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ABSTRACT

NANOSTRUCTURED MATERALS AND DEVICES FOR

SENSING AND ENERGY I ARVESTING APPLICATIONS
Mehmet Kaneéek
Ph.D. in Materials Science and Nanotechnology
Supervisor: Prof . Dr . Me h met
August, 2015

A closer look intahefundamental challenges of the modern world revealghleat
increasing demandbr energythreatens the evolution of scienaed technology
Energyefficiency is thus a fundamental issue in engineering -tlvices. An
important path to achieve high efficiency is to convert ieehanical energy into
electrical energyusing piezoelectri@and triboelectricenergy harvesting circuitries
hence enabling seffowered systems at nanoscalBhe utilization of novel
piezoelectricand triboelectric energy harvesting materiatsoduces the opportunity
of manufacturing flexible, wearable and stretchablepaifeleddevices

In this thesis, we introduced new fabrication techniquenew strategies and
practical approaches for devpiog high performance triboelectric and piezoelectric
materials and devices for flexible electronics, artificial skin and energy harvesting
applications

The first part of the thesis focuses ondleeelopmat of piezoelectric nanoribbons.
Poly (inylidene fluoride) and its copolymerPoly (inylidene fluoride)-co-tri
(fluoroethyleng were used to fabricate spontaneously high piezoelectric nanoribbons.
We measured the recoehigh piezoelectric charge coefficient froour ribbons
because thkigh stress anblightemperaturaised in the fabricatiocan enhance their
properties. In addition, proof of principle devices for energy harvesting and sensing
were fabricatedising nanoribbonshe achievements in this part of the thesis can be
listed as: i)We obtain€e extraordinary high aspect ratio, globally oriented, polymer
encapsulated, and high piezoelectric microribbon and nanoribbon arrdyseiifo
process conditions (shear stress and temperature) used in thermal fiber drawing, as

produced micro and nanoribbs contain high amount of polar phase without requiring



any electrical polingiii) We developed a new technique for characterizing and
analyzing multiferroic characteristics of naabjects, which consist of parallel
evaluation of instrumental, numericahd analyticatlata iv) To our knowledge, we
achieved the highest piezoelectric charge coefficient from our ribbons in the literature.
v) We enhanced stability of the piezoelectric ribbons by increasing the Curie
temperature above its melting point dagtocessing conditionsi) We observed and
explained a new phase transformation mechanism in polymer piezoelectric ribbons.
vii) The stateof-the-art ab initio calculations, which explain the phase transformation
mechanism of molecules during the fibeawing with the effect of shear, tensile
forces and temperature, were included in detail.

The second part @boutdeveloping high energy output triboelectric generattrs
high performance muHayered triboelectric generator was developed using
chalcogaide nanostratures This part of the thesis details the following
achievementsi) We demonstrated that not only polymer, but also semiconductor
chalcogenide materials can be used in triboelectric applicafionthe first time ii)

For the first time, we proposed and demonstrated thhe fluorination of
nanostructured surfaces increases triboelegeidormancesignificantly. iii) We
introduceda multi-layered triboelectric generator which is very promising for real
applications such as acoustic wawel vibration detection, and energy harvesting with
very high power output (0.51 Watt) in comparison with the literature. iv) We aised
3D printing technique torpduce our device, which is leaost and appropriate for
rapid prototyping and mass productionr) We explainedthe devicetheory forthe

triboelectric nanogenerator, which aligned well with our experimental results.

Keywords lterative size reduction technique, energy harvesting, triboelectricity,

piezoelectricitypoly (vinylidenefluoride), flexible electronics nanoelectronics.



OZET

ENERJK | RETKMK VE SENS¥R UYGUL AMAL
YAPILI MALZEMELER VE NANO AYGITLAR

Me hmet Kaneéek

Malzeme Bilimi ve Nanoteknoloji, Doktora

Tez Y°%°neticisi: Prof . Dr . Me h me-
Ajustos, 2015

Modern d¢nyanén temel sorunéa artad@enarji yaker
i htiyacénén bilim ve teknolojinin geliK«ki
probl emlerin, d¢ K¢k enerji gerektiren c
do°ne¢kKt ¢grerek -0 z¢4l1 mesi hedefl enmektedir.

piezoelé&trik enerji Uretim devreleri kullanarak mekanik enerjinin elektrik enerjisine

don¢gktegr gl mesini sajl ayarak kendi ener ji
m¢ ke mme | bir -%z¢m ol arak go°r ¢l mektedir .
tribcel&k t ri k ve piezoelektrik mal zemel erin Kk
piezoelektrik ya da vy¢ k sjenkratplerinifetdmresnien s e t

esneyebilir, giyilebilir vV e s¢nebi i,
gel i ktifermaséné ortaya koymaktadeéer.
Bu tezdey e n i bir ¢ eseek elaktronike yapay deri ve enerji Uretimi
uygul amal arée i -in, yéc¢ksek performansl é it
geliktirilmesinde yeni | sat €& mBuktdzlakeana . pr at
késémdan ol ukmakt adér . Birinci késém p

icermektedir Poly (vinylidene fluoride) ve onun kopolimeri olarPoly (vinylidene
fluoride)-co-tri (fluoroethylene)malzemeleri kendinden yuksek piee | ekt r i k ©° z e
g°steren nano «kKeritl eAridné k¢erke tfiinb enrd e- ekkunhel
kull anél an y¢ksek sécakl ék ve stres gibi

rekor yiuksekliktepiezoelektriky ¢ k kat sayésandl kteghkt | Ayr &aa

enerji sreti mi ve send8BUr temanl ici ma@al &r
edilen kazanéemlair) kSgt e deéexkeal acambi lukr :or
oryantasyonda dizil mik, poloemeerctird €r i°szie
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g°steren mikro ve nano kKeritler elde etti

geri |l mesi Ve sécakl ek) sebebiyl e, creti
pol arizasyon i K| emi ger ekt i r nkiklsmizk tni,r .y ¢
Nano objelerin -oklu ferroik karakteri st
-%z¢ml eme vV e anal i tik tekni kl erin par al

g el i kt Bilgindiz d&hilinde, {itgratirde bildirilen en yiksekpee | ekt r i k kat
bizim nano kKeritlerimizden °1| -¢1l megkt ¢gr .
sécakl ejéené erime sécakl ekl arénén ¢zerin
artterdek. Vi) Pol i mer pi ezi,ore |l m&kl an ikz nkaes

g°zl emledi k ve Dbu mekanizmayé a-ékl adeéek

kull anél ar ak, kayma geril i mi, - ek me ge
parametrelerinin etkisi idetanwll &kglldrealdea
Ki nci kesém i se, y ¢ ksek ener ji cretir

gel i ktiril mekail rkio]j lkeak kiGaunldlaareaaep éalraark y ¢ ks ek
- ok kat manl é triboelektTekinnabo kesmeat
l' i stel éemi ki Ventanémlanabilir: 1) KIk ke:

kal kojenlerinde triboelektrik jenerat®r

i) Nano yapeéeleée y¢gzeylerin flor il e kap
onemimkt arda artacajeéné il k kez ©°nerdik Ve
titrekimin algél anmaseé, l'iterate¢rde ki e
- ék ekne (#.51c Yatj sahip enerji Ureteci gibi gercek uygulamalarda

kull anélkahbkhemah|] é-0ori boelektrik bir tri

Bahsi ge-en ci haz, d¢kek maliyet!l i, hezl
tekniji ile ¢retildi. v) Triboelektrik n:;
sonu-4 airléenéanal i ti k sonu-I|l arémézeéen m¢kemn
Anahtar kelimeler Ardekék boyut ke¢-¢l tme tekni]

piezoelektrik poly (vinylidene fluoride), esneyebilir elektronik, nanoelektronik.
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sectional shape. (f) High density packing of chemically extracted PVDF nanoshells.

Figure 3.3: Results of the finite element simulation for the processdlginer fiber
drawing. (a) The stress distribution in the preform drawn by a 3 MPa tensile stress. (b)
Demonstrating the shear stressdir i buti on whi ch triggers
nanoribbons at high temMpPeratures..........ccccoveiiiiiiiccc e 52

Figure 3.4: The fabrication steps of the PVDF ribbon embedded in PES preform which
is a macroscopic cgpof the final nanoribbons. As an initial step, (1) a PVDF preform

is built by rolling PVDF sheets and-@ a slab is mechanically extracted out of the
PVDF preform. (45) Next, the PVDF slab is inserted into a PES preform which is
then sealed by heatiiiga consolidator oven. (6) The final multimaterial product turns
into a PVDF ribbon embedded PES matrix. Dimensions and design specifications of
the preform directly affect the size and shape of the final product of the drawing
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Figure 3.5: A novel tojpo-bottom nanofabrication technique for producing kilometer
long piezoelectric nanoribbons. An iterative fiber drawing scheme allows to achieve
nanometer structures. A macroscopic P\AMb is inserted, thermally sealed in a PES
matrix, and drawn thermally to produce first step fibers. At high temperatures, molten
PVDF flows together with softened PES cladding, producing tens of meters long
PVDF microribbon encapsulated in PES. Firspdiibers are stacked and redrawn in

a new preform for the second step fiber drawing in order to decrease the size of the
ribbons down to nanometers. Further size reduction can be accomplished by following
same stacking and redrawing cyclesom the firststep to the last step, total number

and length of the ribbons in the fiber increase as the size of each nanoribbon decreases.

Figure 3.6: SEM micrographs of PVDF micro and nanoribbons pextlby using
iterative size reduction technique in each drawing step. (a) Photograph of tens of
meters long PDVF nanoribbon array embedded in PES cladding. (b) Cross sectional
image of first step PVDF microribbon in the PES cladding. Inset-$teeeling KDF
microribbon obtained by etching PES cladding using chemical etchants. (c) Cross
sectional image of second step fiber with ~400 nanoribbons. Inset-@asege of
nanoribbons. (d) Lateral image of second step nanoribbons. Inset:uplasage of

aligned nanoribbons. (e) Cross sectional image of third step nanoribbon bundles in
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fiber. Closeup image of a single bundle. (f) SEM of third step nanoribbons extracted

out of their cladding. Inset: Closg image of aligned nanoribbons.................. 57

Figure 3.7: (a) Cross sectional SEM images of the second step nanoribbons embedded

in PES fiber prepared by breaking just after liquid nitrogen cooling. (b) PVDF
nanoribbons are extracted out of the PES claddirgto uniaxial pulling force for

breaking the fiber. (c) A preferential buckling is observed due to the rectangular cross
sectional shape of the nanoribbons. (d) A closer look at the PVDF nanoribbons proves
that ribbon shape is perfectly preserved............cccovvviiieeee e 58

Figure 3.8: Mean of size distribution in nanoribbon width is calculated from SEM
imagesas<w>=309m. St andard deviation of size d
deviation normalized with r.espect.hf® 0 the
Figure 3.9: Dark field optical microscopy of a fourthpstiber containing sub
nanometer millions of PVDF ribbons. Thesasla nomet er ri bbons <can
by etching PES cladding, but dissolved in DCM. Bundles can be seen clearly under
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Figure 3.10: XRDand ab initio simulation results
PVDF slabviafiber drawing process. (8)VDF has three main forms which are known

as nonpolar U phase, polar b and 92 phase:
a preform, microbbbon and nanoribbon are taken after removing the PES cladding.
Peaks observed at 184&nd 18.6, 20.Xand 20.3,26.8c or r espond t o t he
polar form (020), (002)/(110) aa&angd022),
27.8 are colleatd from (100), (021) and (111) planes. Peak at’20.8i s t he onl vy
observed in the sl ab. Spontaneous pol ar
size reduction in all fiber drawing steps. (c) AHRRIR peaks from the first, second
andthirdste PVDF microribbons and nanori bbons
840, 885, 1234, 1279 and 1286tmr e char acteri stics of the
796, 854, 870, 973, 1146, 1210and 1383ear e t he FTI R peaks of
Fract i orhasei$ 74 ®hndirststeppmicroribbons whereas it decreases 72 % in

third and second step nanoribbons. (d) XRD patterns showing the characteristic peaks

of the second step PVDF nanoribbons at different annealing temperatures. Although

the temperature imicr eased above the melting point
is obvious from the peaks at 18.20.Pand 26.8posi t i ons. (e) Tran
(yell ow circle) to 9 phase (blue triangl

with compressivetstr ai n and (g) transition from U t
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unit cell with 6 monomers of PVDF in axial direction are simulated considering fiber
drawing parameters (high temperature and shear stress) using ab initio calculations. 0
°K results areorresponding to the case where temperature effects are exclugd.
Figure 3.11: Abinitio calculations reveals that, with the compressive strain in axial
direction, alpha and beta PVDF tréorens into gamma PVDF both for OK and 470

°K. The required compression for the transformation from alpha to gamma at OK is
10.8% and from beta to gamma is 13.4%. The required compression decreases to 3%
AN 8Y0 At 470K . ...ttt raa e e e e e e e e 65

Figure 3.12: Finite element simulation of the temperature distribution in the furnace.
The height of the heating zone is 2.5 mm and the temperature of the PVDF in the core
IS @rOUNG 470K, ..iiiiiei e eeee st enens bbb bbb e e e e e ee e e e e e ennnreees 67

Figure 3.13: Ab initio calculations for explaining phase transformation at higher
temperatures. Increasing the temperature decreases the reqraiadfast phase
transformation accordingly. (a) Transiti
triangle), (b) transition from b (red sqg
transition from U tua..b..phase..wi.th.68 ensi |
Figure 3.14: Experimental setup for piezoelectric characterization of the PVDF
NANOMDDONS. ... e e 70

Figure 3.15: (a) AFM topography of 80 nm thick d&&0 nm wide single and double
nanoribbons on a metal coated substrate. (b) Hysteresis loop of as produced single
nanoribbons at 25 V and 100 Hz which represents the spontaneous electric
polarization. (c) Displacemenbltage hysteresis loop taken by an AF&hd
piezoelectric evaluation system from a single PVDF nanoribbon. Inverse butterfly loop

is a characteristic result of the negative miezoelectric coefficient. Total measured
displacement is a function o® andQg. Since the applied electric fieldné
displacement are knowifp cand0 values can be calculated in least square sense.
Data fitting is executed by using 370 data points.............ccovvvviiiiceeiei e eeeeennnnnn. 71

