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Abstract

In the ever-growing electronics industry, products are constantly being reimagined and
tailored around novel materials and processing techniques. Since the discovery of
conducting polymers, interest in organic electronics have shifted, as is evident by the rise
in market presence of organic light-emitting diodes (OLEDs) which was long the focus of
research in academic and industry labs. Lightweight, mechanically flexible, easy to
process and low manufacturing costs are a few desirable qualities that conducting

polymers have over its inorganic counterparts.

Oxidative chemical vapor deposition (0CVD) polymerization is a new technique that
merges CVD thin film processing with the versatility of organic chemistry. This vapor
phase polymerization technique offers a facile, solvent-free and low temperature route to
simultaneously tune chemistry, morphology and functionality, allowing for creative ways
to engineer multiscale (thicknesses from nano to micro) and multifunctional
(semiconducting, conducting) polymer films on a variety of substrates including paper,

plastic, and biological tissue.

This thesis will study conducting polymers deposited via oCVD from thin film process
development, thermal characterization, and various applications in which conducting
polymers play a unique role. The deposition parameters for the conducting polymer,
poly(3,4-ethylenedioxythiophene) (PEDOT) and the semi conducting polymer,
polythiophene (PT) are optimized to create uniform and conformal thin films. Furthermore,
the thermal conductivity of oCVD PEDOT is reported for the first time and a relationship
to electrical conductivity is determined. This thesis also explores unique applications for

these conducting polymers. First, a conducting polymer-based biosensor was utilized for

Vv



distinguishing between specific and non-specific binding events. Processing the output
data using machine learning resulted in a 75 % accurate prediction of the targeted
biomolecule, Biotin. Second, surface modification of a lithium ion battery (LiMn20a)
electrode with oCVD PEDOT has yielded an 83% increase in rate capacity and a 40 %
increase in cycling life. Third, coatings of oCVD PEDOT on 3D graphene structures
resulted in the selective and sensitive detection of dopamine among other electroactive

species.

Vi



Table of Contents

F o3 g g oLV =To [o F=T g =T | i
A ST ACT ..o %
LiSt Of TADIES oo iX
I ESY Ao o 1 USSR X
(@ gF=T o) (=T e I [N 4 o Yo [0 ¥ ox o 1 o 1
I R Y/ (0] 1)Y= (o] PRSPPI 1
1.2 SCOPE OF TRESIS ...eeiiiiiiiiiiiiiiiiiiet bbb 4
Chapter 2: METNOTUS ...ttt naneee 6
2.1 Oxidative Chemical Vapor Deposition (OCVD) ..........uuuuurmiimmmmiiiiiiiiiiiiiiiiiiiiiiiiiiienene 6
2.2 The 3 MELNOA ... e e e e e e eeeaeas 11
2.2.1 BUIK SAMIPIES ... ..o e 11
2.2.2 ThINFIMS oo 13
2.2.3 SaMPIe Preparation .........ccooeeceiiiieeiii e 14
2.2.4 EXperimental SETUP ....ccooe i 17
Chapter 3: Thermal Conductivity of PEDOT Thin Films Prepared by oCVD........... 19
G TNt Y o1 1 > V! PP 19
G 3728 | 11 o o (3 Tox 1o o 1 19
BB MEINOAS ... 21
3.3.1 OCVD PEDOT DEPOSITION ......cceiiiiiiiiiiieee e eee ettt e e e 21
3.3.2 Initiated chemical vapor deposition (iCVD) of PDVB Deposition.................... 23
3.3.3 Scanning Electron Microscopy (SEM) on trench sample ..............cccoevvvvvnnnnn. 25
3.3.4 3w method and transmission line method (TLM) ..., 26
3.4 RESUILS @Nd DiSCUSSION.......uuuiieeeeiiiieeiiiiiae e e e e e e ettt s e e e e e e e eeeeeannn e e e e e eeeeeennsnnnnnns 28
G 38 T o] o 113 o] o 30
Chapter 4: Morphological and Molecular Control of oCVD Polythiophene Thin
1 PSRRI 32
s R o o 11 o o ) o 32
Y11 1 T T PRSP 33
4.3 RESUIS AN DISCUSSION......uiiiiiiiiiiiiiiiii ettt e e e e e e e e e e e e b e e e 36
N @ ] o 11 11 o] [PPSR 39
Chapter 5: Isolating specific vs non-specific binding responses from PEDOT
based ChemiresSiStivVe BIOSENSOIS ...ooiii ittt 41

Vii



Lo N 0 15) 1 - (o1 ST OO 41

220 | 11 oo (3 Tox 1o o 1SR 42
TR I8\ =1 T Yo LSS PPT 44
5.3.1 Vapor Phase Polymerization of PEDOT ...........ccciiiiiiiiiiieeiien e, 44
5.3.2 Anchoring avidin to the SENSOI...........ciiiii i 45
5.4 ReSUIS @Nd DISCUSSION ....cciiiie e 45
5.5 CONCIUSION ... 56
Chapter 6: Collaborative ProjeCtS..........uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiii s 58
6.1 oCVD PEDOT Thin Films Coated on Lithium Manganese Oxide Electrode......... 58
L@ 1Y 1 PP 58
6.2 Selective and Sensitive Dopamine Sensing using 3D Fuzzy Graphene Coated
WIth OCVD PEDOT ... ittt e e e e e e e e e e e e e e e eaaans 60
OVBIVIBW ..ottt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaeas 60
Chapter 7: FOrward LOOKING .....uuuiiiiiii e 63
7.1 FULUIE WWOTK L.ttt 63
7.1.1 Thermal Conductivity MeasuremMents .............ouuviiiieeeeeeeeeiiiiieee e e ee e 63
7.2.2 Conjugation Length EStimation .............ccccoviviiiiiiiiii e 63
7.2 0CVD Reactor FUuture IMprovVemMeENT...........oviieeiiiiiiiiiiiis e 64
7.2.1 Solid OXidant CONrOl........ccooeeiiiiiiie e 65
7.2.2 In-Situ Monitoring of Film DeposSition ..........oooveeiiiiieee 66
7.2.3 AlterNativVe OXIOANTS. ... ..uuiieeeeeeieeiiiiiee et e e e e e e e e e e e e e e e eenannnnnes 66
RETEIENCES ..ttt e e e e e e et e e e e e e eeeaaes 68

viii



List of Tables

Table 3.1 Summary of OCVD PEDOT Parameters ........cccoeeeeeeveeeiriiiiiieeeeeeeeeeiiinn e e e 22
Table 3.2 PEDOT Film thickness measured by ellipsometry at different locations for

three different samples, as Shown iNIguUre 3.1 .....cooooviiiiiiii i 23
Table 3.3 Summary of ICVD PDVB parameters..........cccoeiieeeeiiiieiiiiiieeee e 25

Table 3.4 Room temperature thermal and electrical conductivities of oCVD PEDOT film

deposited at different substrate temMPeratures. ............coouviiiieieeeeeeeeeeee e 30
Table 5. 1 ClasSifiCation ACCUIACIES ........vun et 55
Table 7.1 List of alternative OXIdaNTS .......ooniieiie e 67


file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52227220
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52227221
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52227221
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52227222
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52227223
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52227223
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235060
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235061

List of Figures

Figure 2.1 (a) Schematic of oCVD reactor (b) Picture of the oCVD reactor. ................... 9
Figure 2.2 EDOT polymerization mechaniSm. ............ccccccviiiiiiiiiiiiiiiieeeee 10
Figure 2.3: Schematic of a bulk sample with 3w metal line............ccccccovii. 12

Figure 2.4 Schematic of (a) sample containing conducting polymer film (b) reference
sample without coNdUCHING POIYMEN ........uuiiiiiiiiiiiiii e 13
Figure 2.5 Measured temperature oscillation vs frequency for the sample containing the
PEDOT layer and reference sample. The component of the temperature oscillation
caused by the PEDOT layer is the difference between the two signals...........cccc...uee... 15
Figure 2.6 (a) Contact pad (400 pm x 400 pum) of metal line created using
photolithography. The red arrows show damaged area after wire bonding. (b) Stainless
steel shadow mask mounted onto sample. (c) Sample mounted onto 24 pin Dual In-Line

Ceramic Package (DIP). (d) Metal line heater with conductive epoxy and bonded wires.

Figure 2.7 Schematic of experimental setup for 3w method. An acrylic box was
constructed to house all the electrical components and contained BNC connections for

the input sinusoidal current, metal line, lock-in amplifier, and ground. ......................... 18

Figure 3.1 PEDOT thin films on Si wafer for different coating time. a) 5 mins, b) 10 mins,
¢) 20 mins. The points with number beside them are positions during ellipsometry
(00SE= B =] 0 01T o S ORI 22
Figure 3.2 FTIR spectrum of 0CVD PEDOT filmS. ......ccovviiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeee 23
Figure 3.3 Schematic of iCVD reactor. A heated jar is used to introduce the monomer

vapor into the reactor. The volatile initiator is introduced at room temperature and


file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235074
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235075
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235076
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235077
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235077
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235078
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235078
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235078
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235079
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235079
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235079
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235079
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235079
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235080
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235080
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235080
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235084
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235084
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235084
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235085
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235086
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235086

decomposes into free radical by the heated filament. These free radicals initiate free-
radical polymerization with the vinyl bonds on DVB. ...........ccooiiiiiiiiiiiiiiiiie e, 25
Figure 3.4 Cross-sectional SEM of a) plain trench without polymer coating b) oCVD
OIOWN PEDOT ...t e e e e e e e e e e 26
Figure 3.5 Resistance vs contact spacing of oCVD PEDOT film grown at a substrate
temperature of 100 °C. Insert is an optical image of metal contacts with different spacing
between Pairs Of ElECIIOUES .........uuiiiiiiiiiiiiii e 28
Figure 3. 6 Temperature dependent thermal conductivity of oCVD PEDOT grown at

substrate temperatures of 70 °C, 100 "C and 130 "C ........cccccoimmrmmiimiiniiiiieneanns 29

Figure 4.1 oCVD PT film on glass slide: a) As-deposited (b) after methanol rinse. The

darker film is doped with the oxidant FeCls whereas the light orange film is de-doped

F= Y o IS o] oot o o [UTox 1T o P 35
Figure 4.2 Raman spectra of oCVD PT as-deposited and after methanol rinse............ 35
Figure 4.3 Schematic of tunable parameters on the oCVD system...........ccccoeeeeeeeenenns 37

Figure 4.4 SEM images of samples showing the effect of monomer flow rate and stage
temperature. In (a), the deposition was done at a monomer flow rate of 0.71 sccm,
pressure of 26 mT and stage temperature of 30 C. In (b) the monomer flow rate from (a)
was changed to 2.13 sccm while all other parameters were kept constant. In (c) the
stage temperature from (a) was changed to 10 C while all other parameters were kept
(070 1151 - 1 o | SO PP RPPRPIN 38
Figure 4.5 SEM images of samples showing the effect of monomer flow rate and
deposition pressure. (a) corresponds to figure 4.4 (c) where the stage temperature was

10°C, the monomer flow rate was 0.63 sccm and the pressure was 26 mT. In (b), the

