lack of temperature uniformization is the main reason why this sample
holder could not acquire the expected data when stabilizing the temperature. Also, the air-
tight system fixed the problem detected in prototype 1 (impedance values different, at 300K,
before and after the cooling cycle). This result indicates that this issue is related to some
condensation. With this in mind, developing a new cryogenic cell is necessary to correct this

problem of non-uniform temperature along the sample holder (annex A.2).
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Figure 4.19: Bode plot at different temperatures for DNA film using prototype 2 15t version while heating without

temperature control
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Figure 4.20: Temperature variation of sensor A and B for DNA, using the prototype 2 15t version, without tempera-

ture control. The temperature spikes indicate an impedance measurement (data in Figure 4.8)
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Figure 4.21: Impedance as a function of temperature for DNA film at different frequencies, using prototype 2 1%

version without temperature control.

4.4.3 DNA (2nd Cryogenic Cell Version)

To bypass the main drawbacks, present in the previous version, a simpler sample holder
version was built, as shown in Figure 3.24, trying to obtain some useful measurements with
the sample holder described in section 3.4.3.2. The experiment with the DNA film was repeat-
ed, making temperature steps on the cooling and heating, as displayed in Figure 4.22 and
Figure 4.23.

During the execution of this experiment, the heating resistor burned before reaching
the last two temperature levels, making it impossible to make the last temperature steps
(280 K and 300 K). In opposition to the measurement made in the first version of this sample
holder, the temperature was measured as uniform in the cryogenic cell (TA=TB). However,

the measured curve values are not the expected ones, considering previous data (Figure
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4.19), since the capacitive curve starts to appear after 280K instead after 250K as expected.
And since the only curves that presented resistive components are the 280K and 300K, we

cannot confirm if this behavior continues in the heating process.
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Figure 4.22: Bode plot at different temperatures for DNA film using prototype 2 2" version. On top the measure-
ments when colling and below the measurements when heating
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Figure 4.23: Temperature variation of sensor A and B for DNA, using the prototype 2 2" version.
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There are two possible reasons for this set of data. First, since the USB probe is not well
fixed, the probe could have shifted, no longer measuring the film. This could only be con-
firmed if the impedance data for 280 K and 300 K was obtained. Second, this thin film of DNA
being the same that was used in all previous measurements, it's possible that the film may be
degraded, leading to a different value for the impedance. A final version of this sample hold-

er is designed in A.2.

4.5 Prototype 3 Measurements

Prototype 3 was built to study DC sheet resistance instead of AC impedance. For that, is
used the sample holder, seen in Figure 3.25 a) and b), and samples with a completely differ-
ent structure, no longer using interdigitated samples. In this prototype, two types of sub-
strates were studied: Indium-doped Tin Oxide (ITO) and Fluorine-doped Tin Oxide (FTO).

For these measurements, it was used the power source RIGOL DP811A and a software
developed in another thesis [15].

Two methods were used when measuring the sheet resistance of the samples: manual
and automatic. In the manual measurements, the data is constantly being measured, while
the cryogenic cell is being cooled. In the automatic measurements, a ramp is used of cur-
rents with 10 levels from 0 A to 0.071 A, using the V-I slope to obtain the sheet resistance
value, when the sample achieves a stable temperature, starting at 300 K and decreasing in
jumps of 10 K. Unfortunately, due to limitations during the development of the experiment,
due to lack of contact between the sample and the probes, at low temperature, it was not
possible to measure under 210 K for the automatic method and under 180 K for the manual

method.

4.5.1 ITO Sheet Resistance

Before cooling the system, the sample was measured at room temperature and com-
pared with the tabulated value of 20+6 Q/o [16], obtaining value 19.95 /o for automatic
measurement and 19.18 /o for manual measurement. Since the values obtained are inside
the tabled value interval, we can conclude that the system is working properly.

The data obtained for various current intensities are displayed in Figure 4.24. Analyzing
the data, we can see no sudden sheet resistance change and that the sheet resistance uni-

formly decreases when the temperature drops.

49



20.5

Automatic
3 —@— Manual
. 20.0 +
O [
S~
c
Y 195 +
e [
8
R
a [
v 19.0 +
= [
9]
()]
< L
Y 185 1
18.0
160 180 200 220 240 260 280 300

Temperature (K)

Figure 4.24: ITO sheet resistance as a function of temperature at

4.5.2 FTO Sheet Resistance

The same process used to measure the ITO sheet resistance was applied to the FTO. So,
before cooling the system, the sample was measured at room temperature and the sheet
resistance value obtained (14.17 Q/0) was compared with tabulated values (12 to 14 Q/0O)
[17]. The values obtained is not inside the tabulated value interval, although very close, this
could be because the FTO original sample was cut smaller, to fit in the sample holder. The

cutting process is believed to have slightly changed the resistance of the sample.
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Figure 4.25: FTO sheet resistance as a function of temperature

Analyzing the data in Figure 4.25, we can see that there is no sudden sheet resistance
change and that the sheet resistance decreases regularly with the decreasing temperature,

except with the measure at 210 K and 220 K.
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During the development of the ITO and FTO data acquisition, sometimes the values
started to be very resistive due to the displacement of the probe’s connector (Figure 3.25)
when the system was cooled, moving away the probes from the sample. This problem was
fixed by increasing the plastic piece thickness and squeezing this piece more firmly.