Figure 3.16: COMSOL Multiphysics simulation for umsianding the characteristic

of the displacement induced via tip indentation. In model design, AFM tip assumed a
sphere (D=10 nm) and the temperature kept constant at 295 K. In order to make a
mechanical contact on the surface of the PVDF nanoribbonsstwieesAFM control

loon on and apply &0 nN which generate maximum 0.3 nm elastic deformation on
the top of the NAaNOrbDONS. ... 73
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Figure 3.17: COMSOL Multiphysics simulation for understandiogle Heating
phenomena in 80 nm thick PVDF nanoribbons. In model design, AFM tip assumed a
sphere (D=10 nm) and the temperature kept constant &K298) Electric potential
distribution between conductive AFM tip with a 30 V applied voltage and grounded
surface. (b) Since Joule Heating proportionaff(i is the current traveling between
electrodes, R is the resistance), there is no temperature change observed in nanoribbons
as a function of electric field.............ooooiii e 75

Figure 3.18: Fabrication process for the device produced using first step microribbons.
(@) A 50 pm thick microribbon embedded single fiber is selected. (b) The fiber is
longitudinally divided in two pieces. (c) The surface of thecgisvith the ribbon
trapped is coated 50 nm gold. (d) After carving the PVDF microribbon out of the
cladding, it is cut in equal pieces. (e) One side coated microribbons are aligned on a
silicon substrate. Next, Ag paste and Cu wire electrodes are attactiezigold coated
surface of the microribbons. (f) The structure is transferred onto a PDMS layer. (Q)
The back side of the PVDF microribbons are also coated with 50 nm gold and the
whole device is embedded iN PDMS..........ccoiiiiiiiiiiiieeeeeeeee e 78

Figure 3.19: Design of the device using PVDF nanoribbons.50 nm gold is sputtered
using a shadow mask on the surface of a PVDF nanoribbon layer which is extracted
out of the PES cladding in a DCM solutiQn.............cccoooiiiiiieeeiiiiieeeeeeeeeeeee, 79

Figure 3.20: Impedance measurement of the piezoelectric devices modeled as a
parallel RC circuit in order to determine internal capacitance and resistance of (a) the
device produced using microribbons and (b)dbeice produced using nanoribbons.
Experimental results data are perfectly fitted with simulation......................... 80

Figure 3.21: Voltage and current outputs of the devices are tested undgpayiadic
tapping forces. Output intensity is related to the applied tapping force magnitude and
frequency. (a) The device produced with 50 pum thick microribbons has an output
current up to 3 pA and (b) voltage up to 7 V. (c) The device produced with 300 nm
thick nanoitbbons has an output current up to 10 pA and (d) voltage up to.6(8Y.

Figure 3.22: Voltage and current outputs of the devices are tested undgueyialic
tapping forces. Output intensity related to the applied tapping force magnitude and
frequency. (a) The device produced with 50 pum thick microribbons has an output
current up to 3 pA and (b) voltage up to 7 V. (c) The device produced with 300 nm
thick nanoribbons has an output currepto 10 pA and (d) voltage up to 60.V.82
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Figure 3.23: We produced a device with identical structure usingp@aoelectric
amorphous AsSe; nanowires instead of PVDF nanoribbons in orderdificm that

the measured peaks are result of a piezoelectric response.............cccvvueeeee... 83

Figure 4.1: Polymer slabs we produced in a directional press under 30 Bar pressures
using 3 pieces Almold. Coldpressy doesné6t result in a hor
of the polymer powders as shown in inset. Elevating the temperature up 90 °C results
in a perfectly homogenized and air bubble free slah...................ccoceevieennniis 88

Figure 4.2: A schematics explaining the iterative fiber drawing technique. PVTF
corresponds to PVDFrFE. In the first step fiber drawing process, a macroscopic slab
diminished down to micro scale by the help of applied temperature and stress. Inset
SEM pictues were taken from the first step ribbons; i is the cross sectional SEM image
of the first step fiber and the scale bar is 50 um. ii and iii are the SEM pictures of
micro ribbons after the cladding was etched. The scale bars for ii and iii are 1 mm and
100 pm, respectively. The first step micro fibers were stacked and inserted in a new
PES preform and redrawn. Inset SEM pictures were taken from the second step
ribbons; iv is the cross sectional picture of the nanoribbon array and the scale bar is 50
pum. vand vi were taken after the cladding was etched. Inset picture vi was taken from
a single ribbon and conservation of the ribbon shape is clear in that picture. Scale bars
of inset figure v and iv are 25 um and 5 um, respectively. Since there is 3:10 ratio
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NM TNICKNESS.....ceee e e e e eeees 89

Figure 4.3: XRD measurements from the first and the second step ribbons. a) Phase
transform&on with respect induced deformation was observed in preform. Increasing
deformation also increases the orientation as well as the crystallization in piezoelectric
form. Increasing trend in the peak heights showing the ratio of crystallization. Shift in
the peaks trough the lower diffraction angels correspond to increase in the d space
between planes and enhancement in orientation. b) The first step fibers were already
exposed to high deformation and temperature was redrawn in the second following
processSince redrawing can be considered as secondary heat treatments, there is a
slight relaxation was observed in molecules. On the other hand, orientation (200) /
(110) drastically increased. Nanoribbons discloses better piezoelectric properties
because theyhave higher surface area, less impurities and defect, and better
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Figure 4.4: Detailed analysis of XRD resultsc)aPeaks at 20°, 41° and 35° shifts to
lower diffraction anglesvith respect to increasing deformation percentage. Besides,
increase in the deformation increase in the nucleation in (200) / (110) direct@mn. d
This effect also causes a drastic increase in d space between crystal planes, and simply
corresponds to bietr chain orientation and polarization. Although deformation ratio
was increased the d space in the first step drawing, chains are relaxed and d space
distance slightly decreased in the second step proce¥dngrease in the orientation

can be detectedby calculating the relative intensity of the peaks. In XRD
characterization technique highest peak always should be taken as the 100 % peak and
the relative intensity of the other peaks calculated with respect to the highest peak. We
clearly see that, pedér (200) / (110) diffraction planes were constant and the highest

in the first and the second step. On the other hand increasing deformation and drawing
steps decreases the peak intensity for the other diffraction planes. That means,
orientation of the plymer chains and the nucleation of the crystals were increased
through (200) / (110) orientation, while the orientation in the other directions were
decreased. This effect proves that the dipole orientation and chain orientation became
more homogenous witincreasing deformation rati................c..eeevvvvieeevveennne. 94

Figure 4.5: Orientation and nucleation were increased in (200) / (110) direction with
increasing deformation. Confirming that change in the crystallinith wespect to
deformation ratio also shows that there is an increasing trend with respect to increasing
deformation ratio. Since, only 13 % of the slab was crystalline, it was increased to 80
% after fiber drawing process. In the second step fiber drawmygtallinity was
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Figure 4.6: a) FTIR measurements from the first and the second step ribbons showing
that induced b phase al so conf843 1285 XRD r

and1429cmMcorresponds to b phase. b) Alignmen
to fiber drawing axis was also investigated using parallel and perpendicularly polarized
infrared light. Measurements reveals that, as shown in the in$ghgyochains and

dipoles were aligned parallel and perpendicular to fiber drawing axis, respeé&bvely.

Figure 4.7: Ab initio simulations was conducted to understand phase transformation
dynamcs in fiber drawing process. Since the orientation of the molecules was
unknown before fiber drawing, the both compressive and the tensile strain considered,
which take place during fiber drawing in the necking region of the preform. We started

by optimiz n g -PMDETrRE and we applied tensile strain. 13 % tensile strain was
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enough t o o b+EDFArFEa Compamred te groundbstate calculation,
which ignores temperature effect, applied temperature decreases the energy barrier for
phase transformtai o n . Appl yi ng PYDémpE, relaxssithe systerm b
with and without t -BDp-ErFEawasl destroyedSwhen & ar | y
compressive strain was applied...........ccociiiiiiiieee e 98

Figure 4.8: Piezoetdric measurements was performed from a 300 nm thick single
nanoribbon. Before the measurements, position of the nanoribbon was located using
norncontact surface scanning teChNIqQUES.............cooeeviiiiieeei e, 100

Figure 4.9: Volumetric displacement with respect applied voltage was used to
characterize charge constant of as produced RVIiPE nanoribbons............... 101

Figure 4.10: Frequency dependent power measurenuéntse device made by
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Figure 5.1: Detailedmages of chalcogenide based 3D printed MULTENG energy
harvesting device and its layers. a) An illustration of 3D printed MULTEN&@N
harvesting device which consists of 6 alternating polymer and chalcogenide layers. a
1) Representation of layers which consist of PEI nanopilla23.SEM image of PEI
nanopillars. Scale bar is 1 pm:3% Higher magnification SEM image of PES
nanopilars. Scale bar is 250 nm:4& Photograph of MULTENG device fabricated

with 3D printing method. &) Representation of layers, which consist eA%:Se;
coreshell nanostructure-@8) SEM image of FAsSe; coreshell nanostructures. Scale

bar is 25 um. &) Higher magnification SEM image of-As;Se; coreshell
nanostructures. Scale bar is 500 nm. b) Working mechanism of the MULTENG that
utilizes the contact mode triboelectrification with external electronic flow in short
circuit condition. 1. Motion of MUTENG from original state to charge generation
state. Sharing charges & Positive peak current generation (current flow) in unit 1 of
MULTENG. 2. Sharing charges & Positive peak current generation (current flow) in
unit 3 of MULTENG. 3. Sharing charges & $tive peak current generation (current
flow) in unit 2 of MULTENG. 4. Full Contact position. 5. Separation of layers and
sharing charges & Positive peak current generation (current flow) in unit 2 of
MULTENG. 6. Separation of layers and sharing chargeBa&itive peak current
generation (current flow) in unit 3 of MULTENG. 7. Separation of layers and sharing
charges & Positive peak current generation (current flow) in unit 1 of MULTENG. 8.

Full separation POSITION...........uuuiieiiieiiiie et e e e e e eana s 107
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Figure 5.2: Initial measurement setup in order to obtain the best material couple to
obtain highest output values. b) Image of the samples that were investigated for
material selection measurements. c) Tapping device with a SM@Qar, which gives

the mechanical power in order to achieve voltage and current characteristit89

Figure 5.3: Left column: Contact and separation of MULTENG under tapping force.
Right column finite element model of mechanical response of MULTENG which
perfectly matches with real behavior of MULTENG..............ccccoeiiiiiieennnnnnns 113

Figure 5.4: Detailed sketches and dimensions of MULTENG. a) Cross sectiuitiof
layered structure. b) Side view, c) and top view of the MULTENG. d) Cross section
of layers of MULTENG. e) Bottom view, f) and side view of layers of MULTENG.

Figure 5.5: Detailed repsentation of a) PEI nanopillar decorated and )Sé&s
nanostructure transferred films. Bottom of the PEI film was coated with Aluminum
(Al) using thermal evaporation while #8e; nanostructures were directly deposited

on the Al tape. Copper (Cu) tapesn& attached to both of the film in order to provide
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Figure 5.6:Fabrication process of PEI nanopillars. a) AAO membrane is used as
supported on its aluminum (Al) substratg Dhssolved PEI film is drop casted on the
AAO template. c) Polymeric film is peeled off from the template after solvent
LYY= 10T = L1 [0 T o] £ 1ot = S OO 116

Figure 5.7: a) AsSesrod was synthesized byaled quartz ampoule method and then

the material is inserted in a rotating machine. It transformed from rod to the tube shape
by using centrifugal force. b) ASe; tubes after extracting from quartz ampoule by
cracking and uniformly etching the quartz amijao c) The photograph of rotating
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Figure 5.8: Synthesis of chalcogenide glass tubes. Three steps process (a) collection
of materials, (b) material purification and sealing, (@kimg and homogenization.

Figure 5.9: A model shows iterative size reduction technique. Macroscopic core of the
preform shrinks into microscopic fibers in the first step size reductioregsotn the
following size reduction steps, size of the cores decreases down to nanoscale and the
total length increases up to kilometer range. Iterative drawing occurs by putting first
step fibers into the core of the second step preform, putting seeprfibers into third

step and drawing CONSECULIVEY........ccceeeeeeiiiiiieeeeee e 119
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Figure 5.10: Crossectional and longitudinal SEM images a) first step, b) second step,
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Figure 5.11: Fluorination process of thex8& nanostructures. ASe nanostructures
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MULTENG. a) Experimental setup. b) Detailed representation of ojpeuit voltage
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Figure 5.13: Open circuit characteristics and-teaé performance of the MULTENG
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Chapter 1

Introduction

Developments led by materials science and engineering have revealed the
importance of flexible electronidd]i [7]. Organic solar cells, éixible displays and
cameras, artificial skin, smart surfaces and transistors were recently demonstrated on
circuitries made by flexible componenits], [8]1[10]. Fabricating high efficient
flexible devices with multfunctionalities requires using different types of materials
such as conductive polymers, setonductive selassemble films and resigti layers
[7], [11], [12]. Although conventional electronic materials represeetyvhigh
electronic performances, integration and fabrication of circuits on flexible, stretchable
and curved surfaces is not an easy task. Especially, interfacing electronic devices with
organs and living tissues requires Ainwasive, flexible and muHiunctional devices.
Transmittinglight and electric signals through the brain and other organs for recording
real time information from organs can be possible by using flexible electronic and soft
electronic fiber devicefl 3]i [17]. Fabricating all polymer flexible electronic devices
seems more promising andexpensive where there is a greater demand for
developing ne organic high performance materials in terms of electronic properties
such as mobility, conductivity and piezoelectricity. Researchers study on improving
the performance of organic materials such as conductive inks, sheets and
semiconductors by playingzd, shape and composition of used organic substances
[18], [19]. In addition to these organic materials used in flexible electronics, there is
an emerging need to develop organic piezoelectric materials that can be used in many
different applications such as energy hatings sensing and actuation, artificial skin
and artificial muscl¢l19]i [25].



This thesis focuses on two main subjects, piezoelectricity and triboelectricity. In the
first part, we developed nanoribbons from Poly (vinylidene fluoride) (PVDF) and its

copolymer Poly (vinylidene fluoridejo-tri (fluoroethylene) (PVDFrFE).