Xi


file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235086
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235086
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235087
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235087
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235088
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235088
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235088
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235089
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235089
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235091
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235091
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235091
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235092
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235093
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235094
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235094
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235094
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235094
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235094
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235094
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235095
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235095
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235095

monomer flow rate was increased to 4.90 sccm while all other parameters were kept
constant. In (c), the deposition pressure from (a) was increased to 50 mT while all other

parameters Were KEPt CONSTANT. ..........uuuuuuiiiiiiiiiiiiiiieiiieie bbb 39

Figure 5.1 Schematic of vapor phase polymerization (VPP) process for synthesis of
PEDOT films on polypropylene cellulose fabric. (a) The oxidant solution is a mixture of
Fe(PTS)s in butanol. Fabric is coated by soaking in the oxidant solution. (b) The oxidant
coated fabric is placed in a sealed container with the monomer. (c) Heating the
container in a furnace causes the monomer to vaporize and polymerization occurs on
TN FADIIC. .t e e 45
Figure 5.2 Schematic of chemiresistive sensor with capture molecule immobilization and
= F= 11 V4 (= o [T L] o S 46
Figure 5.3 Avidin immobilization onto conducting polymer surface..............cccooeeeeeeeees a7
Figure 5.4 FTIR spectrum of PEDOT, PEDOT+P3TE and PEDOT+P3TE+GOPS
measured 0N & SIlICON WATET.............uiiiiiiee e 48

Figure 5. 5 Scanning electron microscopy of (a) uncoated fabric (b) fabric coated with

Figure 5. 7 Change in resistance vs concentration for (a) Biotin analyte with Avidin
capture molecule (b) Gliadin analyte with G12 capture molecule (c) Biotin analyte with
and Without Capture MOIECUIE....... ... e 52
Figure 5. 8 Change in resistance vs concentration for mixed analytes all with Avidin

capture molecule. (a) Biotin-Casein (b) Biotin-Gliadin (c) Casein-Gliadin ..................... 54

xii


file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235095
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235095
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235095
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235097
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235097
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235097
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235097
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235097
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235097
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235098
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235098
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235099
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235100
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235100
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235101
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235101
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235102
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235102
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235103
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235103
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235103
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235104
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235104

Figure 5. 9 Feature IMPOITANCE ..........uuuiiiiiie e e et e e e e e eeeanes 55

Figure 6.1 (a) Statistical data summary of cell capacities with respect to C-rates at
room temperature. (b) Capacity remaining vs number of cycles ..........ccccooeeeevvvvvininnnnnn. 59
Figure 6.2 Morphological characterization of PEDOT:NT-3DFG. Representative
scanning electron microscopy (SEM) image of (a) pristine NT-3DFG, (b) thin
PEDOT:NT-3DFG, and (c) thick PEDOT:NT-3DFG ........cccevtiiiiiiiiiiiiiiiiiiiieiieieeeeeeeeeeee 62
Figure 6.3 Electrochemical sensing of DA from a mixture of 1. mM AA, 500 uM UA, and
100 uM DA. (a) Cyclic voltammetry (b) Differential pulse voltammetry. Red, blue and
green represent pristine NT-3DFG, patchy PEDOT:NT-3DFG, and thick PEDOT:NT-

BDFG, rESPECHVEIY ....uei e e e e 62

Figure 7.1 Correlation of Amax from UV-Vis spectra with the number of thiophene chain

811 ESY 5T 0 PP 64

Xiii


file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235105
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235106
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235106
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235107
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235107
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235107
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235108
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235108
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235108
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235108
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235111
file:///C:/Users/pm-smith/Documents/CMU/Research/Presentations%20and%20notes/PhD%20Milestones/Dissertation/PS%20Documents/PS_Dissertation_V1.docx%23_Toc52235111

Chapter 1: Introduction

1.1 Motivation

Thin films are classified as materials with thickness ranging from a few nanometers to
several micrometers. Compared to their bulk counterpart, thin films possess unique
properties due to size constraints, substrate material and deposition process. Typically,
the properties of the bulk substrate are unaffected by the deposited thin film, however,
the surface properties can be significantly altered. Thin film coatings can be used on glass
surfaces allowing for the reflection of heat[1l], as a protective coating to minimize
unwanted tool wear[2] and as a decorative coating where the color changes based on
viewing angle. Furthermore, the surface of glass can become highly conductive while
maintaining high optical transparency using transparent conducting oxides (TCOs) and
semiconductor thin film materials can transform the surface of different materials into a

photovoltaic device.

Functional organic (polymer) thin films are particularly interesting because they play an
important role in a wide range of applications from fuel cells and organic light emitting
didoes (OLEDs) to antifouling surfaces and biocompatibility of medical implants.
Compared to inorganic materials, organic materials have many advantages including, low
cost, flexibility, and tunable functionalities. Taking it a step further, polymers can be
classified into two categories, electrically conducting and insulating polymers. This

dissertation will mainly focus on electrically conducting polymers.

The conjugated structure of alternating single and double bonds present in conducting

polymers, give them their intrinsically conducting nature. To every carbon atom there is a



strong sigma bond while every other sigma bond is paired with a weak pi bond. These
weak pi bonds cause delocalization of electrons and with the introduction of charged
carriers due to doping, the polymer becomes electrically conducting. The first conducting
polymer to be discovered was polyacetylene[3] and since then, researchers have focused
on developing a library of conjugated polymers. In this area of study, the long-term goal
is to create materials which demonstrate properties of metals or inorganic semi-
conductors while still maintaining the desirable mechanical properties and facile
processability of polymers. A few common examples are polypyrrole (PPy), polyaniline
(PANI), polythiophene (PT) and poly(3,4-ethylenedioxythiophene) (PEDOT). PEDOT has
become one of the most well-known and widely used conducting polymers[4][5]. In
addition to high electrical conductivity, it has long-term stability in air, long-term stability

at high temperatures and is easy to process.

There are multiple ways in which PEDOT can be deposited. In the electropolymerization
of PEDOT films, the substrate acts as one of the working electrodes which is placed in
an electrolyte containing the monomer 3,4-ethylenedioxythiophene (EDOT). The practical
application of this technique is limited since the surface of the substrate must already be
electrically conducting. To make PEDOT soluble in polar solvents such as water,
poly(styrenesulfonate) (PSS) is added. This makes the conducting polymer more
accessible since common processing techniques such as spin coating[6] and screen
printing[7] can be used. In both cases, controlling film thickness is difficult, especially on
the nanoscale. If the monomer and oxidant are applied separately, more flexibility in terms
of tunable parameters is achieved. Vapor phase polymerization (VPP) and oxidative

chemical vapor deposition (0CVD) are techniques which can be used. VPP is a two-step



process which entail first applying oxidant to the substrate, followed by exposure of the
oxidant coated substrate to monomer vapors inside of a sealed container[8]. oCVD, on
the other hand, is a one-step all vapor technique which eliminates the need for solvents.
Both the monomer and oxidant are in the vapor phase and polymerization and thin film
formation occur simultaneously on the substrate surface. This leads to new and unique
applications which cannot be realized with the previously mentioned techniques[9]. This

will be discussed further in chapter 2.

One important consideration for using these polymer thin films is choosing the right
deposition process. Nearly every property of thin films such as electrical, optical and
microstructure, can be altered by the deposition process. As a result, the deposition
process must be chosen to fit the specific application. oCVD is a relatively new technique
and as such there are many areas to study and applications that have yet to be explored.
The electrical properties of oCVD films have been extensively studied[10] however
thermal properties in many of these oCVD polymers are not well understood. Knowing
the thermal behavior of a material is also an essential factor for material selection.
Polymers are typically known for having low thermal transport properties which can lead
to an increase in temperature and polymer degradation. This can lead to a reduction in
the lifetime of organic electronics and a decrease in electrical conductivity[11]. As a result,
understanding thermal transport is important for the overall performance and lifetime of

organic electronics.



1.2 Scope of Thesis

The objective of this thesis is to study the thermal conductivity of oCVD polymer films and
demonstrate the use of conducting polymers in various applications and device structure.
The conducting polymers studied here are poly(3,4-ethylenedioxythiophene) (PEDOT)
and polythiophene (PT). The thermal conductivity of oCVD PEDOT films are reported for
the first time and the process development for oCVD PT thin films are described.
Applications that highlight the unique characteristics of the oCVD process such as

thickness control and conformality are demonstrated.

Chapter 2 reports on the main methods used in this thesis. The oCVD process is reviewed
and the experimental process used in this thesis is reported. Exact process parameters
are reported in more detail. The differential 3w method is introduced, and the sample
preparation developed to measure the thermal conductivity of polymer thin films is

reported.

Chapter 3 reports the thermal conductivity of oCVD PEDOT films for the first time. A
relationship between the thermal conductivity and electrical conductivity as a function of

substrate temperature during deposited is also discussed.

Chapter 4 reports on process development for unsubstituted Polythiophene thin film
deposition using iron (Ill) chloride (FeCls). Raman spectroscopy and scanning electron

microscopy are used to characterize and image the deposited films.

In chapter 5, PEDOT is utilized in a conducting polymer-based chemiresistive biosensor

for distinguishing between specific and non-specific binding events. The sensor’s ability



to detect a targeted protein in a dual protein analyte solution using machine learning

classifiers is also demonstrated.

Chapter 6 provides an overview on collaborative work done with oCVD PEDOT on high
surface area devices. oCVD PEDOT was well suited for these applications due to its
conformal nature and control over film thickness. In this chapter, oCVD PEDOT is applied
in lithium ion batteries where conformality of the film is important. It is also applied as a
coating on a 3D graphene structure, creating a hybrid material that can be applied to

dopamine sensing.

Chapter 7 discusses future work and upgrades that can be made to the oCVD reactor

and the deposition process.



Chapter 2: Methods

2.1 Oxidative Chemical Vapor Deposition (0CVD)

Molecular scale engineering tools like chemical vapor deposition (CVD) are the
workhorses of the microfabrication industry. With these primarily inorganic thin film
coating technologies, one can achieve multifunctional properties on the surface of a
material which are different from those of the underlying substrate. CVD polymerization
is a new technique that merges CVD thin film processing with the versatility of organic
chemistry. This vapor phase polymerization technique offers a facile, solvent-free and low
temperature route to simultaneously tune chemistry, morphology and functionality,
allowing for creative ways to engineer multiscale (thicknesses from nano to micro) and
multifunctional (insulating, semiconducting, conducting) polymer films on a variety of
substrates including paper, plastic, and biological tissue[10]. Although there are many
similarities between CVD of inorganic materials and CVD of polymers, there are also

differences as it pertains to deposition rate, conformality and film properties.

When optimizing the growth parameters for a polymer thin film deposition, the stage
temperature is crucial in obtaining high quality films. Higher stage temperatures lead to
lower deposition rates due to a reduction in adsorption and promotes the growth of long
chains thus increasing conjugation. Lower stage temperature promotes monomer
adsorption leading to an increase in deposition rate [15]. The volatility of the reactants
must be taken into consideration when optimizing this parameter. In inorganic CVD, this
relation is the opposite up to a certain temperature. Increasing substate temperature
would result in an increase in deposition rate due to an acceleration in the kinetics of the

thermally activated surface reaction step. However, increasing the temperature

6



sufficiently high, reduces the effect of the surface reaction step slowing down the
deposition rate. In this case, mass transport of the reactants has a greater effect on the
deposition rate[12]. For oCVD, the oxidant delivery rate strongly affects the deposition
rate. An increase in deposition pressure results in an increase in the monomer surface
concentration. However, higher oxidant heating temperatures are required to obtain
comparable film growth rates at higher pressures[13]. This suggests that the oxidant
delivery rate and not the monomer delivery rate has a greater effect on the deposition

rate.