To improve this sample holder, a new piece was designed to fix the probes in an easier
way to the cryogenic sample holder (Annex B.4). Also, a piece was developed to install the
probes in a configuration capable of making volume measurements (Annex B.5). However,

with the time remaining it was not possible to build these two new pieces.
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CONCLUSIONS AND FUTURE PERSPECTIVES

In this work were developed systems capable of making precise temperature control at
low temperatures (between 77 K and 300 K) using liquid nitrogen to measure different elec-
trical characteristics in thin films. For that purpose, were developed a thermal barrier allowing
a stable temperature control, a LabVIEW program connected to a temperature controller and
three different prototypes. Prototypes 1 and 2 were designed to measure the thin film im-
pedance in interdigitated substrates, whereas prototype 3 was dedicated to measure the film
sheet resistance.

For prototype 1, we start with a system which was not designed for temperature con-
trol. So, we used a temperature controller to monitor and control the sample holder tem-
perature and a "low cost" thermal barrier located around the cryogenic cell to avoid direct
contact between the cell and the liquid nitrogen. This assembly can be considered a success
because a very good temperature control was obtained, allowing it to make different tem-
perature steps in a quite reasonable amount of time: cooling down to 80 K and heating up to
280 K with 11 temperature stabilized steps in 140 min. Unfortunately, this prototype has two
defaults. First, it is necessary to monitor the liquid nitrogen levels (to ensure a rapid cooling
process and to avoid direct contact between the liquid nitrogen and the upper part of the
cell). Second, the system is not airtight, allowing some water condensation, that could induce
some parasitical effects during measurements.

In Prototype 2 the issues presented in prototype 1 have been corrected. In this system,
the cryogenic cell is enclosed in an airtight volume, minimizing the water condensation ef-
fects. In doing so it was possible to fix the original defaults present in prototype 1. However,
this system still presented some problems in temperature homogenization along the cryo-

genic cell, which makes the system's measurements incorrect. Due to lack of time, it was not
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possible to fix this problem but a sample holder that should not present such a problem an-
ymore was designed, making this system fully operational at any temperature (annex A.2).

Prototype 3, instead of measuring the impedance of a thin film, it measures sheet re-
sistance. This system has a structure similar to prototype 1, so it also has the disadvantage of
needing monitorization of the liquid nitrogen level. This system can be considered a success
because it can make different temperature levels and measure the sheet resistance of differ-
ent samples.

To improve the data analysis of electric characteristics measured at low temperatures,
the communication between the controller 332 and the impedance spectrum analyzer can be
improved, existing two methods to accomplish that. The first method is to develop a Lab-
VIEW program that not only interacts with the temperature controller but as well the imped-
ance spectrometer. However, let us note that using this approach makes it impossible to use
the preamplifier 1296A, defaulting the study of more resistive samples. The second method is
to use the software SMaRT which controls the impedance spectrometer, to control the tem-
perature controller Lakeshore 332 as well, since this software has this possibility.

Improving the communication with these two pieces of equipment, allows an easier
way to analyze the data and makes it possible to observe a graph of impedance in order of T
while the sample is being measured.

It is also essential to finish prototype 2 by building the final sample holder design (an-
nex A.2) and confirm if it resolves the problems detected.

For prototype 3, two new pieces were also designed to replace the "Multiple tip-block
holder" piece (annex B.3). One would keep the probes positioned for sheet resistance meas-
urements, but it is steadier than the method used in this thesis (annex B.4). The second piece
would allow the prototype to be used for volume resistivity measurements of films (annex
B.5).
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APPENDIX A: PROTOTYPE 2
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A.1 Cryogenic sample holder prototype 2
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A.2 Final sample holder prototype 2
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APPENDIX B: PROTOTYPE 3
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B.1 Base sheet resistance
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B.2 Connector holder sheet resistance

Q
D 60 . s . 54
I : 4 %{
|
|
@
I o
| o] / ]l
|
2.0 |- 30 SECTION A-A
17.5
P
o 20 Q
N -t T“ -—'
| A vl o
— O N
b { = «
Q \
(V) (‘\
3.0 \e
oo I = \S
\&
\o
B
ESS OTHERV/SESPECIFED: | FINISH: DEBURR AND
g:tENSIOI:‘SAREINrnlLI.IIIvI‘IElERS S BREAKS:/':RP DR NOTACAEDRANING REVISION
SURFACE FINISH: EDGES
TOLERANCES:
LINEAR:
ANGULAR
NAME SIGNATURE | DATE TME
DRAWN|  1o0mer Catrso 19/09/22
Connector holder
APPVD
A e
oA MATERIAL: DWGNO
. A4
Aluminium
WEIGHT: SCALE1 ] SHEET 1 OF 1

2 1

SOLIDWORKS Educaténal Product. For Instructional U% Only.

62



B.3 Connector clamping

SECTION A-A

2.20

1IN
N
~

029

UNLESS OTHERVISE SPECIFIED: FINISH: DEBURR AND

DIMERSIONS ARE IN WMILLIRETERS BREAK SHARP DO NOTSCALEDRAWING REVISION
SURFACE FINISH: EDGES
TOLERANCES

LNEAR:

ANGULAR:

NAME SIGNATURE DATE TMLE:

DRAVIN J?.S’n":é';?i; 19/09/22

CHED Connector clamping
APPVD)

A e
QA MATERIAL: DG NO.
Aluminium
VEIGHT: SCALES SHEET 1 OF 1

2 |

SOLIDWORKS Educatﬁnal Product. For Instructional U% Only.

63



B.4 Cryogenic tip holder for surface measurements
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B.5

Cryogenic tip holder for volume measurements
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