Although recent articles were reporting that PVDF was not compatitiiefiber
drawing process for obtaining polar phase nanostructui¢svep r oved t hat 2
phase PVDFcan be spontaneously induced durinthe fabrication of PVDF
nanoribbons via fiber drawing. Furthermore, we obtaitiedhighest piezoelectric
coefficient from our nanoribbons in comparison with the reported values in the
literature.Table 1.1 represent a detailed analysis of the piezoelectric coefficient of
polymer and ceramic piezoelectric materials with respect to their shapes, phases,
fabrication methods and pegtocessing techniques. The higheseported
piezoelectric coefficientwagd p m/ V f r om p uGlagnanocompositese PV D
produced by solution based methods without requiring andpposessing such as
polarization under high electric fiel@6]. Our o phase ,RACBF nanc
doesnoét require any po sphasq represens&3b timges f o r
higher piezoelectric coefficient§8.5 pm/V) The piezoelectric coefficient othe 2
phase PVDFcan be increasedy shaping it in nanoribbons and mixing the phase
composition wittheb phase PVDF. So, zdelbectic codffipientst e d h
f o r mik-phase PVDF nanoribbons and thin films are 16.02 pm/V and 10.62 pm/V,
respectively. This reported valuegrestill far behind of our resultR22]. There are
several reasons that we obtainadvery high piezoelectric coefficient(1) non
clamping boundary conditions are valid for nanoribbons in the piezoelectric
characterization, which means that the measured piezoelectric coefficient corresponds
to effedive piezoelectric coefficient; (2)anoribbons are produced using a solvent free

fabrication technique amgisplaybetterpiezoelectriqproperties.

Piezoelecic characterizations of narsrale objects are extremely challenging.
There are two basic techniques for measuring piezoelectric coefficient of materials:
direct and indirect measurements, which are bas#uea@pplied force antheapplied
electric field respectivelyThe ndirect measurement techniques aeey useful for
characterizing piezoelectric properties of namaterials. In this type of

measurementshe displacement of the material with respecthe applied electric



field can bemeasured usg very precise displacement sensors such as laser beam
interferometers or atomic force microscopiich have angstrom level sensitivity.

Tablel.1: Comparison betweedhepiezoelectric coefficient of PVDRVDFTrFE and other
ceramic piezoelectric materials. PVDF and PVDIFE nanoribbons have the highest
piezoelectric coefficient among other reported measurements from those polymers and
ceramic piezoelectric materials. *ISR: Iterative Size ReducttéRZT: (PbZr«iTi)Os
***pPVD: Physical Vapor Deposition

Material Phase M spm/v) Type Method Poling  Reference
PVDF 2 58.5 Nanoribbon ISR* No Our Study
PVDF b / 16.02 Nanoribbons Template Yes [27]
PVDF b / 10.62 Thin Film Solution Yes [27]
PVDF 2 7 Nanocomposite Solution No [26]
PVDF b 57.6 Nanowire Electrospinning  Yes [28]
PVDF b 33 Thin Film Stretching Yes [29]
PVDF b 8 Nanowires Template No [30]
PVDF b 6.5 Nanowires Template No [31]

PVDFTrFE b 384 Nanoribbon ISR No Our Study
PVDFTrFE b 72.7-210.4 Nanograss Template Yes [32]
PVDFTrFE b 48- 81 Nanoribbons Template Yes [33]
PVDFTrFE b 137 19 Thin Film Solution Yes [33]
PVDFTrFE b 2545 Nanowire Template No [34]
PVDFTrFE b 16-23 Thin Film Solution No [34]
PVDFTrFE b 22 Nanowires Template No [30]
PVDFTrFE b 8 Nanowires Template No [31]
*»*pZT Perovskite 200 Thin Film SolGel Yes [35]
PZT Perovskite 145 Nanorbbon Lithography Yes [36]
PZT Perovskite 90 Nanoshell Template Yes [37]
PZT Perovskite 80 Nanowire SolGel Yes [38]
PZT Perovskite 50 Nanowire SolGel Yes [39]
PZT Perovskite 1771 26 Powder SolGel Yes [40]
ZnO c-Oriented 110 Thin Film *** PVD No [41]
ZnO c-Oriented 14.37 26.7 Nanoribbon PVD No [42]
ZnO c-Oriented 7.5 Nanopillar Template No [43]

NaNbG& Orthorhombic  0.854.26 Nanowire Solution Yes [44]
KNbOs Orthorhombic 3713 Nanowire Solution Yes [45]
BaTiOs Single Crystal 16.5 Nanowire Solution Yes [46]
GaN Wurtzite 12.8 Nanowire Solution Yes [47]

However, in thestudy by Pu, J, et al[28], the authors reported a high average
piezoelectric coefficient (57.6 pm/ V) f

electrospinning, whichisclosetoaur phase PVDF nanHowavdsi,bons p



theauthors usga very primitive measurement technigue basedpticad microscopy
observation for measuring piezoelectric coefficient of a single nanowitte ~20%
accuracyBasically, they measuddghe bending of a suspended nanowire with respect

to theappliedbiasusing a calibration background. Therefore, it barconcluded that
suchtechnique is not vgrconvenient for nanmaterials, as it does not inclugeny
influencing factorssuch as mechanical vibrations, thermal effects and electrostriction.
When these effects are considered, theicdefficient willdramatically decrease. For
instance, when the electrostriction effeeds ignored in our study for the piezo
response of PVDF nanoribbons, the measured piezdeleoefficient increases up to
-72.8 pm/V, whi ch does n o6-tesponse Therefard,thep ur e
determination of piezoelectric properties of nanomaterials requires high precision
evaluation of the measured data as well as very sophisticated instruments. So, we
performed a very precise quantitative piezoelectric characterizationgaehmsing

AFM as a sensitive displacement sensor and Radiant Premier Il as -@&paduzation
system. Before the nanoribbon measurements, we confirmed our measurements using
a commercial PVDF film. In addition, weconsidered the other parameters
(ferroekctric, ferroelastic, electrostriction, and dilatation) which can influghee
quantitative evaluation of piezoelectric measurement. For instance, we caltidated
indentation of AFM tip (0.3 nm) under 60 nN the applied force by conducting a
COMSOL simuétion. Besidesthe thermal effects were also simulated. Ferroelastic
motions can be ignored due to constant local contact loading during the measurements
as shown byhefinite element simulations in Chapterfhe \alue of the piezoelectric
coefficient ¢z3) was calculated bgtheoretical fitting tahe experimental datavhich

is explained in Chapter 3. We concluded that 87.4 % of the deflection resulted from
pure piezoelectric effect and 12.6 % of the deflection is a result of electrostriction,
which crresponds te58.5 pm/V effective average piezoelectric coefficient measured
with 76 % accuracyPVDF nanoribbons can be considered as potential replacément
theleadbased and leaftee piezoelectric ceramic materials. Althougkleadbased
(PbZry1Ti)Os (PZT) systems can represent better piezoelectric coefficients and
known as the most favorable ceramic piezoelectric matehal; containplenty
amount of Pb. According to Restriction Hazardous Substances Directive (RoHS), Pb
was banned from usage ihousehold, consumer, -t€lecommunication, lightning,
electronic, medical, etc. equipmehecause it is extremely toxic. So, a new research

area was appearcegiazorleadrico. thdlkadvever ,



free piezoelectric matermlsuch as ZnO, NaNBKNbO3z BaTiO; and GaN still
suffers [42]i[47]. ThereforePVDF nanoribbonsare a perfect candidate fothe

replacement of ceramic piezoelectric materials.

A copolymer of PVDF, PVDHTFE wasconsidered as better pieaelectric
material due to extréuorine in its molecular structure. Extra fluorinacreases the
polarization andhe dipole momentthusc auses a direct asucl eal
explained in Chapter 4. We obtained the highest piezoelectric coeffk38atgm/V)
from PVDFTrFE nanoribbons ever measurad shown imablel.1. Inthereference
[32], the researchers achieved to obtai@.7 pm/V piezoelectric coefficient from
PVDFTrFE nanegrass structures before polarization under electric field. Affieer
polarization ofthe structures they obtained10.4 pm/V piezoelectric coefficient.
However, theyperformedthis polarization process usiagatomic force microscap
tip on a single grass nanostructared could notshow any practical application with
this piezoelectricstructure. Irthereference[33] and[34], nanoribbons and nanowires
were produced usinghe solution based template methods, yieldgzoelectric
coefficiens up to81 pm/V. Despite theesearchersouldachieve higher piezoelectric
constarg in PVDFTrFE thin films[34], compared to the PVDR8], theycould not
beat the ceramic piezoelectric mater|[dls], particularlyPZT[35]i [39]. Among these
resultsobtainedfrom PVDF, PVDFTrFE, PZT and other ceramic nanostructured
piezoelectric material our PVDFTrFE nanoribbons apparentlysplayedhe highest
piezoelectric coefficient-884 pm/V) without requiring an electrical polarizen

process, due to high stress dmgh temperature during the fabrication

In the second part of the thesis, a triboelectric generator workirgpntact mode was
developed, displaying a very high shaircuit current and output power, in comparisottie
recent literatur@n thecontact mode triboelectric generatrs

Table1.2). Such performance was achieved using surface fluorination, in order to
achieve very high surface charge, in analogyEd-LON, which is known as the
highestnegatively charged triboelectric material. Howeveeprocessing and surface
modification of TEFLONare challenging and requilestly processes. Herge
characterizedwide range of materials to understand their triboelectric responses with
respect to their chemical content. We concluded that increasing fluorine content in

materials also increases their triboelectric response. In addiiothe first timewe



alsoshowed thatheinter-metallic semiconductor ASe; can be used adriboelectric
material.Suchdevices can generate up to 396 V and 1.62 mA open circuit vadtage
and sharcircuit currens, respectivelyTheycan powelup to 38 commercial LEDs,
detect low frequency acoustic signl0 - 100 Hz) and can be excitdd/ small
vibrations in a moving carHence ourdevices can be utilizedas pocketsize power
generatorsn future nanoeelectronicdevices,and camalsobe usedor vibration and

acoustiadetection

Table 1.2: Comparison othe recentlydeveloped triboelectric generators made of different
materials, with respect to their open circuit voltages, short circuit currents, output voltage,
working mechanisms and working frequencies.

Working Current Working

Material Set Voltage (V) Power (W) Reference
Mode (mA) Frequency

PEI/ F As:Ses Contact 396 1.600 0.51000 Low Our Study
TEFLON/AI Contact 215 0.66 0,14190 Low [48]
PDMS/AI Contact 232 0.0165 0.00382 Low [49]
TEFLON/AI Contact 100 0.0016 0.00016 Low [50]
TEFLON/SIO, Contact 88.0 0.0610 0.0053 Low [51]
TEFLON/Cu Contact 72.0 0.0320 0.0023 High [52]
TEFLON/TIOz Contact 21.3 0.032 0.00068 Low [53]
TEFLON/Cu Sliding 850 3.0000 1.500® High [54]
PVCI/AI Sliding 800 0.0337 0.027® Low [55]
TEFLON/AI Sliding 250 0.250 0.06250 Low [56]

Since, AsSe; is compatiblewith theiterative fiber drawingechniqueand has no
toxic reactivity, we rather preferred to use>8& in the nanowireform, after the
fluorination processA quick comparison othis study withthe previous works on3
integrated multilayer generators reveals ttte¢ poweroutput of our device is
significantly high Table 1.2), even in comparison to TEFLONFor example, Peng
Bai, et al.[48] built a multilayer generator. Although some of the materials (TEFLON,
Kapton, Al) hat they used in their device wesienilar withthe materials used in this
study, the maximum output of their device (215 V and 0.66 mA, powered 9 LEDS) is
very low when compared witlthe output heré396 V and 1.616 mA, powered 38
LEDs).



1.1.Piezoelectricity

Piezoelectricity is an important natural phenomenon which is extensitikhed
by a myriad of applications in the field of sens|Bd], [58], actuatio59]i [61], and
energy harvesting2?], [62]i [64], where a transformation between mechanical and
electrical energy is inherently required. Piezoelectricity can be observed in various
materials including biological substandé$], [66], but only some of ceramics and
polymers are considered to have high piezoelectric coefficients enough to be useful
[22], [64], [67]. Besides, a closer look into applications of piezoelectricity such as bio
sensing, pressure sensing, energy generation, artificial muscle amtisskoses that
not only high performancepiezoelectric, but also flexible, lightweight, and
biocompatible materials are demandfP], [68]i[72]. In addition, intriguing
alternative production methods for these piezoelectric materials with advantageous
postprocessingntegration steps are needed to be developed or devised in order to
circumvent the main barrier before their large scale exploitation. Although many
ceramic materials are known to be good piezoelectric, they suffer from high brittleness,
low cyclic endurane, high processing temperatures, and high production cost as well
as toxic elemental compositiofr3]. On the other hand, having none of these
drawbacks, piezoelectric polymers such as Poly(vingkdéuoride) (PVDF) are
promising candidates for the replacement of ceramic piezoelectric materials, due to
their high piezoelectricity, flexibility, and chemical resistari2g], [74], [75]. A
simple evaluation through the literature about PVDF reveals that the form of nanowire
brings on many advantages such as higher piezoelectric coefficient, algbeo
mechanical couplingfficiency, and better mechanical properties in contrast with the
form of thin films [22]i[24], [76]. The prominent processes for the production of
PVDF nanowires are all solution based and they are not superior in all properties
considering aspeacttio, uniformity, geometry control, yield, and large area device
integrability. The challenging problems confronted in the field can be solved by

introducing fundamental changes, starting from the fabrication technique.

1.1.1. Piezoelectric Effect

Piezoelectc materials are differentiatefrom the other dielectric materials by

responding applied forceith electric signalsThere are two type of piezoelectric



effects available, which are known as direct and converse piezoelectric Eifere(

1.1). In direct piezoelectric effect, applied force changes the polarization and changes
the distance between crystal planes and this change in the polarization induces
potentialdifferenceon coated electrodes. Direct piezodliectffect mostly desired in
energy harvesting and sensing applications. When an electrical potential applied, a
change in the shape occurs in the piezoelectric materials. This phenomena known as
indirect or converse piezoelectric effect and mostly desirexttuator applications.
Piezoelectric effect was discovered by French physicistgués and Pierre Curie
brotherq22], [77]i [79].
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Figurel.1: There is gpermanent polarization in piezoelectric materials after poling process.