The monomer adsorption is an important step in CVD polymerization and can be
determined from the saturation ratio (S) given by Pm/Psat, the ratio of the partial pressure
of the monomer to its saturation pressure. This quantity can also be used to determine
the degree of conformality and growth rate. The partial pressure of the monomer can be
directly determined from the flow rates of the reactants and the deposition pressure, while
the saturation pressure can be estimated using the Claussius-Claperyon relationship.
Knowledge and control of the saturation ratio is crucial in film growth. If the saturation
ratio is 1, then condensation will occur in the reactor which will cause run to run variability.
On the other hand, if the saturation ratio is much less than 1 then film growth rate will be

extremely slow[14]. 3

Creating a film with uniform thickness over samples with micro/nano scale geometries is
a feat achievable only with vapor deposition techniques. In CVD polymerization, this
conformal coverage is highly dependent on the sticking coefficient which is the probability
a reactant adsorbs on a surface each time it strikes it. Low sticking coefficients allow for

deposition inside high aspect ratio features. The saturation ratio also affects the sticking



coefficient. The sticking coefficient increases as the surface adsorption increases. By
decreasing the saturation ratio, the sticking probability also decreases which results in
better step coverage[15]. In oCVD, to account for the low volatility of certain oxidants,
crucibles placed inside the CVD reactor are used for delivery. This makes determining
the saturation ratio difficult since the flow rate of the oxidant is unknown. For this reason,
optimizing the deposition for increased conformality is more challenging. More volatile
oxidants like Bromine gas can be used to obtain better conformality because the sticking

coefficient is lower than that of the solid oxidants which are typically used[16].

As depicted in figure 2.1 (a), the all-dry oCVD thin film polymerization process involves
subliming and reacting a solid-state oxidant like iron (lll) chloride (FeCls) with heated
vapors of the monomer (EDOT, thiophene). Polymerization and thin film coating occur
simultaneously onto the surface of a temperature-controlled stage placed inside the
custom-designed oCVD reactor. Figure 2.1 (b) shows a picture of the reactor. The tall
design of the reactor accounts for the presence of the evaporators which are housed
inside the reactor chamber. The system is equipped with 3 monomer feed lines which
would allow for the simultaneous introduction of multiple chemicals in the vapor phase.
One of these lines has a heated mass flow controller (MFC) while the other two have
needle valves. The system is equipped with two thermal evaporators to allow for co-
evaporation of multiple materials. The rotating stage can attain temperatures from 10 —

170C.

Polymerization in the oCVD is a spontaneous reaction and does not require the input of
energy from high stage temperatures, a heated filament or plasma for the polymerization

to progress. The polymerization of EDOT proceeds via step-growth polymerization shown



Temperature controlled stage
Substrate

Oxidant vapor

Figure 2.1 (a) Schematic of oCVD reactor (b) Picture of the oCVD reactor.

in figure 2.2[17]. The oxidant initiates the reaction by removing an electron from EDOT
forming a radical cation. These radicals are highly reactive and form new bonds with
another radical cation providing carbon-carbon coupling. The anion of the oxidant then
takes two hydrogen ions from the newly coupled carbon, stabilizing it. This process is
then repeated to form the polymer. Finally, the undoped polymer is doped with the anion

of the oxidant (X = Cl-, PTS-, Br-).

In some electronic applications, patterning thin films into specific geometries and
dimensions are necessary. Creating these patterns of conducting polymers by simply
using a shadow mask does not place any restrictions on the type of substrate that can be
used. Even a material like paper can be used to make a photovoltaic device[18]. 3D
micro/nano structures such as inverted pyramids or carbon nanotubes are often used as

enhancement techniques[19,20]. The ability to follow the geometry of these structures is
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Figure 2.2 EDOT polymerization mechanism.

one of the major highlights of the oCVD technigque as opposed to the solution-based
technique where voids in the film could form on such length scales. As mentioned earlier
in chapter 1, the way in which these thin films are created can have a significant impact
on its properties and oCVD PEDOT is no exception. Increasing the stage temperature
during the deposition leads to an increase in the doping level and provides the ability to
tune the work function[21]. The addition of water vapor during the oCVD process has
been shown to promote the packing of the PEDOT chains leading to a change in
morphology and doping level[22]. Similarly, structural changes are seen when the oxidant
is changed from a solid like iron chloride to a gas like Bromine[16]. These highly volatile
oxidants also have the added benefit of being more controllable. Post deposition rinsing
in an acid such as hydrobromic acid (HBr) has also been shown to increase

conductivity[23].
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2.2 The 3w Method

2.2.1 Bulk Samples

The 3w method used to measure the cross-plane thermal conductivity of bulk samples is
classified as a transient technique where a metal line acts simultaneously as a source
heater and thermometer[24][25]. For this reason, this technique is limited to samples that
are electrically insulating to prevent inaccuracies caused by current leakage. A schematic
of the metal line on a bulk sample is shown in figure 2.3. A sinusoidal current at frequency

w Is passed through the metal line given by

I = Iycos (wt) 2.1
where I, is the amplitude of the current. This results in joule heating which causes the
temperature of the line to oscillate at a frequency of 2w. This temperature oscillation (AT)

is given by[26],

AT = ATpe + ATyccosRwt + 6) 2.2
where ATpoc and ATac are the DC and peak AC temperature rise respectively and 8 is the
phase angle. Furthermore, the resistance of a metal is proportional to the temperature,

given by

1 dR » 3
R = RO(]- +ﬁAT), ﬁ = R_d_T '
0

where Ro is the resistance of the metal line at temperature To, B is the temperature

coefficient of resistance (TCR) and Z—: is the change in resistance of the line with respect

to temperature. It follows that the resistance of the metal line also has a component

oscillating at 2w. The temperature oscillation can be experimentally determined from the
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voltage (V=IR) across the line. The expression for the voltage can then be determined by
combining equations 2.1, 2.2 and 2.3. This voltage expression contains a component
oscillating at a frequency of 3w. This voltage component is much smaller than the 1w

component and the amplitude (Vsw) is given by

1
V3w = ;IOROIBATAC- 2.4

The exact solution for ATac as a function r (distance from line heater) is given by[27]

p . 2.
M) = —Koan),  q= JiZo/a °

where P is the power dissipated, k is the thermal conductivity, [ is the length of the line,
Kois the zero-order modified Bessel function and a is the thermal diffusivity. The thermal
penetration depth is defined as the magnitude of 1/q. For |qr| « 1, equation 2.5 can be

approximated to[28]

ATye = — E in (%) + 2 - 05772 =3 Inw — =|. 2.6
Using the frequency dependent term, the slope of ATac vs In(w) can be used to determine

the thermal conductivity.

/‘\',ES:,’ \/
2%

Sample

Figure 2.3: Schematic of a bulk sample with 3w metal line
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2.2.2 Thin Films

The submicron thickness of thin films poses a challenge for the conventional 3w method.
One of the conditions for this technique is that the thermal penetration depth must be
smaller than the thickness of the sample being measured. This restricts the film thickness
to > 30 um[24]. An extension of the conventional 3w method was developed to allow for
the measurement of thin films[29]. Figure 2.4 (a) shows a schematic of the device
structure for measurement. During my PhD studies, | built the measurement setup for
performing 3w measurements on thin films and developed a sample preparation
technique for measuring conducting polymer thin films. In this work, the conducting
polymer is deposited on a silicon wafer with a thermally grown silicon dioxide oxide layer.
A 100 nm thick blocking layer of the electrically insulating polymer, poly (divinylbenzene)
(PDVB), was deposited on the PEDOT layer to prevent current leakage. The experimental
setup is like the bulk sample setup except for the presence of a thin film. In this case,
however, the width of the line heater must be large compared to the film thickness for 1D

heat flow. By depositing the film on a substrate with a much higher thermal conductivity,

[

PDVB (100 nm)

PDVB {100 nm) J

Figure 2.4 Schematic of (a) sample containing conducting polymer film (b) reference sample
without conducting polymer
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the film adds a frequency independent component to the temperature oscillation. As such,

the temperature oscillation of the entire sample (ATotal) is given by

" 2.7
Mrotaa(@) = ATy (@) + ) AT, -
=

where w is the angular frequency, ATsub is the component of ATtoar caused by the
substrate, AT is the component of AT+otal caused by the i-th film, and n is the total number
of flms on the substrate. To determine the component of the temperature oscillation
caused by the film of interest, the contributions from other films need to be known. To
simplify this analysis, a differential 3w method is used. The main idea behind this is to
create a set of identical samples except for the film of interest. An example of this is
shown in figure 2.4. The reference sample in figure 2.4 (b) is identical to the sample in
figure 2.4 (a) except for the PEDOT film. The difference between the temperature
oscillation of these two samples will be solely due to the presence of the PEDOT film. As

such, the component of the temperature oscillation caused by the film (AT) is simply

where ATretis the temperature oscillation from the reference sample. This can be seen in

figure 2.5. Once ATris known, the thermal conductivity of the film (kr) is calculated using

b LU 2.9
I Lw ATy

where tris the thickness of the film and P, L and W are the power, length, and width of the

line heater, respectively.

2.2.3 Sample Preparation
The conducting polymer films measured using the 3w method were all deposited using

the oCVD technique described in section 2.1. The first step in the sample preparation is

14



to deposit an insulating layer on the polymer surface to electrically insulate the conducting
polymer from the metal line. A 100 nm thick film of the electrically insulating polymer, poly
(divinylbenzene) (PDVB), deposited using initiated chemical vapor deposition (iCVD) was

used.

The metal line was made up of gold (100 nm) and a thin adhesion layer of chromium (10
nm) deposited using an Ultek e-beam evaporator. To obtain the designed geometry of
the metal lines, photolithography was initially used. However, this method was quickly
abandoned. Due to the many steps involved in the photolithography process, the polymer
film showed signs of cracking and delamination after all the steps were completed.
Furthermore, wire bonding to these contact pads were unsuccessful and the pads were
damaged in the process (figure 2.6 (a)). A shadow mask became the next viable option.

The parameters of a LPKF ProtoLaser U3 were tuned to cut a 75 pum thick stainless-steel

04
035 =
ATTotal ATTmaI =A TRef +A Tf
03+ ——e—u o o . o
3
— 0.25 AT
f
A-I—Ref
0.2 \
o—e— . . " _
0151
0A1 Il 1 1 Il 1 1
0 100 200 300 400 500 600 700

Heater Frequency (Hz)

Figure 2.5 Measured temperature oscillation vs frequency for the sample containing the
PEDOT layer and reference sample. The component of the temperature oscillation caused
by the PEDOT layer is the difference between the two signals.
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sheet. Shadow masks mounted onto samples before metal deposition are shown in figure
2.6 (b). The resulting metal lines were 40 — 70 um wide and ~2000 pum long. Once the
metal is deposited and the shadow mask removed, the samples were manually diced and
placed on a 24-pin dual in-line ceramic package (DIP) (figure 2.6 (c)). A Westbond 7476D
wedge wire bonder was used to create electrical connections between the metal line and
the DIP. However, due to the delicate and soft nature of the polymer films, directly bonding
to the metal line contact pads resulted in damage and bond detachment. To facilitate the
wire bonding process, the technique employed by Kaul et al.[30] was modified and used.
A small amount of conductive epoxy was first applied to each contact pad. After curing,

wire bonding was then done directly from the solid epoxy to the DIP (figure 2.6 (d)).
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Figure 2.6 (a) Contact pad (400 um x 400 um) of metal line created using photolithography.
The red arrows show damaged area after wire bonding. (b) Stainless steel shadow mask
mounted onto sample. (c) Sample mounted onto 24 pin Dual In-Line Ceramic Package (DIP).
(d) Metal line heater with conductive epoxy and bonded wires.