In direct piezoelectric effect, when there is a mechanical force applied such as pressure or
tensile, charges are induced in the coated electrodes with inverse polarity of the dipoles.
Indirect effect is the vice versa. Applied potential difference causes extension of compression
according to dipole polarity.

Piezoelectric materials carry technologically high importance by interfacing
mechanics and electronics. Usually, they are usedectromechanical applications
and devices, which play major role in our life, such as elengohanic energy
converters, pressure sensors, memories, microphones, sonars, headphones, micro

balancers, focusing of optical assemblies in camerastar{@1], [80], [81].

Piezoelectric materials are the crystalline materials, whale ¢ n 6 t have
symmetry. Therefore, most of the piezoelectric materials are ceramics and many of
them have very complex and toxic chemical composition. This complexity also makes
piezoelectricity an anisotropic effect, which means direction depend&hese
materials can be shaped in rod, slab or films by mixing required elements in specific
compositions. However, producing high performance piezoelenaterialsrequires

complex post processing. The post procdsgufe 1.2) includes electrical poling



process under high electric field strengths after the materials heated above a critical

temperature, which is known as Curie temperdgi82¢ [83].
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Figure1.2: Polarizing mechanism of a piezoelectric material. Initially, dipoles are randomly
oriented. After poling thenaterial under high electric field above the critical temperature
dipoles are saturated. Remnant polarization obtained after removing the electric field.
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After this post processing, dipoles can be oriented in the same direction. After
electric field remoed, forced dipoles create a remnant polarization in the material. In
addition, a relaxation in the polarizatiorndae observed after electrielfi removed
[83].

1.1.2. Piezoelectric Constants and Linear Piezoelectric Equations

Materials that reveal piezoelectric property are anisotropic, which means that the
piezoeletric properties are different in different crystal plane directions. Response of
the piezoelectric material is also dependent on the direction of the applied force as well
as the alignment of the dipoles. Irrelevant with the applied force or sensingodirec

according to IEEE Standards on piezoelectricity polarization direction is always

termed the A30 directionVFguRel ai l ed expl al
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Figure 1.3: Direction of polarization and applied forces in a piezoelectric crystal. The letter
Addo known as piezoelectric coefficient or
indices. The first indice correspond to polarization direction and thedeelts the direction

of the applied force.

Piezoelectric constants generally have written with tevsorgelated to direction
of the applied force, indudestrain, applied electricdid, dipole orientation. lanx,
y, z coordinate system for definirggystal directions as shown Figure 1.3, each
direction corresponds to 1, 2 and 3 directions, respectively. Shear directions in the
crystal showed with 4, 5 and 6. Most used piezoelectric constants were defined below
[22], [77], [79], [84], [85]

Piezoelectric Charge Consint or Piezoelectric Coefficient: Piezoelectric

coefficient can be shown by fido and defi

(T) or induced strain (S) by applied vol

It can be represented by two ineicsuch aszd Here, the firstensorcorresponds to
direction of the polarization or the direction of applied field strength and the second

one is the applied stress of induced strain.

Piezoelectric Voltage ConstantThe voltage constant can be représdrby letter

Afgd and defined as induced electric fiel
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by applied electric displacement. It can be represented bighsorsuch as g. Here,
the first subscription corresponds to direction of the eleigid or the direction of
applied electric displacement and the second one is the applied stress of induced strain.

~ Y |

ElasticCompliance:l t i s represented by fAso etter

with applied stress.

Young Modulus: Definedagshes t i f f ness/ el asticity of a

to represent it.

Electromechanical Coupling Factor: Sh o wn  asd it fiskimportant for

transducer applications by characterizing the response of a piezoelectric crystal, whose

square is defined 8@ proportion of stored mechanical and

electrical energy.

Indirect and direct piezoelectric effect can be characterized by polarization

hysteresis and disgiament curves as shownkigurel.4.
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Figure 1.4: Important curves to characterize piezoelectric properties. a) Change in the
polarization and polarization switching with resgecipplied electric field. b) Strainelectric

field curve to characterize expansion and contraction of thegdaric crystals with respect
applied electric field. ¢) Real piezoelectric characterization curves are more complex than
theoretical represgations[86].

When an alternating electricefd strength applied to a piezoelectric material,
polarization starts to increase betweeBAs shown ifrigurel.4a. Increasing electric
field switch the polarization between@ All domains become the full switch position
when electric field further increased iIC-D segment. This segment known as

saturati ean. rkegdroemasieP in the electric fie
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electric field removed, pol ari zation doe:

pol ari zatrRbonZenoonp o bedbtainedaat F moimt, whexrenfurther
change observed in electricalfi. The field at this point known as the coercive field

Ec, which corresponds to required opposite electric field to neutralizetaezation.
Increasing the @d in negative direadn changes the alignment of the dipoles at G
point. A good hysteresis loop is symmetric and absolute values of coercive fields and
remnant polarizations are equal. Appliedldiealso increases the strain due to
piezoelectric effedi86], [87].

Polarization switch as shownkigurel.4a causes a strain as showirigurel.4b-
c. Sothat means, polarizatidnelectric field curve in piezoelectric materials are also
related to displacement (straih)electric field curve. Strain curve is also known as
butterfly curve because of its shapeFigure1.4b, polaization is zero at zero point.
Total strain reaches the maximum at point C. This point corresponds o P
polarization curve. When the field decreases, curve follows the same line in opposite
direction. After point A, the crystal switches from expandgiortontraction. At the
point D, polarization switches and it go® point E. Increasing thesfid saturates the
crystal strain between-E. At the E point strain becomes in the same direction with
field. Decreases in the field, drives the curve to theéchivig point G. A real strain
electric field and polarization electric fidd curves were shown iRigure 1.4c [77],
[79], [86], [87]

Basic governing linear equatis for piezoelectricity were established by IEEE
Standards in 1987. As | mentioned before, piezoelectricity is an anisotropic effect and

required to be formulized with indices.
o -0 Q, (1.1)

Q QO i , (1.2)

This formulations can be rewritten in matrix formulations:
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(1.3)

Here the elecical displacemeniO (Coulomb/nt) and applied electric déid O
(Volt/m) are 3x1 vectors. The strain@and it is a dimensionless 6x1 vectpi(N/m?)
is 6x1 stress vector. Dielectric permittivity (Farad/m) is 3x3 matrixQ (m?N)
(6x3) and’Q (m/V) (3x6) are direct and converse piezoelectric coefficients, which

assumed to be equal. Piezoelectric coefficieoan be written in 3 dimension:

L, Tmom Q o
R Q -
” 11 Tt Tt 'Q ()
Q Lo oo (1.4)
II'Q Tt TT I”I
umnm n n VU

Piezoelectric coefficients related to normal strain at 1, 2, 3 directions and 3 poling
directionare’Q ,'Q andQ .Q is related to shear strain at31directions and 1
polarization direction. SimilarlyQ2 is relatedto shear strain at-2 directions and 2
polarization direction. It should be noted that no shear can be inducetdimelction.
Stress complianctor cubic symmetriegnd permittivity are 6x6 and 3x3 matrices,

respectively as given below:

o Y Y Y mom T 0l
AYYY Y momomo,
, Y Y Y m T LLIS
l T £ SR+ S + S 2 | SR | S (1.5)
Um m m m'Y Tmn
Uunm nm n mnmmn 'Y U
- m T
- m - L1 (1.6)
momn -

To ease thealculations shear and normal stress vectors can be written as:
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As | mentioned before, direct piezoelectric effect equations are used foestuat
and converse piezoelectric effect equations are used for sensor applications. In sensor
applications, external electric field is zero and there is stress applied to the
piezoelectric materials which causes dielectric displacement and generatiorgechar

on coated electrodes with opposed polarity compared to poling direction.

v 11
O nnmnmnunQm!'in
0 MTMTNQ 7T :: (1.8)
0 QN QQ 1 nm ,’l :,:

uy U

Since applied dielectric displacement and induced charge is related:

H AO O O ™ (1.9)

Hered , 0 and 0 are the areas of the electrodes in 1, 2 and 3 directions
respectively. From capacitance of the device and the charge calculations above, we

can calculate induced potential.

A (1.10)
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Therefore, a linear charge measurement from a piezoelectric sensor device, help us
to calculate applied stress with respect to generated charge. Furthermore, we can also
calculate the total induced strain by using compliance xatri, [79], [83]

In Figurel.5, relation bewveen ferroelectricity, piezoelectricitgnd pyroelectricity
was demonstrated. As expected, smart materials are very complex materials and they
have multifunctional stimuli responsive properties such as sensing temperature,
chemicals, mechanical and actagpressure and static electricityn ferroelectric
materials, there is a spontaneous polarization their crystal system and this polarization
can be reversed by applying an external electric filed. This property known-#sglip
change in the dipole mntation. Because of this property of ferroelectric materials,
they are mostly used in memory applications. B&Ta@d Pb(Zr, Ti)@ are the most
known ferroelectric materials. ZnO and AIN are known as polar pyroelectric materials.
Pyroelectric materialsat necessarily contain a fifoop change and they can sense
applied temperature difference as result of charge displacemesimilarly
piezoel ectric mat er 4flgphcton aslolsservedimferrmatedtic pr o\
materials. Besides, in songases, thermal changes are not enough to induce charge
displacement in piezoelectric materials. So, a piezoelectric material not also
necessarily provide pyroelectric properties. In most of the piezoelectric applications,
in order to obtain a pure piezoelec charge displacement, pyroelectric effects

required to be eliminated.

Dielectrics

Pyroelectrics

(erroelectrics

Figure 1.5: Relation between ferroelectric, pyroelectric and piezoelectric effect in a
multiferroic material.
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There are severalgshdvantages of using piezoelectric materials. The major part of
the piezoelectric materials are very brittle. Besides, the most used piezoelectric
materials are toxic. In addition, good piezoelectric materials are also reveal
multiferroic effects. Multiferoic effect means coupling between multiple hysteresis
effects. For examp)é’VDF is a polymer piezoelectric material, but in the same time
it is a ferroelectric and pyroelectric and ferroelastic material. Besidgmlgmers and
terpolymers of PVDF repsent relaxorferroelectricproperties. In addition it is a

perfect charge storing triboelectric materi&8].

1.2. Triboelectricity and Source of the Static Charges

Triboelectric effect has been known sirtbeusand yearand it can be observed
only on the surface of dielectric materials such as polyni283, [89]i [94]. To my
knowledge, there is no universal theory that can explain the completeniem of
triboelectricity.There are speculations about the mechanism of this effect, but none of
them are proven yet. Three important phenomenon are considerably strong to explain
triboelectric effect, which are direct charge transfer, ion transfemeterial transfer
from surface to surfad&9], [91]i [93]. Although mechanism of triboelectric effect is
a conundrum, a closer look into recent studies, which partially explain the mechanism
of triboelectric effect reveals that one can facilitate from this etisca sensor or
energy harvesting devi¢3], [49], [50], [54] [56], [95]i [98]. It has high capacity to
drive electicity from contact and sliding of dielectric materials on their surfaces. This
contact and separation phenomenon also causes separation in charges and thus
induction of free charges on the electrodes coated on the surface of the dielectrics.
Researchers sueeded to harvest over 1 kv and 1 mA from surrounding
environmental motionfb4]. Surface structure and triboelectric polarity of materials
play a major role to bld high performance energy harvesting and sensor dg@i8gs
[99], [100]. Interestingly, not only solid materials but also pure water and liquid
compounds were also prior to use in triboelectric dev[&d$, [52], [101], [102]
Many studes has been published that proving water waves are a good source of energy
when freely move on a dielectric substrate. The mechanism is related to chemical
polarity of the liquid as well as the surface and triboelectric properties of the dielectric

substate.
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1.2.1. Triboelectricafication

All the mechanical and electronic devices requires many different type of materials
to be working together in a harmony. Especially, moving mechanical parts made of
different metals and dielectrics seemingly exposed to coarattseparation and
sliding motions, which consequences in charging of the part surfaces. Moreover, not
only solids but also liquids containing lubricant particles or polarizable liquid can
cause frictional charging during flow over a metal or dielecifiiese mechanisms
were investigated by many scientig@9], [101]. Here, | will make a brief introduction
to charging mechanism of materials. Before explaining the charging mechanisms, one
should note that the final charges bktmaterials are limited by their electrical

breakdown.

Contact charging is one of the most observed materials charging mechanism
happened under intimate contact of two dielectrics or ruédectric surface$d9],
[93]. Dielectrici liquid metal contact triboelectricafication: Dielectric materials are
charged when they are immersed in liquid mer§@8y. This experiment is convenient
to eliminate frictional forces between dielectric surface &ednetal, because of the
surface energy of the mercury is too high for wetting to surface of the dielectric

materials.

To prove the contact electrification occurs when a dielectric in contact with another
dielectric, | conducted an experiment using aday cage and an electrometer for
measuring charges of two polymer films. Polyether imide (PEI) and TEFLON was cut
in equal pieces and their charges were measured after they are grounded for 5 minutes.
As shown inFigure 1.6, although the same measurement protocol was applied (5

minutes grounding before measurement) total charges are doubled.
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Figurel1.6: Change in the contact electrification after two dielectrics with oppositekget
become in contact and then separation.

Naturally positively charged PEI became more positive and naturally negative

charged TEFLON became more negative after contact and separation.

In dielectric metal contacts similar phenomenon occurs, whilm#tal considered
as a floating charging element or source. However, induced charges can be flow
through external circuit due tocreased external electrielidl and thus change in the
electric displacement. As shown in tRigurel.7, when | coat the surfaces of PEI and
TEFLON with metals, charge separation during their contract induces charge in the

metal electrode.

B Mctal [ Dielectric 1
[ Dielectric 2

Figure 1.7 : Case of dielectrié¢ dielectric contact when a metelectrode coated on their
surfaces.

Here, the total charge of the electrodes are infinite and constant and they are freely

moving charges.
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Whentwo dielectrics or one dielectric with another metal come to close, they also

become charged because of stakectricity. To prove this | prepared Cu electrodes in

0
Il
=

Figurel1.8: Type of Cu electrodes used to prove {tontact electrification.

different shape as shown kigurel.8.

A TEFLON plate was hanged to 1 cm above of the electrodes. It is released to 15
cm above from the electrodes and freely oscillating TEFLON induced charges on
electrodes. This oscillations recoded using an oscilloscope as shévguial.9
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Figurel1.9: Experimental results showing that an oscillating charged plate can induce charges
on a Cu electrodes with other any contact to the electrodes.

This noncontact charge induction phenomengetty explained by COMSOL
simulations inFigure 1.10. In this simulation an Al electrode and a TEFLON film
approaching to each other from 1m distance. TEFLON se2@0 V potential and Al

electrode was defined as floating pdiaih There is no significant electric field
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enhancement observed, when the distance is 1 m. At 50 cm, the field is still regular.
However, a strong electric field enhancement was observed when two materials
brought close to each other as 1 cm and 5 mmalllyi metal electrode compensate

the TEFLON and the field become homogenized, when materials come to intimate

contact position.

AR AL VO R - 200 V| ISR =000 V/

/j Approaching from 1 m
. .

N7 m '\x} \ A

Material : Al Material : Teflon
Floating potential V=-200V
24 x 6 cm 24 x0.01 cm
Q=-100 C 50 cm

-200V

Neutralized

Figure1.10: COMSOL Multiphysics simulation to show the change in the etefottd, when

a metal and dielectric approaches to each other. Here the TEFLON has a stable potential
while Al electrode set as a floating potent@@nnected taan external circuit. Gradually
decrease in the floating potential correspond to chargdiftowAl to external circuit because

of the approaching potential.

Similar to the COMSOL simulations, in the experiment showrrigure 1.9,
irrespective to electrode shape, oscillating TEFLON causes a floating potential on Cu
electrodes. Indeed, it is a simple pendulum and in every return of the object total
traveling distance decrease. This effect is a function of the time and was observed as

decreasing in the amplitude of the induced voltage.
We are able to explain the way foharging and discharging of materials by

controlled experiments. Theoretical details of triboelectric effect and nanogenerators

devices explained in detail in chapter number 5.
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1.3. Thesis Outline

This thesis organized as follows:

Chapter 1: A detailed liteature survey and a comparative analyses of the
thesisaregiven hereThe importancef this stug is discussed. A brief introduction
to piezoelectricityis also explained In addition, thegoverning equations for
piezoelectric sensor applicat®nare listed Finally, a brief mntroduction to
triboelectricity by explaining the controlled experimerdr the source of the static

chargesarealsogivenhere.

Chapter 2: The details ofthe iterative size reduction as a new {dpwn
fabricationaregiven in ths chapterMoreover theproduction of nanowires, nanotubes

and coreshell structureare detailed

Chapter 3 and Chapter 4: Obtaining piezoelectric ribbons frorRoly
(vinylidene fluoride) and its copolymer Poly (vinylidene fluorigetri
(fluoroethylene)is explained in tesechaptersA detailed instrumental analgswith
ab-initio calculatiors is also given Finally, a proofof-principle energy harvesting
deviceis demonstrated

Chapter 5: In this chapterthefabrication and analysis tie 3D printed multk
layered triboelectric nanogenera@redemonstrated. 3D surface modification using

fluorine monolayersire alseexplained in detail.

Chapter 6: The thesis is summarized and a brief outlook for future work is

given.
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Chapter 2

Iterative Thermal Size Reduction
Technique for Multi -material

Nanostructure Fabrication

Nanowires are arguably the most studied nanomaterial model to make functional
devices and array403], [104] Although there is remarkable maturity in the chemical
synthesis of complex nanowire structurB35], [106] their integration and interfacing
to macro gstems with high yields and repeatabil[&], [107], [108] still require
elaborate aligning, positioning and interfacing and 4sgsthesis techniqud409],

[110]. Top-down fabrication methods for nanowire production, such as lithography
and electrospinning, have not enjoyed comparable throiere we report a new
thermal sizereduction process to produce wetdered, globally oriented, indefinitely

long nanowire and nanotube arrays with different materials. The new technique
involves iterative calrawing of hermetically sealed multimatéria compatible
polymer matrices similar to fiber drawing. Globally oriented, endlessly parallel,
axially and radially uniform semiconducting and piezoelectric nanowire and nanotube
arrays hundreds of meters | ongreobtainddh nanoa
The resulting nanostructures are sealed inside a flexible substrate, facilitating the
handling of and electrical contacting to the nanowires. Inexpensivethngighput,
multimaterial nanowire arrays pave the way for applications inclugingwirebased

large-area flexible sensor platforms, phasgnge memory, nanostructtgehanced
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photovoltaics, semiconductaranophotonics, dielectric metamaterials, linear and
nonlinear photonics and nanowieaabled higiperformance composites.

2.1. Top-Down and Bottom-Up Fabrication

Onedimensional nanostructures such as nanowires, nanotubes and nanoribbons are
continuing to be at the forefront of nanoscience and nanotechnology. Two distinct
approaches for the fabrication of these structures are thdotap and bottoraup
philosophies[111]. During the past decade, chemical synthesis demonstrated the
impressive success of the bottap approach in achieving controllable composition
and morphology105], [106]and prototype functional devicg03], [104], [L11], but
less so for the integration of higlensity device assemblies. Reghthesis assembly
techniques, designddr this end, such as electrimagnetiefield-assisted alignment
and dielectrophoresid 07], optical and optoelectronic tweez¢id 2], laminar flow
in microfluidic channelg113] and micro contact printinfL14] still do not achieve
low cost, high throughput, and good reproducibility with kiglcision addresability
For some applications chemical synthesis is simply not a fitting choice; for example,
it is still difficult to produce very Ing aligned nanowired 15]i [117], and to obtain
nanowires on large area substrdtes3], or polymersubstrate nanowire integration
requires separate highmperature nanowire symisis and subsequent transformation.

On the topdown side, patterning by lithography is a powerful but costly memd
nanofabrication tool perfected by the semiconductor industry. However, fer one
dimensional nanostructure fabrication, it is not muchofad owing to scientific
challenges such as resolution, surface roughness, limited chemical composition and its
low throughput[111]. Various hybrid techniques are developed for nanowire
fabrication toexpand the toolkit, such as using photonic crystal fij@i®] as
microfluidic reactorg116] to synthesize nanaves and meniscusontrolled solution
evaporatiorf117] (growth and winding process) to obtain very long nanowires. A few
other successfully fabricated to@bottom micre or nanostructures are the photonic
crystal fiber, which consists ahicrotubular enclaves inside a silica fibdr19] for
optical guiding, thermally drawn composite fibers integrating semiconductors, metals
and insulators featuring grio- and nanesizes for advanced functionaliy20], [121]

and silica nanofibersbtained by taperinfd22]. Direct attempts to produce very long
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metallic [123] and semiconductind124], [125] micro- and nanowires inside
viscoelastic matrices using thermal size reduction similar to the Taylor wire process
[126] could not produce ordered structures. Arbitrarily distributed filaments are
obtained, making it impossible to identify/adds each filament as single

nanostructures.

2.2.Iterative Fiber Drawing Technique

Here we report the first successful fabrication of arrays of millions of ordered
indefinitely long nanowires and nanotubes in a flexible polymer fiber. Using a new
iterative siz-reduction process, semiconducting nanowires and haltow
piezoelectric polymer nanotubes, wdlametesb el ow 15 nm, af e obt
ordered higkdensity arrays. The nanostructure sizes are uniform for hundreds of
meters along the fiber and rally homogeneous in the cressction. Unique
multimaterial coréshell nanowire arrays were obtained and nanowires and nanotubes
can be extracted to obtain extremely long-&s&nding sliver$22]i [24], [76], [127]

To fabricate nanowires that bridge the macroscopic and the nanoscopic world, we
designed a multistep iterative thermal sieduction process inspirecn composite
fiber drawing from polymer reels. We start with a macroscopic polymer rod with an
annular hole which is tightly fitted with a thermoelastically compatible material that is
to become nanowires on multiple axial elongation and radial redudfidimetric
fibers obtained from the first thermal simxluction step are cut and arranged in
hexagonal lattices inside a protective jacket, vacuum consolidated and redrawn. This
second step reduces the wire size to a few micrometers. The drawingrsiegaied
a third time with the fibers obtained from the previous step to obtain nanesieddr
wires Figure2.1). Typically, macroscopic rods are reduced byt®@5300fold within
each step. Using a reductiontacof 501 00 f or t hree iterative
rod is reduced to hierarchically ordered
and their ultimate size distribution is determined by the number of packed fibers after
each step, the total numbeof iterative steps and the reduction factor

asshownin Figure2.1.
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Figure2.1: a) A macroscopic multimaterial rod is reduced to ordered arrays of nanowires by
thermal size reduction in a protective polymer matrix in successive steps. Each step starts with
structures obtained from a previous step, resulting in geometrical size reduction and increment

in wire number and length. Using the technique, we producednsllof kilometedong

nanowires with st 0 nm di amet er an d)Aasn aans peexcatmprl aet,i oa
amorphous semiconducting ro@d Asi Sé Te) is reduced to hundreds of meters of single

200 em wire (reducti on f acr(reductidn5abor x50)-a®0 wi r ¢
~1,000 wires of 250 nm (reduction factor 150
a dielectric polyetherimide encapsulation. \Wareay crosssections with welbrdered wires

and extracted, globally oriented slivere ahown after each step. Inset: Transmission electron
microscopy image of a single -8@nthick nanowire obtained by further scaling down the
third-step nanowires.




We demonstrate nanowire production using chalcogenide semiconducting glasses
in Figure 2.1. Stable glassnaking noroxide chalcogenide compounds have low
softening points, making them amenable for thermadreaving insié&@ polymer
matrices owing to their excellent match of thermomechanical propehties.
synthesized a 10 mm  diameter glass making chalcogenide
GesAszsSasTess (GAST, T~ 1 90 A C) -piirity elemerttal apristituents using
the conventional meljuenching telenique (see Chapter 5). Around the glass rod, a
high-temperature engineering polymer (polyetherimidg; 22 0 AC) is rol
thermally consolidated in vacuum. The composite structure is then thermally drawn to
reduce radial size. Typically, the processic ar r i ed Jdtawirytspedsl0 ¢ m
while feeding the ma'éirnotsoc oap ifcu rrnoadc ea ta tl .257
wiresd obtained from the first drawing a
prepare a secorstep macroscopic rod. Vaoon consolidation ensures structural
homogeneity and purity from defects that may adversely affect tiseguént thermal
drawing processBeginning with a l1émm-diameter GAST rod, the diameter is
successively reduced t o 2 0déawiagmtep. Furtherm and
reduction in the third stepresultsinsbtD n m n a n o wHignre2.l,aveshavy s . | n
a perfectly ordered array of GASmicro- and nanowires in the polyetherimide
polymer crosssection. It is remarkable that the macroscopic structure is undistorted
after the drawing steps. We have also demonstrated that the anidraanowires can
be extracted from the polymer matrix reiag their global alignment simply by
exposing the polymer section to organic etching agents (dichldnam={DCM) or
dimethylacetamide Resulting freestanding micre and nanowire slivers are shown

in Figure2.1.

Finally, we investigated the sikependent photoconductivity eéleniummicro-
and nanowire arrays fabricated using the described technique. Elegstetaimhas
phasedependent ektrical conductivity and photoconductivity properties, making it
suitable for phasehange memory, optoelectronics and photodetection applications.
Inathreest ep drawing process, we obtained a &
and an array of 10,0001190 nm nanowires.
polyethersulone polymer matrix is conserved after the drawing stéigsie2.2). The
uniformities of theseleniumnanowires from the second and third steps are found to

be +3% and +11% respectively. Factors contributing to the owg&zalbistribution are
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slight variations in the fibers that are used to make the macroscopic composite, and the
total accumulated size variation from each previous step. Amorsetersiumwires

are obtained after drawing, as revealed bya¥ diffractionand transmission electron
microscope diffraction (FEI, Tecnai G2 F30). The wires are crystallized through heat
treatment, by annealing above the crystallizatibik (1 1 0 AC) but bel ow
temperaturg¢l24], [128]and by exposing to the organic reaggyridine(Figure2.2a).

After crystallization we observe that the conductivity increases to
104S ¢ wonsistent with bulkseleniumconductivities. Electrical measurements
were carried out with nanowire arrays by cleaving fiber ends with a razor blade and
electrical conteting was achieved using silver paint on the facets of the fiber. Step 3
nanowires were chemically crystallized after extraction from the polymer matrix.
El ectrical gain due to photoconductivity
while applying volage bias Kigure 2.2b). Step3 wires make Ohmic contact and
feature photoconductivity after crystallizatidfigure2.2c). The photoconductance of

the nanowires is observed to be a function of the naeomimber and size in the
array. We observed that tihip gain (photocurrent versus dark current) was an order

of magnitude larger for step wires and two orders of magnitude larger for ep
wires with respect to the singgeleniummicrowire from the ifst drawing Figure

2.2d). The switching between on/off states is also faster with the smaller nanowire
sizes. We attribute the logarithmic increase in photoconductance to the high absorption
of selenium increased surfaeareato-volume ratio and enhanced scattering of the

incoming beam

We have demonstrated a unique, Hilgroughput, lithographyree nanofabrication
method to produce macroscopically large nanowire and nanotube arrays. The
nanostructures are indefinitely longdered, uniform, higldensity arrays embedded
in a flexible polymer fiber matrix. Diverse multimaterial sets and disparate
combinations are used to obtain crystalline semiconducting nanowire arrays,
chalcogenide nanowire array waveguides, piezoelectrignmal nanotubes and

cylindrical coré shell structures.
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Figure 2.2. @ Amorphousseleniumwires are crystallized through heat treatment or by
exposing to the organic reagemyridine SEM images of regularlyscaleddown
individual seleniumwires. The electrically conductive hexagonal crystallographic phase is
obtained by Xray and electron diffractionb) A schematic representation of the
photoconductance  measurement geometry) The photoconductance  from
aseleniumnanowire in the dark and on whiight illumination.d) A logarithmic increase in

the ratio of photocurrent versus dark curréfitfand a reduction in switching timé (vith
reducing nanowire diameter are observed. The performance incredisdiged to the high
optical density oseleniumincreased surfaeareato-volume ratio and enhanced scattering in
the polymer matrix.

It is an open question if molecular wires can be obtained using the method. The
ultimate size reduction for the nanio@és needs to be studied by optimizing drawing
parameters for thermoviscous materials and materials that melt during drawing
separately. On the other hand, the material set can also be widened to include
semiconductors, such as Si and Ge that soften/mdligher temperatures using

suitable glassy matrices.