2.2.4 Experimental Setup

All measurements were performed in a Jantis ST-500 cryostat cooled with liquid nitrogen.
The pressure is maintained to about 10°" Torr. This minimizes conduction and convection
heat transfer from the top of the metal line to the environment. A schematic of the
experimental setup is shown in figure 2.7. A Keithley 6221 DC and AC current source
meter was used to supply the current to the metal line, two differential amplifiers were
used to measure the voltage difference across the metal line and the potentiometer and
a 50 Q resistor was used to provide a reference input for the lock-in amplifier (Stanford
Research Systems SR800). The potentiometer was used to match the 1w signal from the

metal line. This allowed the 3w signal to be isolated by the lock-in amplifier. Initially, a

17



solderless breadboard was used to create the circuit however these are only good for
prototyping, solderable breadboards provide better connection between electrical
components. As a result, an acrylic box was constructed to house the electrical
components which include all BNC inputs and outputs needed for the input current, metal
line, the lock-in amplifier and ground. A MATLAB GUI was created to control the
measurement equipment and data collection and processing. The uncertainty in the

measurements was calculated using the Kline Mcklintock method[31].

AC Source @ Lock-In Ampilifier
Meter A/ y 7y

A
| 8 REFIN

in=lhcos(wt) / A a + B R
A

L1 L —ll}

Figure 2.7 Schematic of experimental setup for 3w method. An acrylic box was constructed to
house all the electrical components and contained BNC connections for the input sinusoidal
current, metal line, lock-in amplifier, and ground.
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Chapter 3: Thermal Conductivity of PEDOT Thin Films
Prepared by oCVD
3.1 Abstract

Oxidative chemical vapor deposition (0CVD) is a versatile technique that can
simultaneously tailor properties (e.g., electrical, thermal conductivity) and morphology of
polymer films at the nanoscale. In this work, we report the thermal conductivity of
nanoscale oCVD grown poly(3,4-ethylenedioxythiophene) (PEDOT) films for the first
time. Measurements as low as 0.16 W/m-K are obtained at room temperature for PEDOT
films with thicknesses ranging from 50 - 100 nm. These values are lower than those for
solution processed PEDOT films doped with the solubilizing agent PSS (polystyrene
sulfonate). The thermal conductivity of oCVD grown PEDOT films shows no clear
dependence on electrical conductivity, which ranges from 1 S/cm to 30 S/cm. It is
suspected that at these electrical conductivities, the electronic contribution to the thermal
conductivity is extremely small and that phonon transport is dominant. Our findings
suggest that CVD polymerization is a promising route towards engineering polymer films

that combine low thermal conductivity with relatively high electrical conductivity values.

Publication[32]: Smith P.M. et al, RSC Adv., 2018, 8, 19348

3.2 Introduction

Oxidative chemical vapor deposition (0CVD) is the vapor phase equivalent of solution-
based oxidative (step growth) polymerization. oCVD enables the polymerization of thin
films of electrically conducting polymers such as poly(3,4-ethylenedioxythiophene)
(PEDOT)[10][33]. Due to its high electrical conductivity, optical transparency, mechanical

flexibility, and chemical and physical stability, PEDOT is one of the most widely studied
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conducting polymers[4]. Commercially available PEDOT solutions are a mixture of
PEDOT with the surfactant poly(styrenesulfonate) (PSS). This surfactant enables the
dispersion of PEDOT in polar solvents, making processing techniques such as spin
coating[6] and screen printing[7] a viable option for depositing PEDOT thin films.
However, the highly polar PSS is strongly acidic and can cause failure in devices such as
polymer solar cells[34]. Although solution processing techniques may be widespread,
realizing nanoscale film thicknesses will often lead to non-uniformity due to de-wetting

and surface tension effects that accompany solution processes.

De-wetting and surface tension also make textured surfaces[35] difficult to coat with the
aqueous PEDOT:PSS while preserving the morphology of the structure underneath. On
the other hand, CVD polymer films are uniform and pinhole free, exempt from de-wetting
and surface tension effects. For this reason, extremely thin films are also attainable. In
oCVD, reactants arrive at textured surfaces from all sides in the vapor phase, resulting in
completely conformal PEDOT films that follow the contours of complex

geometries[36][19].

The vapor phase CVD process is further compatible with substrates which would dissolve
or degrade in the presence of solvents. This enables the creation of devices on fragile
materials such as paper[18] which would lose its structural integrity if exposed to any type
of solvent. Copolymerization is also possible, providing access to functional groups which
are not inherent to the specific polymer of interest[37]. The low cost, mechanical flexibility
and varied functionality offered by CVD polymerization is thus unmatched by existing

solution processing methods.
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Herein, we use the differential 3w method to measure the thermal conductivity of oCVD
grown PEDOT films for the first time. In the oCVD process, by simply changing the
substrate temperature, the conjugation length of the conducting polymer can be modified,
thereby altering the electrical conductivity[38]. We studied the thermal conductivity of films
grown at different substrate temperatures to determine whether a correlation exists
between thermal and electrical conductivity. The well-known transmission line method

(TLM) was used to measure the electrical conductivity.

3.3 Methods

3.3.1 oCVD PEDOT Deposition

The deposition conditions used are summarized in table 3.1. The oCVD procedure has
been previously report by Im et al.[38]. Briefly, the monomer (EDOT) was placed in a
stainless-steel jar and heated to 130 °C. The samples were placed on a heated rotating
stage maintained at temperatures outlined in Table 3.1. The EDOT and Argon were
introduced into the chamber at 2 sccm and 1 sccm respectively and the oxidant was
sublimed at 225 °C. The depositions were conducted at a pressure of 100 mT for 45 mins.
The samples were then rinsed in methanol for 5 mins before further measurements were

conducted.

The thickness of the oCVD PEDOT films were measured using a KLA Tencor P-15
profilometer. The film was scratched in multiple locations to expose the underlying
substrate such that the film thickness can be measured. For this, a soft tip tweezer was
used to avoid placing scratches in the substrate itself. The thickness was measured at
multiple locations across the sample and then averaged. In a separate set of experiments,
the uniformity of the oCVD PEDOT films were measured using ellipsometry, results are
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shown in figure 3.1 and table 3.2. The FTIR spectrum of the oCVD film is shown in figure
3.2. The C=C asymmetric stretching mode is seen at 1516 cm-1, the C-C inter-ring
stretching mode is seen at 1317 cm-1, the peaks appearing from 1188 cm-1 to 1053 cm-
1 corresponds to the C-O-C bending vibration in ethylenedioxy group and the peaks
appearing from 977 cm-1 to 837 cm-1 corresponds to the C-S-C stretching vibration in

the thiophene ring.

Table 3.1 Summary of oCVD PEDOT deposition parameters

Substrate temperature ('C) 70 100 130
Monomer flow rate (sccm) 2 2 2
Argon (sccm) 1 1 1
Chamber pressure (mT) 100 100 100
Evaporator temperature ('C) 225 225 225
Deposition time (mins) 45 45 45

b) c)
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Figure 3.1 PEDOT thin films on Si wafer for different coating time. a) 5 mins, b) 10 mins, c) 20
mins. The points with number beside them are positions during ellipsometry measurement.
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Table 3.2 PEDOT Film thickness measured by ellipsometry at different locations for three
different samples, as shown in figure 3.1

Point 1 2 3 4 5
Sample 1] 13.9 15.9 13.8 15.1 15.6
Thickness (nm)(Sample 2| 22.9 22.3 22
Sample 3| 49.3 48.4 48.6

Cc=C c-C C-0-C C-S-C
Asymmetric Inter-ring Bending  Stretching
stretching stretching vibration  vibration

| | | | | | | 1

2200 2000 1800 1600 1400 1200 1000 800

Wavenumber (cm'1)

Figure 3.2 FTIR spectrum of oCVD PEDOT films.

3.3.2 Initiated chemical vapor deposition (iCVD) of PDVB Deposition

A 100 nm thick blocking layer of the electrically insulating polymer poly (divinylbenzene)
(PDVB), was also deposited by CVD. This electrically insulating layer is necessary to
accurately measure the thermal conductivity of electrically conductive materials using the
3w method. Typically, processes such as sputtering or physical vapor deposition are used
to deposit an electrically insulating layer such as silicon dioxide, however, sputtering may

damage the polymer film and the high temperature involved will also be detrimental. In
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contrast, CVD polymerization of PDVB requires low substrate temperature (20 °C to 70

°C) and does not damage the PEDOT layer.

The monomer divinylbenzene (DVB) and initiator TBPO were purchased from Sigma-
Aldrich and used without further purification. Details about the iCVD polymerization of
PDVB have been reported previously[39], and the deposition conditions are summarized
in Table 3.3. Briefly, DVB was heated in a stainless-steel jar at 65 °C and its vapors along
with vapors of tert-butyl peroxide (TBPO) (at room temperature) were delivered into the
reactor at flow rates of 2.0 sccm and 1.3 sccm, respectively. Argon gas was also
introduced into the reactor at 8.5 sccm. The labile peroxide bond of the initiator was
thermally cleaved by resistively heated nichrome filaments inside the CVD reactor to
produce free radicals that attack vinyl bonds on DVB and initiate free-radical
polymerization. iCVD is a substrate-independent process as the substrate temperature
remains close to room temperature. Here, the reactor pressure, substrate temperature,
and filament temperature were maintained at 500 mT, 25 °C, 230 °C, respectively. A

schematic of the iCVD reactor is shown in Figure 3.3.
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Table 3.3 Summary of iICVD PDVB parameters

Substrate temperature (°C) 25
Filament temperature (°C) 230
Reactor pressure (mT) 500
Initiator flow rate (sccm) 2.0
Monomer flow rate (sccm) 1.3
Argon flow rate (sccm) 8.5
* PolPea 0.14

* Pp is the partial pressure of monomer inside chamber, Psa is the saturation pressure of
monomer on the substrate. Pn/Psat can be viewed as a direct measure of monomer surface
concentration on the substrate.

Heated filament

Initiator (TBPO) . ’ . . . . . .

D% X ==

|
O, ==
P
Substrate

Monomer (PDVB)

Vacuum pump

Temperature controlled stage

Figure 3.3 Schematic of iCVD reactor. A heated jar is used to introduce the monomer vapor
into the reactor. The volatile initiator is introduced at room temperature and decomposes into
free radical by the heated filament. These free radicals initiate free-radical polymerization with
the vinyl bonds on DVB.