2.2.1. Possible Applications of Nanofibers

This type of produced nanofibers have versatile application @fepse2.3). Here

| will mention just a few of them;
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Figure2.3: Application of fiber that produced by drawing technique.

We expect that a wholeew family of radically novel nanowire applications will
be enabled owing to the unique geometry and material set used. We identify a number
of enticing applications that are of current and rigorous scientific and technical interest.
For example, these nastouctures can be exploited in nanowire electronics, as-large
area conformal photodetectors, la@yea flexible nanowire sensdrkl5], scalable
high-density nanowirdased phasehange memory[129] and in highspeed
reconfigurable fieleeffect transistorf/2]; in energy harvesting, largeea cylindrical
heterastructure nanowires can be used as active [d€3, [131]but also for passive
light enhancement in resonareehanced thirdjeneration photovoltaid432]i [134];
in semiconductor nanophotonics, polyreenbedded chalcogenide nanowires can be
used as highefractiveindex dielectric structures for sixkependent absorptigh33],
structural colorig [135] and biomimicry, and as dielectric metamateridl36]; in
nonlinear photonics, ordered nanowires can be used aspbvgér zeo-dispersion
optical arrays for new frequency generat{@37] and in discrete opticgl38]; in
mechanics, nanowirembedded higistrength compositg426]; in acoustics, flexible
piezoelectric nanowires and nanotubes can be used as sensors and dtfijass

pumps, in energy harvestifg2] and as nanochannels in nanofluidics.
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2.3.Kilometer-long Nanotubes and Naneshells

Recently developments in organic and flexible electronics emerged new
investigations and applications of piegolymers. We realized proper fabrication
method will bring on the opportunity of manufacturing highly efficient all polymer
flexible devices and developed a new method depends on iterative fiber drawing in
order to fabricate kilometer long ordered PVDF nanotube, nanoshellaaodilobon
arrays, which can be used for large area flexible sensor, high energy density capacitor,
energy harvesting, nevolatile memory, artificial skin and muscle applications. In the
fabrication, we start with preparing the preform structure which nisegact
macroscopic copy of the final fiber structure, and then we thermally shrink down the
size as small as 20 nm using iterative fiber drawing method. Cross sectional
characteristics of our nanostructures can be squared or tubular depends on the shape

of the macroscopic core mater[aPl], [24].

Detail information about structure and phase transformation of RAlaFgiven in
Chapter 3 and Chapterd8ince, Kawai discovered the piezoelectric property of PVDF
in 1969, it is widely used in organic electronics. PVDF has the highest piezoelectric
coefficient among the all organic materials. Moreover, high flexibag chemical
stability with high piezoelectric coefficient make PVDF one of the best replacement
candidates of ceramic piezoelectric materials. Electronic and mechanical properties of
PVDF depend on its molecular conformation and chain density in itcelhi{see
Figure2.4). Normally there is a strong interaction between @6lecules, but there
are ChH groups statistically located between@Foups which makes it form different
chemical structures such as comdtions of Trans (T) and Gauche (G) strings in
di fferent regions of the pol ymer chain
stoichiometry in PVDF result in differen
(1v) phases. However b ofd@WDFyrevdalopieroelettric o r b
propertied11], [22], [74], [75], [29], [83], [139][141].
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Figure2.4: Different crysal structure of PVDF.-h) Piezoelectric form | chain TT structure.
cd)phase PVDF which can be polarized,-but it
Form Il PVDF.

Crystallographic structure of form | PVDF is defined as planar zigzag
orthorrombic. However, some of the researchers put forward that it can stay stable in
monoclinic and triclinic structurdzorm | PVDF space group number is 2ma
The group theory information for all phases of PVDF is givehahble2.1.

Table2.1: Unit cell parameters, space group numbers and molecular chain data for all of the
phases of PVDF.

Unit Cell Parameters Space Group Molecular Chain *N

Form | a=8.85 U, 2mCmcC, **Zigzag 2
*(f.a.) =2,

Formll a=4.96 U, P2i/c-mCy TGT A 2
(f.a.) =8,"

Formll,  Almost same with form P2icn (?) TGT A 2
]

Formlll a=4.96 U, CcC* TTTGTTT 2

(f.a.) =99

*N: Chain number in a unit cell; (f.a.): fibril axis, ** slightly helix planar zigzag
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Phase changes characteristics in PVDF may vary depending on environmental
factors such as cooling, heating, mechanical stress, stretching and presdtimi(see
2.5). Usually, PVDF is heated at 96 for a while and polarized at that temperature in
order to obtain form | phase. Polarization requires high electric field strengths. So that
making PVDF at nanoscales greatly alters the polarizatiocess required for phase
transformation to b crystals. Besides wi
change becomes easier, also helping obtain the piezoelectric phase. The importance of
nanoscale effects has been demonstrated by fabricatiBg Pafroelectric memory
and nanogenerators where electro spinning, {n@pointing, alumina template
methods are employed. However, none of these fabrication methods are capable to
obtain ordered, polymer encapsulated, titrag, PVDF nanostructurf®?], [28],
[83], [142], [143]

Streching
Form| (B) Form Il (y)
— Annealing at high temperature /’/,
Quenching at high DMA Precipitation
presctite Slow cooling
\/ o
Solution Melt
HMPTA Precipitation T
Acetone Precipitation Slow cooling
Streching ¢ ¢ Annealing at high
Form Il (a) temperature
I
Polarization
Polarization l
Formll,
Figure25:PVDF phase transformation mechani sms. Pi
sever al ways: guenching under hi gh -plpasee ssur e

PVDF (Generally 1 to 4 or more stretching result in high amount of phase transformation),
and polarization of form one under electric field. We prefer to apply last option for phase
transformation for out fibers because stretching may harm nanotube structure.

Here we introduce a new fabrication method in order to obtain highly flexible and
kilometer long, polymer encapsulated PVDF nanotubes, nanoribbon and nanoshell
arrays which rely on the thermal fiber drawing technique. Nanoribbons fabrication

techniguesvere discussenh Chapter 3 and Chapter 4 with all details.

33



The thermal drawing process a very wetknown standard process which utilizes
the glass transition temperature or softening temperature of materials in order to create
effortless and controlled plastic deformation. Fiber drawing technique is not only
applicable for telecommunitian silica glass fiber manufacturing but also appropriate
for composite multimaterial fiber production which is made with polymers,
chalcogenides and metals. Our technique is based on drawing fibers iteratively, so we
can easily control the diametersfofi ber s bet ween 200 em to
produce our nanotubes, nanoribbons and nanoshells in a madcogobsulfone
(PSU), polyethesulfone (PES) and polycarbonate (PC) polymer encapsulation layers
respectively; it can be easily handled and irdegg with any macroscopic desired
device. Crossections of our nanostructures can be square or tubular depends on the
shape of the core material. In addition, by dissolving cladding layer using
dichloromethane (DCM) we can extract PVDF nanostructuresipflexible, curved
or rigid surface. The advantage of using the square cross sectional nanoshells is
creating high density packed arrays which can enhance the performance of any built

devices by using PVDF.

2.3.1. Fabrication Process

Our topdown fabrication tehnique introduces many advantages for PVDF
nanotubes and nanoshells such as ordered structure, precise controlled dimensions,
ultra-high aspect ratio and polymer encapsulation jacket; each can only be obtained
using different fabrication processes.

Fabrication of Nanotubes: The fabrication procedure starts with a preform
structure which is an exact macroscopic copy of final fibeggare26. A 50 e m t h |
and 25 mm wide PSU film are rolled around a 10 mm in diameter Teflon coated glass
tube. Inner diameter of the preform may change in order to the diameter of the Teflon
coated glass tube. PSU roll that used for constructing the claddingfaye fibers
is required to be thick enough to support core material. We held the preform in a
vacuum oven for 4 hours at 180 and 1x1& Torr in order to evacuate the air trapped
between rolled polymer layers. Because, trapped air lowers the apfdligy preform
as bubbles accumulate inside of the preform and the preform takes undesired shapes

which make it impossible to use for fiber drawing. PSU preform consolidated at 225
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°C for 30 minutes under a 1x¥@orr vacuum condition. A consolidated prah is
ready for thermal drawing after machining and flatting the both edges.

>

3

Preform Consolidator Pressure : 2x10~2Torr

Temperature (°C)

/ 4 hours

Holding at Vacuum

Time (Hours)

Figure2.6: Preform consolidation process take place in a tubular oven at elevated pressure and
moderate vacuum as shown in ftight side. A successfully consolidated preform and the
consolidator device shown at the left.

The fabrication of polymer nanotubes by using thermal drawing process comprises
several fiber drawing steps, starting with a hollow core PSU preform whidked fi
with rolled 75 em thick PVDF fil ms. | ter

for each drawing step described in tigure2.7.

‘ PSU

PVDF

Drawing

The First Step

Preparation for The Second and The Third Steps

Figure2.7: Structure of the first stgmreform and preparation of first step drawing were shown
in the schematics. We roll PVDF thin films and directly insert in to the core of the preform. In
the preparation for step 2 and 3 fiber drawing: We need to cut, clean and align the fibers before
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we dart to the next step/Ve put first step fibers into a new preform and draw the fibers
iteratively in order to produce nanotubes.

Fiber drawing process executed in a custom made fiber {&igre 2.8), which
consist of a vertidaube oven, feeding mechanism and a real time stress, temperature
and diameter measurement systems. After gently inserting the preform into the tube
oven, a 100 gr load is applied downwards where it pulls the preform. PSU preform
takes the fiber shape biye help of the gravitational and applied force when it is heated
up to 240°C above softening temperature.

Double zone
furnace

Micrometer

Figure2.8: A custom made fiber tower, which is used to produce nanoribbon embedded fibers,
consigs of a preform feeding mechanism, furnace, thickness monitoring system, tension
measurement unit, and a capstan.
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PVDF microtubes formed in accordance with dimensional changes in PSU cladding
and it is mainly a seldssemble tube formation process duRigh surface energy of
molten PVDF at thermal drawing temperature. In fiber drawing, glass transition
temperature of each material that used in preform structure should be considered when
a multr-material fiber is produced. Since glass transition temperafuPSU is higher
than the melting point of the PVDF, during fiber drawing it causes PVDF films melt

and reform tubular structure as it takes the shape of the PSU cladding.

Precise design of a fabrication proce@dagure 2.9) is directly related to
determination of size reduction factor, total amount of input fibers and their diameters
for each step. Fiber drawing process iteratively runs two more times in order to scale

down first step microtubes into nanotubes.

PVDF Thin Polymer rolling & consolidation Thermal size reduction
Film Roll §
Furnace
jab)
;'_z_"] Microtubes
7
d=30-200 um

E |

E

=

s

Micro - Scale tubes
~
o
=
=
7}
d=100-700 nm
Nano - Scale tubes
)
=¥
m
I
wv
d=5-50 nm

Figure2.9: Nanotube fabrication takes 3 iterative steps which results in different sizes. Size of
a macroscopic rolled thin film reduced down to below 20 nm by using thermal reduction
technique in a fiber tower. Rolld@VDF films inserted in the preform and as the preform
shrinks at high temperature, PVDF melts and takes the shape of the preform in step 1.
Nanotube arrays inserted in the preform scaled down by thermal drawing in step 2 and 3.

First step PVDF fibers witiPSU cladding are cut into 15 mm long pieces and
arranged in a new PSU preform before redrawing steps. Numbers of the input fibers
in second step and third step may vary depend on the core diameter of the preform and
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diameter of the first step fibers. Inetlsecond step, we generally use about 400 first
step fibers with a diameter of 400 &m.
second step fibers and insert them into a new PSU preform and redraw it.
Consequently, we end up with about 160,000 ordere®RPYilanotubes in PSU
cladding. PSU cladding can be etched by using DCM in order to extract PVDF
nanotubes out of their claddings and PVDF nanotubes can be located or positioned on

a rigid or flexible substrate.

Fabrication of Nanoshells: After successfullyfabricating nanotubes by using
iterative thermal drawing technique, we focused on fabricating square cross sectional
nanoshell structures composed of a PC square cross sectional core, PVDF piezo
polymer rolled around the core material and PC cladding layeshown irFigure
2.10a-c. Fabricating a square cross sectional nanoshell structure requires designing a
special multimaterial preform which is a macroscopic copy of the final fiber
structures. Square cross sectional core Rtaeted from a 35 mm thick PC preform
which is rolled around a 3 mm glass rod and held in a vacuum oven for 4 hours at 140
°C and 1x1& Torr before consolidation. PC preform consolidated at°C86or 35

minutes under 1xI®Torr vacuum condition.
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(c) Polycarbonate

(b)

200 mm

Figure2.10: Square cross sectional PVDF nanoshell fabrication starts with preparing a square
cross sectional macroscopic PC core) & 2 mm thick PVDF region obtained by rolling
PVDF films around 8 mm thick® square cross sectional core. Finally, PC rolled around the
PVDF in order to create the cladding layer. Total thickness of the preform is 35 mm. d) 8 mm
thick square cross sectional PC core extracted from a PC preform by using a milling machine.
e) Prefom consolidated under 1x*0orr vacuum at 186C for 35 minutes.

Square cross sectional core material extracted from this preform by using a milling
machine (Se€igure2.10d ) . A 75 & m t-flms colted drPourid Ehe qpiie e z 0
material until the total thickness of the PVDF films becomes 2 mm. Then the cladding
| ayer with an overall thickness of 35 mm
the PVDF shell. Preform held in a vacuum oven for 4 hours at4ad 1x1¢ Torr
and consolidated at 186 for 35 minutes under a 1x¥@orr vacuum. A consolidated
square cross sectional designed preform is showigume2.10e. Although we change
the structure of the preform except fibeawing temperature which depends on the
used material, there is no change in fiber drawing process. Fiber drawing process is
described inFigure 2.11. After the preform inserted in the fiber tower's tube oven,
temperature increadaup to 215°C where the PC preform start softening and 100 gr
load applied to preform in addition to gravitational force which used for triggering the
flow of the preform. First step drawing results in micron scale EWDF core shell

structures.
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Figure 2.11: Square cross sectional PVDF nanoshell fabrication requires two fiber drawing
process. As a result of first step drawing we obtain micro fibers and we put first step fibers in
a second step preform adchw them again in order to obtain nanoshells. Although we have a
single micro wire in first step, we can obtain a bundle of nanowires after second step drawing.

A second step drawing process is used to further decrease the fiber cross section
downtote nanoscale. 400 em thick, 400 squar
in a new PC preform after the fibers are cut into 15 mm long pieces. By thermal
redrawing the micron sized first step fibers, nanoscale fibers are obtained with ultra
high aspectatios in conformity with dimensional drop of the second step preform.

Size of the second step square cross sectional nanoshells can be controlled by altering
the reduction factor that used in fiber drawing process. PC cladding can be etched by
using DCM wthout the damaging the PC core, because DCM cannot dissolve PVDF.

2.3.2. Morphologic Characterization

Many flexible and stretchable devices are designed to be portable requiring self
powering systems such as battery or energy harvesting circuitries. PVDkhes)ot
nanoribbons and nanoshells are promising for supplying electricity to flexible
electronic devices due to its excellent piezoelectric properties. Our negowop
approach brings the opportunity of integrating macroscopic world with-wand.

We praduced our nanotubes, nanoribbons and nanoshells in a polymer jacket which
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keeps them in a parallel order. Therefore, polymer encapsulation layer make it possible
kilometers long thousands of nanostructures to be grabbed by hand. Polymer
encapsulation canebdissolved by DCM which make possible to extract nanotubes,
nanoribbons and nanoshell on any type of substrate without using any special device
for alignment of them. First step microtubes which produced in PSU polymer cladding
can be not only chemicallyut also mechanically extracted out of their cladding as
shown inFigure2.12ac . Di amet er of first step tubes
on the reduction factor used fiber drawing. In the first step, we fabricate a single
microtube with 200 m length embedded in polyntégure2.12a-c representsross
sectional and longitudinal SEM images of step 1 PVDF microtubes in PSU cladding.
The outer diameter i s about 400 & m. Furt
the size of our microtubes down to nanometer scale. We obtained a bundle of PVDF
nanotues by redrawing of first step microtubes in a new PSU preform as shown in
Figure 2.12d-f. Bundles can include up to 500 PVDF nanotubes which can have
diameter between 160700 nm with a total length of 100 km. Cross sectiorR\dDF
nanotube array prepared by using emizrotome. Unfortunately, microtome
diamond knife made damages which hamper the ability to observe cross sections of
nanotubes. Moreover, as shownFigure 2.12f PVDF nanotubes have cumy and
creases which proves that our structures have hollow cores. Surface smoothing made
a devastating effect on cross section of third step PVDF nanotubes. Therefore, we
broke the nanotubes in liquid nitrogen after we made a gentle notch on the PSU
cladding in order to see hollow cores as showRigure2.12g-i. In the third step, the
number of the tubes can be up to 250,000 and their diameters can range from 20 to 70
nm with a total length of 50,000 km.
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I \

Figure2.12: ac) PVDF microtubes obtained by drawing a macroscopic prefornmfilmea

tower. Step 1 result in microtubes which are in a PSU jacket with diame&r050 e m a n d
length longer than 100 m. Mechanically extractiofP¥DF first step microtubes is possible.

df ) Step 2 results in micro and nanotubes wh
to 180 nm depends on the reduction factor. Not mechanically but chemically extraction of
second step tubes is possibld) &tep 3, results in globally ordered tubes which can have
diameter below 20 nm.

The smallest nanotube diameters that we attained were 20 nm which we believe can
be reduced down to a fraction of this value. Comparative results for each fiber drawing
step fo nanotube fabrication are givenkigure2.13a-e.

We fabricated square cross sectional nanoshells in order to reveal that our iterative
fiber drawing technique can be used for different geometries. This is the first report
which denotes the fabricating all polymer square cross sectional 1D nanostructure
arrays which is also preferable high density packing of such structures. Square cross
sectional PC core provides mechanical support to the piezoelectric PVDF shells. That
allowsus to decrease the size of the shells down to the nanoscale without using very
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high reduction factors in fiber drawing process and digngptontinuity of PVDF

shells.

Figure2.13: PVDF micro and nanotgbcrosssection scanning electron microscopy (SEM)
images. Although, sample preparation is done by using cryotom, there is still a smearing effect
which disturbs the image quality. Besides, polypelymer combined structure has shown

not much contrast fo6EM. a) A representative appearance of the PVDF. b) First step

mi crotubes which have a diameter rage 30 to
diameter rage 100 to 700 nmell Third step nanotubes which have a diameter rage 20 to 100

nm.

Different from the nanotube fabrication, nanoshell fabrication process covers two
iterative drawing steps. The total number of the nanoshells embedded in the PC is not
more than 500. Although the yield dramatically decreases when the number of drawing
steps dromlown to two, using less drawing steps appends versatile advantages such as
reducing the amount of defects and removing the process complications. First step
fibers embody only a singlmicroshell. Edge length of square cross sectional PC
supportingcoreelc r eases down t o bel oféthe BRMDBshellm and
| ayer scaled down to 10 em. Edges of PVDI
of the stress difference applied on the edges and the corners of on PC core during
PVDF and PC rolling (Sefeigure2.14a). We can extract PVDF square cross sectional
microshells out of the PC cladding by using DCM which can't dissolve PVDF shell.
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Figure2.14: PVDF nanoshells are prodeat by using two stefiber drawing process. a) First
stepfibers have a single square cross sectional microshell. Thickness of the PVDF shell is
bel ow 1-8)®C dadding af the microtubes can be etched by using D&1Second

step drawing results in nanoshells. Unfortunately, nanoshells couldn't maintain peufae

cross sectional shape. f) Even though their cross sections are not perfectly square, adjacent
positioning of chemically extracted nanoshells reveals that high density packing of square
cross sectional PVDF nanoshells is still possible.

Figure 2.14b-c represents the chemically extracted first step microshells. The
seconst ep drawing preparation requires cut
15 mm long pieces and making a bundle of them which contains 500 fibers in order to
insert in the second step PC preform. Unfortunately, square cross sectional shape of
the naoshells intend to change to circular (S&gure 2.14d-e). Another reason
observing undesired shape changes might be due to the surface smoothing caused by
microtome knife in the SEM sample preparation step. Even though thesexisss
observed as it lost the perfect square shape, chemically extracted nanoshells still can
be precisely stacked as showrrigure2.14f. The thickness of the core PC supporting
region and PVDF shells diminished belowteIn and 100 nm respect |

2.4.Summary

In conclusion, we have demonstrated a new iterative fiber drawing technique which
is capable of fabricating ultdaigh aspect ratio, ordered, all polymer nanotubes,
nanoribbons, nanoshells, chalcogenide nanowires aaghell structures. Dissolving

the polymer cladding using organic etchants make it possible to extract free standing
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PVDF 1D nanostructures on any type of substrates such as curved, flexible, stretchable
and rigid. Ordered kilometer long piezoelectric Fv¥Banoribbons, nanotubes and
square cross sectional nanoshells are unusual nanostructures and are expected to bring
new perspectives to energy harvesting, high energy density capacitors, artificial
muscle and skin research. Future work may be requiredtuge infiber devices by
including new materials such as conductive polymer electrodes, insulating layers and

semiconductors into the research.
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Chapter 3

Spontaneous High Piezoelectricity in
Poly (vinylidene fluoride)
Nanoribbons Produced by lterative

Thermal Size Reduction Technique

We produced kilometdong, endlessly parallel, spontaneously piezoelectric and
thermally stable Poly (vinylidene fluoride) (PVDF) micro and nanoribbons using
iterative size reduction technique based on thermal fiber drawing. @mimgh stress
and temperature used in ther mal drawing
phase PVDF micro and nanoribbons without electrical poling process. Baserhgn X
Diffraction (XRD) analysis, we observed that PVDF micro and nanoribbons are
thermally stable and conserve the pol ar
above to the melting point of PVDF. Phase transition mechanism is investigated and
explained using ab initio calculations. We measured an average effective piezoelectric
constant a3 58.5 pm/V from a single PVDF nanoribbon using a piezo evaluation
system along with an atomic force microscope. PVDF nanoribbons are promising
structures for constructing devices such as highly efficient energy generators, large
area pressureensors, artificial muscle and skin, due to the unique geometry and
extended lengths, high polar phase content, high thermal stability and high
piezoelectric coefficient. We demonstrated two proof of principle devices for energy

46



harvesting and sensing apgaltions with a 60 V open circuit peak voltage and 10 pA
peak shorcircuit current output.

3.1.Introduction

Utilization of the unique material properties represented by flexible, lightweight
and biocompatible piezoelectric polymeric materials such as PNB8| and its
copolymer poly (vinylidene fluoride tfluoroethylene) (PVDHTFE) [144] is
expected to bring on new horizons for sensor, actuator, and energy harvesting
applications where peelectric ceramic materials have been employed hitherto. A
closer look into the applications of piezoelectricity including$emsing68] energy
generation[69], [70], [145]pressure sensinfll46] high precision positioning;147]
artificial muscle and skir{71], [72] reveals that thermally stable, flexible, and
stretchable piezoelectric neaitals are required to be produced with high yields and in
a cost effective way for the fabrication of commercially feasible, large area, self
powering, and highly efficient devices. Although ceramic piezoelectric materials can
present higher piezoelectmoefficients, they suffer from high brittleness, low cyclic
endurance, high processing temperature and high production cost as well as toxic
elemental composition in contrast to properties of polymer piezoelectric materials
[73], [148].

3.1.1. Piezoelectric Properties and Phases &foly (vinylidene fluoride)

Since the disoeery of PVDF (CH-CR),, which has the highest piezoelectric
coefficient among all polymef&843]PVDF and copolymers have been a subject of
intense research which initiated development of many fabrication methods for PVDF
thin film [149] and nanowiref52]. Regardless of the production method, piezoelectric
properties are dependent on the amount of polar phase of PRAPH150]. Four
commonly known forms of PVDF are U, b, 2
different stereochemical structures with alternatiigans and €<5auche GC bonds
4''4444444" 4 48d4d4 " '4poar), respectively29], [141]. The most stable
andeasily obtained form of PVDF isthenpno|l ar U phase which ¢
rarely found polar form named U phase. Or

desirable forms of PVDF due to their high polar molecular conformaj@&#js[75],
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[26],[32],[151]Hi gh pol arity of t he {€bgisanskes as a
PVDF a promising candidate for piezoelectric, pyroelectric and ferroelectric
applicationg62], [75], [32], [146] Transitions between phases of PVDF are possible

under specific nucleation and procesgsconditions Figure 3.1). Irrespective of the
initial phase, the amount of the b phase
inorganic additives or stretching more than 80 % &®#llowing with an eletrical

poling[29], [152] Tr ansi ti on mechanisms resulting
high temperature or applying high shear on molten polymer; long term annealing at

hi gh temperature or polling at | ow el ect
from high temperaire polymer solutionf26], [150], [151], [153] Fiber drawing can

r

be considered as a new method which prod:
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Figure3.1: Transition into U, b, and 9 phases fr
are possible by using versatile processes.

combine specific processing conditions such as high temperaturegarghbar. Iterative size
reduction by fiber drawing, which stands as a new method for nanotechnology, triggers the
pol ar o9 phase transformation by providing t
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Al t hough, 2 phase has | ower spezdelactric t y wh
coefficient still stands better than those of other polynigs$ [32], [141], [151]

Besi des, the higher Curie temperature of
environmental conditions. Due to the dec:
and PVDFTrFE at lower Curie temperatures, these materials are not good candidates

for production of thermally stable long endurance dev[@é&gl]. Owing to superior
properties, o9 phase is highly desirabl e.

experimentally{151].

3.1.2. Fabrication Methods Triggering to Polar Phase Transition

The most common way of triggering polar phase transitions is applying a high
strength electric field at elevated temperatuf@g], [155], [156] In addition,
diminishing the feature size of PVDF lowers the cost and energy required for the
polarization procesfl57]. In accordance with the developments in nanotechnology,
scientists have been trying to facilitatennacale effects to improve the piezoelectric
properties of PVDF and copolymers by altering their composii8j, [152], [158],

[159] size and shapg82], [140], [151], [153], [157], [16Q]Initial attempts were
focused on developing PVDF piezoelectriontfiims by using spray coatingl61]

spin mating,[141] physical vapor depositiofil62] and theLangmuirBlodgett thin

film coating method$163]. Although shaping the PVDF in the form of thin film can
disclose elevate piezoelectric properties, PVDF nanowires lead to superior
piezoelectricity, due to the omBmensional nanoscale confineme®R], [146].
Results of nan@onfinement effects such as spontaneous polarization can eliminate

external electrical poling poess for polar phase transitiptb], [140], [151]

Beyond the controversy, nanowires have made great impacts on many disciplines
including solar cells, biosensors and phase change memory d§lidys [164]
[166]. A similar impact is also expected on piezoelectric applications using PVDF
nanowires. The prominent piezoelectric PVDF nanowire fabrication methods are
anodized alumina (AAO) template moldif@5], [151], [167]electrospinning[62],
[146], [168], [169]and nanoimprint lithography (N[B2], [140], [153], [157]which
are all solvent dependent. Even though these techniques are appropriate to produce

PVDF nanowires, they are not superior in all aspects considering the nanowire aspect

49



ratio, uniformity, geometry control, yield, and device integrability in ord@realuce
large area, low cost and high throughput devidele 3.1 is the comparison of
prominent PVDF nanowire fabrication methods with iterative size reduction technique
in terms of aspect ratio, uniformity, size control, getnyn control, multi material

compatibility, yield and large area device integration.