3.3.3 Scanning Electron Microscopy (SEM) on trench sample

Cross-sectional scanning electron microscopy (SEM) was utilized to check conformality
and verify thickness measurements for PEDOT films. Sample cross sections were
prepared by cutting samples using a diamond tipped pen. Images were recorded using

an FEI Quanta 600 FEG SEM operating in secondary electron mode, with an
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Figure 3.4 Cross-sectional SEM of a) plain trench without polymer coating b) oCVD grown
PEDOT

accelerating voltage of 10 kV and a spot size of 3. An image of a plain and a coated

trench is shown in Figure 3.4

3.3.4 3w method and transmission line method (TLM)

The thermal conductivity was measured following the procedure discussed in Chapter 2.2
The 3w Method. Specifically, the differential 3w technique was chosen because (a)
knowledge of the thermal properties of the substrate and other materials deposited on the
substrate are not required, and (b) the error associated with the differential 3w method
has been shown to be less than that of the slope-based 3w method[25]. Temperature
dependent thermal conductivity measurements were restricted to between 160 K — 300
K due to experimental constraints. It should be noted that the thermal conductivity
obtained is the effective thermal conductivity because it includes interface thermal

resistance.
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For the TLM measurements, the same sample preparation technique was used as
outlined in Chapter 2.2.3 Sample Preparation except for using a different mask pattern
and using multiple masks. A mask was first placed on the substrate before oCVD
deposition to pattern the PEDOT film. Another mask was then placed on top of the first
for electrode deposition. Gold electrodes with varying spacing between pairs of electrodes
were then deposited using e-beam evaporation. 4-point resistance measurements were
done between each pair of electrodes. The total resistance (Rt) between two contacts is

given as

Rr =L+ 2R,, R, = = 3.1

where Rs is the sheet resistance, L is the spacing between two electrodes, W is the width
of the electrode, o is the electrical conductivity and t is the film thickness. The electrical
conductivity is then calculated from the slope of the total resistance as a function of
electrode spacing [40]. Figure 3.5 shows results for the oCVD PEDOT film deposited at
a stage temperature of 100 °C, where the measured resistance is plotted as a function of
electrode spacing. The insert in Figure 3.5 shows the gold electrodes on the PEDOT film

with conductive epoxy and bonded wires.
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Figure 3.5 Resistance vs contact spacing of oCVD PEDOT film grown at a substrate
temperature of 100 °C. Insert is an optical image of metal contacts with different spacing
between pairs of electrodes

3.4 Results and Discussion

Figure 3.6 shows that the thermal conductivity of oCVD grown PEDOT films increases
with temperature. A similar behavior has also been observed from the conducting polymer
polyaniline within the same temperature range[30]. This occurs because of the thermal
conductivity’s dependence on heat capacity in the measured temperature range[41]. This

trend is seen in polymers deposited at all three substrate temperatures.

Table 3.3 summarizes thermal and electrical conductivity values measured at room
temperature for PEDOT films deposited at 70 °C, 100 °C and 130 °C, with 130 °C being
the upper limit of the oCVD system. From the data, a clear correlation between electrical
conductivity and substrate temperature is observed. This behavior is due to an increase
in the conjugation length of the PEDOT film with elevated substrate temperature, which

can be directly correlated to an increase in electrical conductivity[38]. Comparing the films
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Figure 3. 6 Temperature dependent thermal conductivity of o CVD PEDOT grown at substrate
temperatures of 70 °C, 100 °C and 130 °C

deposited at 70 °C and 100 ‘C, we observe an order of magnitude increase in the
electrical conductivity. However, a further increase in the substrate temperature to 130 °C
only results in a 20% increase in film electrical conductivity. One explanation for this result
is the formation of hydrogen chloride (HCI) during the polymerization[38]. During the step
growth polymerization of EDOT with FeCls, the acidic HCI formed acts as an inhibitor, and
reduces the film’s electrical conductivity. At a higher substrate temperature, the HCI
content is reduced, resulting in a higher electrically conductive film. Nevertheless, it
appears that a saturation point was attained in our system after which only a moderate
increase in conductivity is observed with increasing substrate temperature. Also, based
on the small phonon mean free path (< 10 nm) of amorphous polymers[41], the effect of
phonon boundary scattering is not expected to be seen in films with the thicknesses

reported here.
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From the room temperature values shown in Table 3.4, no clear correlation between
thermal and electrical conductivity can be deduced at these electrical conductivity values.
The thermal conductivity of solution processed PEDOT:PSS typically falls within the
ranges of 0.3 to 2.2 W/m-K[42][43]. However, as seen in Table 3.4, oCVD PEDOT films
can attain lower thermal conductivities at room temperature. One possibility is due to the
absence of PSS. A large fraction of the covalent bonds present in PEDOT:PSS is
contributed by the relatively large PSS molecule. Compared to van der Waals bonds,
these stiff covalent bonds are more effective at transferring thermal energy between
polymer chains[44]. This suggests that PEDOT films synthesized without PSS could have

predominately van der Waals bonds allowing for lower thermal conductivity.

3.5 Conclusion

The common trend in studies geared towards improving the figure of meritin PEDOT:PSS
based thermoelectric materials is the reduction or removal of the insulating PSS
molecule[42,43]. Reproducibility of results may also be an issue with solution processed
materials. The highly scalable oCVD PEDOT films are interesting in this regard because
they are PSS free and the compositions and thicknesses of these nanoscale films are

reproducible[10][45]. The all vapor CVD technique also facilitates the creation of

Table 3.4 Room temperature thermal and electrical conductivities of oCVD PEDOT film
deposited at different substrate temperatures.

Stage Temperature ['C] 70 100 130

Film Thickness [nm] 95 64 93

Thermal Conductivity [W/m-K] | 0.185 0.156 0.319
Electrical Conductivity [S/cm] 1.79 18.60 22.26
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conformal films on textured substrates. From this study, we conclude that in oCVD
PEDOT films with electrical conductivities ranging from 1 S/cm to 30 S/cm, the electronic
contribution to the thermal conductivity is minimal and that phonon transport is dominant.
Our thermal measurements thus provide evidence that CVD polymerization is a promising
new approach to engineer PEDOT thin films which combine low thermal conductivity with
relatively high electrical conductivity values. Furthermore, the highly tunable nature of this
CVD technique opens opportunities for precisely tailoring the chemical composition,
morphology, and electrical and thermal conductivities of polymer films to meet specific
device/application requirements. This will be beneficial to many areas such as

thermoelectric generators, photovoltaics, and lithium ion batteries.
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Chapter 4: Morphological and Molecular Control of oCVD
Polythiophene Thin Films

4.1 Introduction

Unigue and cost effect avenues are constantly being explored especially in the ever-
growing semiconductor industry. Organic semiconductors have become the main area of
research for many industrial and academic institutions. They are light weight,
mechanically flexible and have low fabrication costs. Common technologies are
constantly integrating organic semiconductors to take advantage of their unique
properties such as organic thin film transistors, organic solar cells and organic light
emitting diodes (OLEDS)[46]. The major advancements that have been done in the field
of organic electronics is expected to increase the market size from $46.12 billion in 2019
to $159.11 bilion by 2027[47]. Unsubstituted polythiophene is an important
semiconducting polymer because of its simple structure, optoelectronic properties, and
high stability[48]. Also, from a thermal standpoint, unsubstituted polythiophene has better
transport properties compared to its derivates. For example, polythiophene derivatives
with oxygen atoms would have lower thermal conductivity since the heavier oxygen atoms

can reduce phonon group velocity[49].

Majority of the work being done has been using substituted polythiophene such as
poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(3-hexylthiophene) (P3HT) because
of the solubility of their monomers and ease of processing. The insolubility of
unsubstituted polythiophene limits its applications as an active layer in devices.
Electrochemical polymerization provides an opportunity for depositing polythiophene

however the substrate requirements is strict in that it must be electrically conducting.
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Another method is by a simple heat treatment, the spin-coated polymer poly-(3-(2-
methylhexan-2-yl)-oxy-carbonyldithiophene) (P3MHOCT), can be converted to
unsubstituted PT[48]. Oxidative chemical vapor deposition (0CVD) is a solvent free
technique where all the reactants are in the vapor phase allowing for the deposition of

insoluble polymers.

Although unsubstituted polythiophene has been deposited with oCVD, in one case the
oxidant used was vanadium oxytrichloride which is a liquid oxidant[50] and not the most
common oxidant used in oCVD. oCVD PT films deposited using iron (II) chloride (FeCls)
as the oxidant has been demonstrated[13,51], however, very large monomer flow rates
(=31 sccm) are used. Such a high flow rates are not easily obtained in systems outside
the authors institution. Here, the oCVD synthesis of unsubstituted polythiophene using
iron (lll) chloride (FeCls) is reported. Raman spectroscopy and scanning electron
microscopy are used to characterize the deposited PT films. By controlling the synthesis

parameters, characteristics such as morphology and transport properties can be tuned.

4.2 Methods

The general procedure for depositing PT thin films is similar to that of poly(3,4-
ethylenedioxythiophene) (PEDOT) reported in the previous chapter[32]. The monomer,
thiophene, is placed in a heated stainless-steel jar. However, unlike the monomer 3,4-
ethylenedioxythiophene (EDOT) which was heated to 130 °C, thiophene was heated to a
lower temperature. Since thiophene has larger a vapor pressure than EDOT, heating is
not necessary to create vapors. In this case, thiophene was heated to a constant
temperature of 30 °C to avoid changes in flow rate due to fluctuating room temperature.
The oxidant, iron (lll) chloride (FeCls), was heated in a crucible at 180 ‘C and the Argon
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flow rate was kept at 1 sccm. In the optimization process, the pressure, monomer flow
rate and stage temperature were tuned. The polymerization proceeds via step-growth
polymerization described in chapter 2.1[17]. The resulting film deposited on a glass slide
is shown in Figure 4.1. The dark color suggests that FeCls s still present, doping the film.
A post deposition rinse in methanol for 5 mins de-dopes the film causing a change in color

to a light orange.

Raman spectra was taken with a NT-MDT Raman microscope with a 532 nm laser. Figure
4.2 shows the Raman spectra of oCVD PT as-deposited and after methanol rinse. In the
range of 1300 cm* — 1600 cm, the strongest peak seen at 1461 cmis assigned to the
C=C symmetric stretching mode. The weak peak seen at ~ 1502 cm™ is assigned to the
C=C anti symmetric stretching mode. A shift to lower wavenumber and a decrease in
intensity has be correlated to a higher conjugation length[52]. The peak at 1365 cm™ is
assigned to the Cp-Cg’ vibration in the thiophene ring and is weak in the rinsed sample.
In the range of 1000 cm™ — 1250 cm-?, the strongest peak at 1049 cm is attributed to the
C-H bending mode. The peaks at 1222 cm™ and 1152 cm are attributed to Ca-Cd’
vibration and inter chain C-C stretching bands, respectively. It should be noted that
broadening of the width of the bands are indicative of induced doping in the PT films. This
provided evidence that the deposited film was polythiophene and that rinsing in methanol
de-doped the films. Raman was used to verify each sample mentioned below after

deposition.
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Figure 4.1 oCVD PT film on glass slide: a) As-deposited (b) after methanol rinse. The darker
film is doped with the oxidant FeCl; whereas the light orange film is de-doped and is not
conducting.
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Figure 4.2 Raman spectra of oCVD PT as-deposited and after methanol rinse.
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4.3 Results and Discussion

All the tunable parameters on the oCVD system are shown in figure 4.3. When optimizing
the growth parameters for polythiophene, not all parameters were adjusted. As mentioned
earlier, heating the monomer to a high temperature to create vapors is not necessary.
However, a constant temperature of 30 “C was used to avoid changes in flow rate due to
fluctuating room temperature. The monomer line and manifold were both heated to 60 °C
to prevent condensation in the line. The chamber temperature was set to 60 °C to
minimize polymer deposition on the chamber walls. The oxidant heating temperature was
kept fixed at 180 °C. This temperature was obtained from the PEDOT growth recipe
development. The parameters that are adjusted are the stage temperature, monomer flow
rate and deposition pressure. It should be noted that a needle valve was used to set the
monomer flow rate, as a result it was difficult to fix flow rates between depositions.
Typically, when optimizing CVD processes, the ratio of the partial pressure and the
saturation pressure of the monomer needs to be determined. However, since the flow
rate of the oxidant is difficult estimate, this approach could not be used. Instead,

parameters were adjusted based on observation of the resulting film.

Initial values for deposition parameters were taken from literature[13,51]. However, since
not all CVD reactors are built the same, the exact values reported could not be used.

Figure 4.4 (a) shows an SEM image of a sample deposited using the following

36



I

Stage Temp Chamber Temp

Deposition Pressure

Manifold Tem
P Deposition Time
1 Oxidant Temp

Monomer Jar Temp

Monomer Line Temp

Monomer Flow rate

Figure 4.3 Schematic of tunable parameters on the oCVD system.

parameters, monomer flow rate: 0.71 sccm, stage temperature: 30 C and deposition
pressure: 26 mT. The resulting PT film was not continuous but more like small islands.
This could be attributed to the small amount of monomer being adsorbed onto the
substrate. To improve this, the monomer flow rate and the stage temperature were
adjusted. First the monomer flow rate was increased to 2.13 sccm while keeping other
parameters from the sample in figure 4.4 (a) fixed. The resulting sample shown in figure
4.4 (b) was very porous and again a continuous film was not obtained. Next the stage
temperature was decreased to 10 ‘C which is the lower limit of our system while keeping
other parameters from the sample in figure 4.4 (a) fixed. The resulting sample shown in
figure 4.4 (c) is a continuous film, however, from the SEM image the film appears non-

uniform. This suggests that further optimization is necessary.

The substrate temperature was fixed at 10 C since a continuous film was obtained. Figure
4.5 (a) is the same as figure 4.4 (c). To improve the uniformity, the monomer flow rate
and the deposition pressure were adjusted. First the monomer flow rate was increased to
4.90 sccm while keeping other parameters from the sample in figure 4.5 (a) fixed. The
SEM image in figure 4.5 (b) revealed that small holes/voids were formed in the film. One
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observation made during the depositions was that the deposition pressure affects the
oxidant evaporation rate. This could explain the SEM image shown in figure 4.5 (C) where

the film appears to be continuous and uniform.

Increase monomer flow rate Lower Stage Temperature

100 pm

Figure 4.4 SEM images of samples showing the effect of monomer flow rate and stage
temperature. In (a), the deposition was done at a monomer flow rate of 0.71 sccm, pressure
of 26 mT and stage temperature of 30 C. In (b) the monomer flow rate from (a) was changed
to 2.13 sccm while all other parameters were kept constant. In (c) the stage temperature
from (a) was changed to 10 C while all other parameters were kept constant.
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Figure 4.5 SEM images of samples showing the effect of monomer flow rate and deposition
pressure. (a) corresponds to figure 4.4 (c) where the stage temperature was 10 C, the
monomer flow rate was 0.63 sccm and the pressure was 26 mT. In (b), the monomer flow
rate was increased to 4.90 sccm while all other parameters were kept constant. In (c), the
deposition pressure from (a) was increased to 50 mT while all other parameters were kept
constant.

4.4 Conclusion

The deposition of thin films of polythiophene has been demonstrated using iron chloride
as the oxidant and relatively low monomer flow rates. Changes in the morphology of the
films were observed during the optimization. This was most likely due to the large vapor
pressure of thiophene compared to EDOT, making it difficult for the monomer to adsorb
onto the substrate surface. Raman spectroscopy provided evidence that the deposited
film was unsubstituted polythiophene. From the SEM images we concluded that the
lowest temperature is best for improving monomer adsorption, the optimal monomer flow

rate is between 1 — 2.5 sccm and the oxidant evaporation is dependent on the deposition
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pressure. The future direction for this work would be to determine how these different

morphologies affect the electrical and thermal properties of the film.
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Chapter 5: Isolating specific vs non-specific binding
responses from PEDOT based Chemiresistive Biosensors

5.1 Abstract

A longstanding challenge for accurate sensing of biomolecules such as proteins,
concerns specifically detecting a target analyte in a complex sample (e.g., food) without
suffering from non-specific binding or interactions from the target itself or other analytes
present in the sample. Every sensor suffers from this fundamental drawback, which limits
its sensitivity, specificity, and longevity. Existing efforts to improve signal-to-noise ratio
involve introducing additional steps to reduce non-specific binding, which increases the
cost of the sensor. Conducting polymer-based chemiresistive biosensors can be
mechanically flexible, are inexpensive, label free and capable of detecting specific
biomolecules in complex samples without purification steps, making them very versatile.
In this paper, a poly (3,4-ethylenedioxyphene) (PEDOT) and poly (3-thiopheneethanol)
(3TE) interpenetrating network on polypropylene-cellulose fabric is used as a platform for
a chemiresistive biosensor, and the specific and non-specific binding events are studied
using the Biotin/Avidin and Gliadin/G12 specific complementary binding pairs. We
observed that specific binding between these pairs results in a resistance drop with the
addition of the analyte and this response increases with increasing analyte concentration.
Non-specific binding was found to have the opposite response, an increased resistance
upon the addition of analyte was seen in non-specific binding cases. We further
demonstrate the ability of the sensor to detect a targeted protein in a dual protein analyte
solution. The machine learning classifier, random forest, predicted the presence of biotin

with 75% accuracy in dual analyte solutions. This capability of distinguishing between
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specific and non-specific binding can be a step towards solving the problem of false

positives or false negatives to which all biosensors are susceptible.

5.2 Introduction

From the ever growing need to detect different biomolecules such as proteins or
enzymes, the advancement of biosensing technology has become an interdisciplinary
area of research bringing together biologists, physicists, chemists and engineers. The
medical field, food industry and environmental monitoring are a few areas where
biosensors are utilized[53]. A typical biosensor consists of the detected analyte, a
bioreceptor which binds specifically to the detected analyte and a transducer which
converts the binding event into a measurable signal [54]. Sensing platforms such as
enzyme-linked immunosorbent assay (ELISA) and surface plasmon resonance (SPR),
are based on immunoassays and plasmon generation, respectively. However, ELISA
suffer from a relatively long sample preparation and high costs which limits it to laboratory
applications[55] and SPR suffer from low sensitivity to low molecular weight molecules

since it is mass sensitive[56].

All these platforms work on the principle that sensing occurs when a targeted analyte
specifically attaches to a capture molecule anchored on a substrate. However, exposure
to other non-targeted analytes for example, in complex samples like blood, will result in
nonspecific binding events, producing a signal which obscures the signal from the analyte
of interest, essentially adding noise to the measurement. Non-specific binding also occurs
when the targeted analyte binds to sites other than the capture molecule. Every sensing
platform suffers from this fundamental drawback, which limits its sensitivity, specificity,
and longevity. Existing efforts to improve signal-to-noise ratio involve introducing steps to
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reduce non-specific binding by imposing a blocking layer to shield unoccupied binding
sites [57,58]. This blocking layer reduces analyte adsorption onto the unoccupied sites
without interfering with the capture molecule and targeted analyte chemistries. Three
main types of blocking agents used are detergent blockers, protein blockers and polymer-
based blockers with each one having their own advantages and disadvantages[59,60].
Another way to improve signal to noise is to engineer materials for a sensing platform

capable of detecting/distinguishing between the two binding events.

Materials that exhibit a change in electrical response due to a change in chemical
environment are termed chemiresistors and sensors which utilize these materials as
transducers are called chemiresistive sensors. These sensors are label-free, highly
sensitive and require little to no sample preparation time[61]. Specifically, chemiresistive
biosensors made from conducting polymers are low cost, operate at room temperature
and can be made flexible due to the non-brittle nature of polymers. One of the major
advantages of using conducting polymers is being able to modify the sensor surface with
receptors to specifically target certain molecules while keeping the sensor platform the
same. Poly (3,4-ethylenedioxyphene) (PEDQOT) is one of the most widely used conducting
polymers due to its optical transparency, mechanical flexibility, high electrical
conductivity, and chemical and physical stability. It is typically copolymerized with other
polymers to harness their functional groups for attaching different capture molecules.
PEDOT based sensors has been used in the detection of a selective ligand for human
influenza A virus (H1IN1) by copolymerizing the monomer EDOT with another EDOT
bearing oxylamine groups. This served as a unit for introducing sialyllactose to the side

chain of the copolymer which was used in the detection of HIN1[62]. Similarly, the
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copolymer, PEDOT and P3TE, deposited on a high surface area electro-spun nylon fiber
mat, was used to immobilize avidin for the detection of biotin[63]. By using the high
surface area substrate, a 6-fold in sensor response time was observed as opposed to a

flat substrate.

Here, we use vapor phase polymerization (VPP) to deposit the polymer layer onto a high
surface area polypropylene-cellulose fabric. This layer is made from the copolymerization
of EDOT and 3-thiopheneethanol (3TE) into an interpenetrating network (IPN) of PEDOT
and P3TE[63]. Iron (lll) p-toluenesulfonate is used to polymerize EDOT, while P3TE
weaves through the initially deposited PEDOT to form an IPN. This IPN structure
increases interfacial area, allowing for increased binding of analyte capture molecules.
This in turn increases the sensitivity of the device. Due to their high affinity to each other,
the biomolecule pair of Biotin and Avidin are chosen as the analyte and capture
molecules, respectively, to observe specific binding events. Gliadin, a protein found in
wheat and casein, a protein found in milk are chosen to study nonspecific binding events.
Machine learning classification techniques are applied to the measured response of the

sensor to predict the presence of biotin with accuracies up to 75 %.

5.3 Methods

5.3.1 Vapor Phase Polymerization of PEDOT

The VPP technique used here for preparing the polymer films has been described in detail
in a previous report [64]. A schematic of the VPP process is shown in figure 5.1. A
polypropylene cellulose fabric was first soaked in a 40 wit% solution of Fe(PTS)s in
butanol. This oxidant coated fabric was then placed in a sealed jar containing the
monomer EDOT. The EDOT polymerization occurred in a furnace at 70 °C for 1 hour. The

44



A) B) Q) Polymer
[j, Plain Cloth ! Coated Cloth
eat
Oxidant
b Coated Cloth e o o o
\ EDOT ARAMARANAAR AN
_/ Monomer  E—— ‘

Fe(PTS); in Butanol

Figure 5.1 Schematic of vapor phase polymerization (VPP) process for synthesis of PEDOT
films on polypropylene cellulose fabric. (a) The oxidant solution is a mixture of Fe(PTS)s in
butanol. Fabric is coated by soaking in the oxidant solution. (b) The oxidant coated fabric is
placed in a sealed container with the monomer. (¢c) Heating the container in a furnace causes
the monomer to vaporize and polymerization occurs on the fabric.

PEDOT coated fabric was then rinsed in ethanol for 1 hour to remove any unreacted
monomer and oxidant. The fabric was then placed in another sealed jar containing 3TE

and again polymerization occurred at 70 "C for 1 hour.

5.3.2 Anchoring avidin to the sensor

Avidin is covalently attached to the polymer coated fabric via the linker molecule GOPS.
50 pL of GOPS was placed in a sealed contained along with the coated fabric at 120 °C
for 2 hours. A soak in ethanol for 1 hr removed any excess GOPS molecule. Two
subsequent washes in a 1:1 ratio of BSA to PBS was done for an hour each to minimize
protein adsorption onto unoccupied binding sites of the sensor surface. The attachment

of avidin took place overnight in a 10 mL PBS solution with 1 mg avidin.

5.4 Results and Discussion

In the VPP process, an oxidant in the liquid phase is directly deposited onto a fabric
substrate. It is then exposed to the monomer vapor in a sealed container where the
polymerization of the conducting polymer occurs. Typical oxidants used in this process

are iron(lll)chloride, copper(ll)chloride and iron (Ill) PTS. Iron (Ill) PTS was chosen here
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because PEDOT films produced with this oxidant has the highest reported electrical

conductivity of ~ 1300 S/cm [65,66].

A schematic of the device structure is shown in figure 5.2. The capture molecules are
immobilized onto the polymer surface by the functional groups of the polymer, the analyte
binding to the capture molecules occurs because they have a strong affinity for each
other. To immobilize the molecules responsible for capturing the analyte, linker molecules
must be first bound to the conducting polymer surface. Due to the lack of appropriate
functional groups, the capture molecule, in this case avidin, cannot bind directly to the
polymer surface. Linker molecules such as GOPS act as a bridge between the polymer
layer and the capture molecule. Figure 5.3 shows the steps taken for attachment. GOPS
is a silane coupling agent which contains two different reactive groups bonded to the
silicon molecule. One end of this molecule is the methoxy group while the other end is
the epoxy group. The methoxy group binds with the hydroxyl group from the P3TE while

the epoxy group binds to the capture molecule.

In this work, biomolecule pairs with a high affinity for each other were chosen to test the

Analyte
v Capture molecule
@ Functional group
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00

COnducting polymer
Resistance

(ohms)

ad (@

Figure 5.2 Schematic of chemiresistive sensor with capture molecule immobilization and
analyte binding
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response of the sensor. The first pair studied was the protein pair avidin and biotin. Avidin
is a protein typically found in the egg whites while biotin is a B vitamin. The large protein
avidin, can bind 4 of the small biotin molecules with dissociation constant on the order 10
8 51 of making it one of the strongest non-covalent bonds[67][68]. This property of the
avidin/biotin pair makes them popular in western blotting[69] and in immunoassays like
ELISA[70]. The other biomolecule pair is the antigen-antibody pair of G12 and gliadin.
Gliadin is a class of proteins present in gluten (protein found in wheat) known to trigger
reactions in Celiac patients, and its respective antibody, G12. The G12/gliadin pair has

also been applied in immunoassays like ELISA [71].

FTIR was performed to check for successful growth of PEDOT and P3TE, as well as

successful attachment of the GOPS molecule. FTIR was performed using a silicon wafer
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Figure 5.3 Avidin immobilization onto conducting polymer surface
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as the substrate instead of the fabric. The polymer growth and GOPS attachment
processes on the silicon wafer were identical to processes done on the fabric. Figure 5.4
shows the spectrum of plain PEDOT, PEDOT + P3TE and PEDOT + P3TE + GOPS. The
peak correlating to the formation of the C=C in PEDOT is seen at about 1517 cm
indicating the successful polymerization of EDOT. The addition of 3TE introduces -OH
functional groups which are captured in the spectrum at ~3400 cm™. Additionally, the
detection of silicon (~1150 cm™) indicates the presence/successful attachment of GOPS

to the interpenetrating polymer network of PEDOT and P3TE.

SEM images of the fabric substrate before and after PEDOT growth are shown in figure
5.5. Comparing the two images, the individual fibers of the fabric seen in figure 5.5b
appear rougher than the ones of the uncoated fabric indicating the presence of PEDOT.
It should also be noted that the morphology of the underlying fibers is retained, and that
little aggregation of the polymer observed as is commonly seen during liquid-phase

processes like spin coating. The retention of the fiber morphology is important because
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Figure 5.4 FTIR spectrum of PEDOT, PEDOT+P3TE and PEDOT+P3TE+GOPS measured
on a silicon wafer
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the surface to volume ratio is increased, creating more available binding sites for the

analyte, increasing the ability of the sensor to detect low concentrations of the analyte.

By using a polymer-based sensor, we have the added benefit of having a low cost and
mechanically flexible sensor[72]. Having such mechanical flexibility allows for
manipulating these sensors in different conformations while still being able to obtain a
viable signal (figure 5.6). The resulting form factor indicates that these can be easily

adapted to technologies which can be embedded into clothing or worn as accessories.

Figure 5. 5 Scanning electron microscopy of (a) uncoated fabric (b) fabric coated with
PEDOT

49



Half Fold
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Figure 5.6 Polymer coated fabric in (a) planar (b) half fold and (c) twisted conformations.

To evaluate the response of the sensors, the electrical potential was monitored over a
span of 30 mins with the analyte being added after 15 mins. The percent change in

resistance is given by

R, —R 5.1
0 1+100

AR(%) = -
where Ri is the resistance before the analyte is added (at 15 mins) and Ro is the
resistance at the end of the experiment (after 30 mins). Two analytes, biotin and gliadin
were tested at concentrations of 50 uM, 5 uM, 500 nM and 50 nM, each. The results
showed a log-linear correlation between the concentration and the change in resistance

of the sensor upon the addition of analyte (figure 5.7 (a)). At each concentration,

approximately 4 identical measurements were performed which is indicated by multiple
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blue circles at one specific concentration. This change in resistance was proportional to
the analyte concentration indicating the ability of the sensor to provide distinguishable
signals for different analyte concentrations. Furthermore, similar responses were seen for
the avidin/biotin system and the G12/gliadin with the only difference being the capture

molecule (figure 5.7 (b)).

Building upon these results, the next series of tests were performed to investigate the
response from an analyte on a sensor with (specific binding) and without (nonspecific
binding) the complementary capture molecule immobilized on the surface of the sensor.
From figure 5.7 (c) there was no longer a drop in resistance as seen with complementary
analyte and capture molecules, but rather an increase in resistance was observed when
no capture molecule was used. These results suggest that a drop in resistance is
indicative of a specific binding event whereas an increase in resistance signifies a non-
specific binding event. This increase in resistance had a weak inverse correlation with the
analyte concentration, which was not nearly as strong as in the case of the
complementary binding pairs. Non-complementary analytes and capture molecules such
as gliadin and avidin respectively, also showed this behavior. A two-way ANOVA and
Tukey’s pairwise test was performed, and the analysis returned a statistically significant
interaction effect between whether there is a protein bound to the sensor and the analyte
used. This data suggests that the non-specific binding response in our biosensors is the
opposite of the specific binding response. Since similar results are seen in the data for
biotin and gliadin, this tells us that the signal is solely due to the presence/absence of
complementary binding pairs and not individual effects from the bound protein to the

analyte. This behavior may be due to the electrical characteristics of the protein-capture
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molecule bonds that occur through specific binding events. This observation can be
related to gas sensors made of conducting polymer-metal hybrids. By coupling metal
particles to the conducting polymer films, the change in work function experienced by the
metal in the presence of a gas can be translated into changes in the electrical
characteristics of the polymer film[73,74]. The sensors in this work follow a similar
architecture to the gas sensor previously mentioned which suggests that the interaction
between the analyte and the capture molecule is modulating the electronic properties of

the polymer film.

Machine Learning Prediction

Mixed analyte solutions of casein-gliadin, biotin-gliadin and biotin-casein were also tested
with the sensor immobilized with avidin (figure 5.8). Unlike the single analyte tests, the
detection of Biotin cannot be inferred from a change in resistance only. Machine learning
is used to build an analytical model capable of identifying patterns to predict the presence
of Biotin. Four common machine learning algorithms were used to evaluate classification
accuracies: support vector machines (SVM), random forest (RF), K- nearest neighbors
(KNN) and logistic regression (LR). The data considered in this analysis comprised of the
voltage signal after the analyte was added. The first step in our approach is the
exploratory data analysis (EDA). In the EDA step, the variation of voltage with time was
carefully observed and features were extracted manually from the dataset. Signal
processing techniques were also applied to extract information like peak to peak
difference (difference between minimum and maximum values of voltage), max signal
(maximum voltage) and Kurtosis. These features were used as input to predict the

presence of Biotin. The dataset was split into 80% training data and 20% test set data on
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which the predictions were made. As a result, the total 73 data points were split into 58
train and 15 test datapoints. The classification accuracies range from 67% — 75% (Table
5.1) with RF performing the best out of the 4. A 5-fold cross validation was done to
minimize the variance ensuring that model accuracies obtained were more reliable. RF
was also used to identify the feature with the highest contribution (figure 5.9). Kurtosis
yielded the highest contribution indicating that the sharpness of the peak is influenced by

the presence of Biotin.

Table 5. 1 Classification Accuracies

Machine learning algorithm Accuracy
Support Vector Machines 67 %
Random Forest 75 %
K- nearest neighbors 70 %
Logistic Regression 67 %
45
40
357
%30 "
-f:E 257
%20
‘% 15}

Kurtosis Max Signal Peak to Peak

Figure 5. 9 Feature importance
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5.5 Conclusion

In this study, we developed a conducting polymer based chemiresistive biosensor
capable of label free sensing of biomolecules. This biosensing platform is not only
capable of detecting the presence and concentration of the targeted biomolecule, but also
has distinct responses to specific and non-specific binding events. When complementary
analytes and capture molecules such as biotin/avidin or gliadin/G12 are measured, a drop
in resistance across the sensor is seen when the analytes are added which we correlate
to a specific binding event. On the other hand, when non-complementary analytes and
captures molecules such as gliadin/avidin and biotin/G12 are measured an increase in
resistance is observed which we correlate to nonspecific binding events. Since the same
observation is made for two different sets of analytes and capture molecules, we believe
that for this sensor the signal is based solely on whether the analytes and capture
molecules are complementary. Furthermore, when the analyte is composed of a mixture
of complementary and non-complementary molecules, the resistance is not a good
measure (figure 5.8). We use a variety of machine learning algorithms to predict the
presence of biotin specifically, in mixed analytes. Random forest yielded the best
prediction accuracy. Different feature extraction techniques were also used to get the
highest possible accuracy. Based on the feature importance of random forest, kurtosis
was found to be the most important. Thus, using kurtosis as the feature and random forest

as the algorithm we were able to predict the presence of biotin with accuracies up to 75%.

These results demonstrate the versality of this sensing platform for the detection of a
variety of biomolecules with the use of appropriate capture molecule. Machine learning

has proved useful in distinguishing different binding events making this a good candidate
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for the development of ubiquitous biosensing. Such a biosensor would have a wide variety
of applications, including allergen detection, monitoring circulating cancer cells in blood,

and pharmaceutical drug screening.
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Chapter 6: Collaborative Projects

6.1 oCVD PEDOT Thin Films Coated on Lithium Manganese Oxide

Electrode

Publication[75]: Su L., Smith P. et al, ACS Appl. Mater. Interfaces 2018, 10,

27063-27073

Contribution: My contribution to this work was optimizing the growth recipe for creating

a uniform and conformal PEDOT film on the particles that make up the battery electrode.

Overview

Lithium-ion batteries (LIBs) have become the choice power source for electronics such
as cell phones, laptops and even electric vehicles due to their higher energy densities
compared to other rechargeable systems. Current research on rechargeable lithium ion
batteries are geared towards extending the lifespan, increasing energy and power density
and improving safety. Poor performance of cathode material in the presence of electrolyte
is a major factor limiting the overall performance of LIBs. Surface modification of the
cathode electrode with an artificial solid-electrolyte interphase (SEI) layer is a widely
pursued technigue to enhance the overall battery performance leading to improved
stability[76] and electronic and ionic conductivity of the electrodes[77]. Organic polymer
coatings have been used as SEI layers previously, however, the solution processing
technique used to realize the polymers offer poor control over film composition, thickness,
repeatability and reliability. In this study, we utilize oCVD to deposit the conducting
polymer PEDOT and initiated chemical vapor deposition (iCVD) to deposit an insulating

polymer poly(divinylbenzene) (PDVB) thin film on the surface of a lithium manganese
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oxide (LiMn204) electrode and compared their performance as artificial SEI layers. Our
results show that PEDOT coatings improve both the rate and the cycling performance of
LiMn204 electrodes, whereas insulating PDVB coatings have little effect on these
performances. An 83% increase in 10 C rate capacity at 25 C (from 23 to 43 mAh/qg) is
seen in figure 6.1 (a) for the PEDOT coated electrode. Furthermore, an improvement of
over 40% (from 87 to 122 cycles) in the cycling life of the LiMn204 cell is observed from
figure 6.1 (b). Results from X-ray photoelectron spectroscopy suggest that chemical or
coordination bonds form between Mn in LiMn204 and O and S in the PEDOT film. These
bonds stabilize the surface of LiMn204 and thus improve the cycling performance. In
contrast, no bonds form between Mn and the elements in the PDVB film. This study
demonstrates the potential CVD polymerization has in advancing the research into

performance improvement in LIBs.
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Figure 6.1 (a) Statistical data summary of cell capacities with respect to C-rates at room
temperature. (b) Capacity remaining vs number of cycles
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6.2 Selective and Sensitive Dopamine Sensing using 3D Fuzzy

Graphene Coated with oCVD PEDOT

Publication: Submitted; In collaboration with Dr. Cohen-Karni’s group

Contribution: My contribution to this work was optimizing the growth recipe for creating
a uniform and conformal PEDOT film with different thickness of PEDOT on the 3D fuzzy

graphene structures.

Overview

Dopamine (DA), a neurotransmitter, is involved in many cognitive processes such as
voluntary movement, reward motivated behavior and attention[78]. Dysregulation of
dopamine is implicated in conditions such as Parkinson’s disease, addiction, and
depression[79]. However, the knowledge of DA’s role in such conditions is limited[80].
Sensors that can precisely determine the concentration of dopamine with high spatial and
temporal specificity can help reveal the dynamics of DA regulation and dysregulation.
Therefore, the development of such sensors has drawn great interest. Electrochemical
techniques are often preferred due to their ease of use, low cost, and fast sampling times
[81]. One of the challenges associated with the detection of DA is that DA co-exists with
several electroactive species, such as uric acid (UA) and ascorbic acid (AA), with similar
oxidation potentials and much higher concentrations. The presence of these species
obscures the electrochemical signal of DA. Addressing challenges such as this, will
facilitate the development of an ideal sensor capable of detecting DA across a wide range
of concentrations in the presence of interfering species. Hybrid materials of nanocarbons

such as graphene and conductive polymers, have been utilized to enable more precise
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detection of DA, leveraging beneficial properties of each component such as
biocompatibility, high electrical conductivity, high surface area and fast electron transfer
kinetics [82]. However, these materials often present a two-dimensional (2D) topology
and may lack sensitivity without the addition of functional groups, nanoparticle coating, or
acid treatment. 3D surface topologies that involve out-of-plane flakes (in the case of
graphene) are beneficial for sensing due to increased surface area and exposure of
catalytic edge planes thus increasing selectivity and sensitivity[83]. The same effect is
observed in PEDOT sensors with increased surface area[84]. Recently, synthesis of 3D
out-of-plane fuzzy graphene has been demonstrated on a 3D Si-nanowire (SINW) mesh
template. Nanowire templated 3D fuzzy graphene (NT-3DFG) shows high potential for
electrochemical biosensing applications due to high electrical conductivity, high
electrochemical surface area, and a high density of edge defects[85]. In this study, we
demonstrate selective and sensitive DA detection using a hybrid nanomaterial composed
of this NT-3DFG conformally coated with different thicknesses of a PEDOT thin film.
oCVD was utilized to conformally and uniformly coat these 3D structures while still
preserving the structure underneath. Scanning electron microscopy (SEM) images of NT-
3DFG with PEDOT coatings are shown in figure 6.2. From cyclic voltammetry (CV) scans
(figure 6.3 (a)) an increase in current density is observed with increased PEDOT
thickness however, faster electron transfer rate was observed with thin PEDOT compared
to thick PEDOT coating. To eliminate the effects of capacitive currents, differential pulse
voltammetry (DPV) was performed (figure 6.3 (b)). Thin PEDOT coating exhibit a larger
DA peak current density compared to the other two samples. These results indicated that

optimizing the thickness of PEDOT will play a crucial role in the sensor’s performance by
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maximizing the current density in CV while enhancing the DA peak in DPV. This new

hybrid nanomaterials opens new avenues for next-generation lab-on-chip devices

Figure 6.2 Morphological characterization of PEDOT:NT-3DFG. Representative scanning
electron microscopy (SEM) image of (a) pristine NT-3DFG, (b) thin PEDOT:NT-3DFG, and
(c) thick PEDOT:NT-3DFG
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Figure 6.3 Electrochemical sensing of DA from a mixture of 1 mM AA, 500 uM UA, and 100
KM DA. (a) Cyclic voltammetry (b) Differential pulse voltammetry. Red, blue and green
represent pristine NT-3DFG, patchy PEDOT:NT-3DFG, and thick PEDOT:NT-3DFG,
respectively
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Chapter 7: Forward Looking

7.1 Future Work

7.1.1 Thermal Conductivity Measurements

The polythiophene thin film optimization work demonstrated morphological changes in
the film based on deposition parameters. There is a high probability that the films also
went through structural changes. There structural changes can affect properties of the
film such as optical, electrical, and thermal. Thermal transport properties are important to
know especially when dealing with electronic devices which generate heat. Degradation
due to high temperatures can cause failure in the electronics. Thermal transport
properties like thermal conductivity can also shed like on structural changes the films may
have undergone based on deposition parameters. Temperature dependent thermal
conductivity will help understand electron thermal transport[41]. Also, measuring over a
wide temperature range is beneficial when determining whether a material is right for your

application over the working temperature range.

7.2.2 Conjugation Length Estimation

There are many factors which can affect the thermal transport in polymers including the
chain structure and morphology. Longer conjugation length which corresponds to a longer
chain length has been shown to improve transport properties, both thermal and
electrical[50,86]. To determine a relationship between the polymer structure and thermal

properties, the conjugation length should be studied with the aid of UV-vis spectroscopy.

Once the maximum absorption peak (Amax) is determined via UV-vis, it can be compared

to other Amax from a-oligothiophenes in literature[87]. An example of Amax VS hnumber of
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thiophene repeat units is shown in figure 7.1. Once Amax IS determined the conjugation

length can be estimated.
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Figure 7.1 Correlation of Anax from UV-Vis spectra with the number of thiophene chain
units[50].

7.2 0CVD Reactor Future Improvement

The oCVD reactor used in this thesis was procured by lead Pl Prof. Reeja-Jayan and was
designed with future applications in mind. As mentioned earlier, there are 3 monomer
feed lines which would allow for the simultaneous introduction of multiple monomers. This
is important for creating copolymers with improved or modified characteristics compared
to a homopolymer[73,88,89]. The system is also equipped with two thermal evaporators
to allow for co-evaporation of multiple materials including the oxidant [90]. While

developing the process for PEDOT and PT thin film deposition, | have identified a few
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areas that can be improved upon. Further improvements to the reactor and the process
can be done either by upgrading current equipment, integrating new equipment, or
utilizing new materials. The possible improvements listed below originated from either a

literature search or from my personal experience using the system.

7.2.1 Solid Oxidant Control

One of the major challenges with controlled film deposition is working with a solid oxidant.
Accurately obtaining the flow rate of the sublimed oxidant is difficult which also makes it
difficult to determine the partial pressure of the oxidant. Nonetheless, | have identified a

few ways which will make working with a solid oxidant more controllable.

1. On the current system, there is no way to control the heating rate. In my experience,
control over the heating rate is crucial in maintaining a uniform evaporation rate of the
oxidant. Currently, the only input for the evaporator is the final heating temperature,
updating the software with a field to input heating rate in addition to final temperature
will provide more control over the oxidant evaporation.

2. Integrating shutters with the evaporators will help with controlling the exposure of the
sample to the oxidant. During heating to desired temperature and cooling down, the
shutters remain closed to avoid uncontrolled depositions. Reproducibility of film
thickness among batches will be greatly improved.

3. To control the amount of oxidant that is evaporated, Xu et al. reported the use of a
glass tube with a heated tungsten wire which was added on top of the evaporator to

trap excessive oxidant[86].
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7.2.2 In-Situ Monitoring of Film Deposition

In all film deposition techniques, the properties of the resulting film are dependent on the
deposition conditions. When optimizing a process, in-situ monitoring of parameters such
as deposition rates, film thickness and optical constants can significantly reduce the
number of growth runs done compared to post deposition measurements. Integrating
equipment like a quartz crystal microbalance (QCM)[91], an ellipsometer or an
interferometer with the oCVD reactor will further improve reproducibility and reduce
optimization time when a new polymer is being deposited. Furthermore, combining real-
time monitoring with heating rate control, the heating power can be automatically adjusted

to maintain desired deposition rate.

7.2.3 Alternative Oxidants

Oxidizing agents typically used are metal halogen salts or halogen gases|[9]. Iron chloride
(FeCls) is the most used oxidant but due to its low volatility, like many solid oxidants,
delivery of its vapor phase to the reactor is challenging. For this reason, the oxidant is
sublimed inside the reactor chamber using an evaporator. This makes it difficult to control
the oxidant and determine the flow rate. These solid oxidants typically require a post
deposition rinse in a polar solvent like methanol to remove excess oxidant. By switching
to a more volatile oxidant, more control over the film formation can be obtained and the
need for post deposition rinsing is eliminated. The oxidant would be kept outside the
reactor chamber and the flow rate can be controlled using a mass flow controller (MFC)
or a needle valve. Table 7.1 lists alternative oxidants found in literature that have been

used in the oCVD process.
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Table 7.1 List of alternative oxidants

Alternative Oxidants

Bromine [16,89]

Antimony Pentachloride [92—-95]

Vanadium Oxytrichloride[95,96]
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