Table3.1: Comparison of PVDF nanowire production techniques consideripgodsiced
nanowire properties in terms of aspeatio, uniformity, size and geometry control,
multimaterial production compatibility, yield and device integration

Electrospinning  Lithography AAO Iterative Size Reduction
Aspect Ratio ++ + + + + 4+ 4
Uniformity + +++ +++ + 4+
Size control + + ++ + ++ ++ +
Geometry Control + +++ + + 4+
Multi-material Compatibility + ++ + +++
Yield +4+ + + + 4+
Large Area Device Integrability + ++ + T4+ +

Despite the fact that high aspect ratio nanowires can be produced with high yield
by usingelectrospinning, diameter uniformity and geometry control capability of this
technique are not fulfilling the requirements of current state of the art technology.
Tuning the diameter of nanowires can be better accomplished by using AAO and NI
techniques. Hwever, nanowires produced by these methods are not feasible to carry
out the production of flexible, large area devices. Above all, unlike electrospinning,
AAO, and NI techniques, a fabrication technique which provides PVDF nanowire
production with high gpect ratio, excellent uniformity, desired geometry, and high
yield in a multimaterial fashion can pave the way for in situ assembly of nanowires
with metallic, semiconductor and dielectric components of the macroscopic devices
[24].
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3.2.Fabrication of Kilometer-long Piezoelectric
Nanoribbons

Compatibility of iterative fiber drawing based size reduction technique for a wide
range of materials in nanowire shape has been demong24}€d@6]. On the contrary
to a recent studp,1] it is possible to produce micro and nanostueed PVDF in polar
phase spontaneously induced by fiber drawing process as we showed in this study for
the first time. Here, we produced kilometeng, PVDF arrays in novel forms such as

nanoribbon and square cressctional nanoshelF{gure3.2) structures.

Figure3.2: SEM micrographs of PVDF nanoshells produced as a result of two iterative fiber
drawing processes. (a) Photograph of mdtmrg asdrawn square cross sectioffider. (b)
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The first step fiber drawing results in a single square cross sectional microshell in a fiber.
Thickness of the PVDF shell is below 10 um. (c) First step microshells after their
Polycarbonate (PC) cladding was etched by using DCM) (the seand step fiber drawing

results in nanoshells having rounded square cross sectional shape. (f) High density packing of
chemically extracted PVDF nanoshells.

We rather prefer ribbon shape with planar contact areas, which poses a unique
advantage for piezoa®ic measurements, unlike the nanowires with cylindrical

symmetry.

3.2.1. Temperature and Shear Induced Phase Transformation

Fi ber drawing process favors the transf
phase due to the shear stress and the high temperature applied during the process. The
shear stress occurred in the fiber drawing process, due to the 3 MPa tensile force, is

simulated by using finite element metho&sglre3.3).

We achieved highly polar 9 phase PVDF
technique simultaneously utilizing high temperature and shear stress triggered by
tensile forcesKigure3.3). In order to simulate the phase transformation in iterative
fiber drawing process, we performed ab initio calculations based on density functional
theory in which the effects of both temperature and shear stress adedhclu

(a) (b)

von Mises (MPa)

I3.0

2.5

- Shear (MPa x 107)

-2.0

Figure 3.3: Results of the finite element simulation for the process epayimer fiber

drawing. (a) The stress distribution in the preform drawn by a 3 MPa tensile stress. (b)
Demonstrating the €ha r stress distribution which triog
nanoribbons at high temperatures.
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Using the software SolidWorks 2013 Simulation, three dimensional numerical
finite element method is conducted to show the distribution of normal and &lesar s
when a 3 MPa triggering stress is applied trough the fiber drawing axes for polymer
materials. Effect of the gravity (9.81 rfyss also taken into account. Simulation
temperature is considered constant at fiber drawing temperatureQR5 findout
the yield characteristics in fiber drawing process, the maximum von Mises stress
(s ) criterion which is based on the von Middsncky theory is applied to the

system using following governing equation.

” (3.1)

Where, h, and, are the principle stresses. The Cauchy stresses, shear stress
caused by applied tensile stress, strain and displacement with respect to the initial
parameters are also investigated. Frictional forces due to air in the environmhent an
free body forces are ignored. In order to be able to simulate fiber drawing, we used a
linear elastic isotropic model type with large displacement option. Curvature based
mesh used with 4 Jacobian points.

3.2.2. Preform Fabrication

We produced one PVDF and ¢ler PES preforms. PVDHrhs (Ajedium Filmsi
Solvay Plastics) with a thickness of 60
preform which is 30 mm in diameter and 20 cm in length. The nanoribbon fabrication
procedure starts with preparation of a multimaterial preform, whicaniexact
macroscopic copy of the final fibers. The easiest way to produce a preform is rolling
polymer films, degassing the air trapped in the roll under vacuum at a temperature
below the glass transition temperature of the films and lastly consolidagngicuum
oven at the glass transition of the films. Following the mentioned procedure, a PVDF
preform is prepared by rolling 60 em th
consolidated in a tube oven at P8for 30 minutes under 2 x 2@ orr vacuum. Nxt,

a slab (3 mm x 10 mm x 10 cm) is mechanically extracted from this PVDF preform.

Afterwards, aPES preform with 35 mm in diameter and 25 cm in length is made by
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rolling 100 em thick PES films ar 8Qnd
for 35 minutes under 2 x 1®Torr vacuum. The PES preform is split in two halves and

machined in the center to open a niche for inserting the PVDFRzlr¢3.4).

PVDF prey

?\10? L]

v \

PVDF slab extracted from the preform

=

Figure3.4: The fabrication steps of the PVDF ribbon embedded in PES preform which is a
macroscopic copy of the final nanoribbons. As an initial step, (1) a PVDF preform is built by
rolling PVDF sheets and {2) a slab is mechanically extracted out of the P\fibéform. (4

5) Next, the PVDF slab is inserted into a PES preform which is then sealed by heating in a
consolidator oven. (6) The final multimaterial product turns into a PVDF ribbon embedded
PES matrix. Dimensions and design specifications of the prefoautly affect the size and
shape of the final product of the drawing process.

3.2.3. lterative Fiber Drawing

Fiber drawing processes are executed in a custom made fiber tower which consists
of a vertical tube oven, a preform feeding mechanism, and a realrton#oring

system measuring applied stress, temperature, and thickness of the drawn fiber.

Figure 3.5 summarizes the nanoribbon fabrication technique. The fabrication of
PVDF nanoribbon arrays, which comprises several fiberidagteps, starts with the
drawing of PVDF slab embedded PES preform.

Heating the preform above the glass transition temperature of PES and melting
point of PVDF, and applying approximately 3 MPa tensile force are required in order
to trigger plastic defrmation in fiber drawing process. Optimized preform feeding
speed is found to be 8 mm/sec. Since drawing temperatur€g285the temperature
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in the core of the preform (~20Q) is higher than the melting point of PVDFR(F

165°C), the molten slabdws and shrinks in the PES cladding during fiber drawing.
Fibers in thermal drawing process results in PVDF micro and nanoribbons with various
thicknesses by adjusting the process temperature, applied stress, drawing and feeding

speed.

STEP 1 STEP 2 STEP 3 STEP 4

A

PREFORM

HEATING

MICRORIBBONS NANORIBBONS NANORIBBONS NANORIBBONS
THICKNESS T T T |
3mm 400-10 um 300-50 nm 50-5 nm Sub nm
NUMBER OF , . ' ,
RIBBONS 4 1 400 160,000 64,000,000
TOTAL ; 0 3 1
LENGTH 10cm 200 m 80 km 32,000 km 12,800,000 km

Figure 3.5: A novel topto-bottom nanofabrication technique for producing kilométeg
piezoelectric nanoribbons. An iterative fiber drawing scheme allows to achieve nanometer
structures. A macroscopic PVDF slab is insgrteermally sealed in a PES matrix, and drawn
thermally to produce first step fibers. At high temperatures, molten PVDF flows together with
softened PES cladding, producing tens of meters long PVDF microribbon encapsulated in
PES. First step fibers areasked and redrawn in a new preform for the second step fiber
drawing in order to decrease the size of the ribbons down to nanometers. Further size reduction
can be accomplished by following same stacking and redrawing cl/otes.the first step to

the las step, total number and length of the ribbons in the fiber increase as the size of each
nanoribbon decreases.

The thickness of the ribbons ranges bet
nm to 50 nm in the second step and 50 nm to 5 nm in the third step. Approximately
400 fibers are used in the second and third steps.

3.2.4. Morphological Characterization

PVDF ribbons are confirmed by morphological characterizations conducted with
scanning electron microscopy (SENFigure 3.6a shows as drawn step 1 fibers and

Figure3.6b represent r oss secti onal and | ongitudina
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microribbon embedded fibers, which are produced in the first step with a preform
feeding speed 8 mm/sec. For the second drawing step, approximately 400 first step
fibers are stacked and insertedoircylindrical hollow core of a new PES preform
which becomes a multifunctional jacket protecting and keeping the PVDF nanoribbons
together. Sequential thermal drawings of the preform prepared for the second step
result in thicknesses ranging from 300 rmm50 nm Figure 3.6¢-d). Similarly, 400
nanoribbon embedded fibers obtained in previous steps are inserted in new PES
preforms produced for the third step fiber drawing processes. After drawing the third
step prefom, nanoribbons result in thicknesses ranging from 50 nm to S-iguré

3.6e-f).

The distance between nanoribbons is well defined with cladding thicknesses of the
input fibers. In addition, the macroscopic ermaption polymer makes it practicable
to manually manipulate kilometers long, perfectly aligned, millions of nanowires.
Number and total lengths of the nanoribbon embedded fibers are progressive in
conformity with the growing number of drawing steps. Fmtance, despite a 200
meter long iAfiber single ribbon is obtained after the first step drawing, nanoribbons
are achieved in kilometers of length and thousands of number in following drawing

steps.

We extracted PVDF nanoribbons out of the PES cladajngsing dichloromethane
(DCM) , which candét dissolve PVDF. SEM in
FEG Electron Microscopy with low voltagehigh contrast detector (vDS) under
vacuum at 6x10 Pa chamber pressure. We used 5 kV acceleration and 4 kV
decderation (bias) beam voltage within 4 mm working distance. Lateral PVDF
nanoribbon images are taken after the PES cladding of fibers are etched using DCM
and 4 nm Au/Pd conductive film is sputtered on to the surface.

Cross sectional characterization of noebbons requires a special sample
preparation using ultrenicrotome for SEM imaging. Firstly, fibers are embedded in a
resin (Technovit 7100). Using a Leica EMUCE&EMFC6 Ultramicrotome with a
diamond knife, fiber cross sections are smoothed afterryflogenic chamber of the
ultra-microtome is cooled down t425°C using liquid nitrogen. Before SEM images

are taken, 4 nm Au/Pd conductive film is coated on the smoothed surfaces. To enhance
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the electrical conduction, each sample is painted using seégée.However, diamond
knife of the ultramicrotome causes defects which hamper observing the exact cross
sectional shape of the nanoribbons. In addition, even state of the art electron
microscopy techniques are used, imaging of nanometer scale polyinezdeae very

difficult due to fast degradation of polymers under high energy electron [i§&in

Step 2

Figure 3.6: SEM micrographs of PVDF micro and nanoribbons produced by using iterative
size reduction technique in each drawing step. (a) Photograph of tens of meters long PDVF
nanoribbon array embedded in PES cladding. (b) Cross sectional image defirst\VDF
microribbon in the PES cladding. Inset: Fetanding PVDF microribbon obtained by etching
PES cladding using chemical etchants. (c) Cross sectional image of second step fiber with
~400 nanoribbons. Inset: Clegp image of nanoribbons. (d) Lateimage of second step
nanoribbons. Inset: Close image of aligned nanoribbons. (e) Cross sectional image of third
step nanoribbon bundles in fiber. Clage image of a single bundle. (f) SEM of third step
nanoribbons extracted out of their claddingem€loseup image of aligned nanoribbons.

Alternatively, a better SEM observation of the ribbon shape is accomplished using
two different sample preparation methods; breaking the fibers after a liquid nitrogen
treatment Eigure3.7) and direct cutting of the fibers longitudinally. Size distribution
for second step PVDF nanoribbons is givenFigure 3.8. Standard deviation
normalized with respect to the mean of the naranils size distribution is found to be
~11%.
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Figure3.7: (a) Cross sectional SEM images of the second step nanoribbons embedded in PES
fiber prepared by breaking just after liquid nitrogen cooling. (b) PMJianoribbons are
extracted out of the PES cladding due to uniaxial pulling force for breaking the fiber. (c) A
preferential buckling is observed due to the rectangular cross sectional shape of the
nanoribbons. (d) A closer look at the PVDF nanoribbonggwehat ribbon shape is perfectly
preserved.

Dimensions of the first step slab and preform, overall reduction ratio, and the
number of steps in iterative fiber drawing processes determine the final size of
nanoribbons. Besides, ribbon shape is inhetiedext generation ribbons from the

fibers produced in previous steps.
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Figure3.8: Mean of size distribution in nanoribbon width is calculated from SEM images as
<w> = 309 nm. Standard deviation of sizetdisi buti on is 0 = 35 nm.
normalized with respect to the mean is 0 / <

3.2.5. Molecular Nanowire Bundles

As for the fourth step fibers, calculations using reduction ratio parameters reveal
that thicknesses of the fourth step nanorilsbanme diminished to sutlanometer scales.
Although the existence of the fourth step bundles can be observed via dark field optical
microscopy Figure 3.9), size verification is experimentally impossible, since PVDF
subnanoribbons dissolve in DCM when intended to extract them out of the PES
cladding. In addition, state of the art electron microscopy techniques are not essentially
capable of measuring sutanometer polymer features due to fast degradation of

polymersunder high energy electron beam.
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Figure 3.9: Dark field optical microscopy of a fourth step fiber containing-sabometer
millions of PVDF ribbons. The subanomet er ri bbons ¢ am®PBS be e
cladding, but dissolved in DCM. Bundles can be seen clearly under optical microscope.

3.3.Phase Analysis and Theoretical Proof of Phase
Transformation Mechanism

We compared the phase transition afk0 and 470°K (above the melting
temperature of PVDF)fm U and b phase to o phase un
tensile strain. o9 phase in the as produce
after annealing at high temperatures up to a5 U, b and o phase
PVDF ribbons are invegjatal as a function of size usid¢RD and Attenuated Total

Reflectance Fourier Transform Infrared (ATRFTIR) spectroscopy techniques.

3.3.1. XRD Phase Characterization

XRD patterns of the PVDF nanori bbons ar e
withthedf f racti on angle 2d scanned between 5
0.01 degrees and a dwell time of 800 second per step. Nanoribbons without polymer
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claddings are annealed in a furnace at various temperatures in order to investigate

thermalstabi y of the o0 phase.

Mol ecul ar conformati on o f Figure f8.10=a n d 2
Predomi nance of the polar 2 phase ribbons
steps is clearly observed by usiBD. PES claddings of nanoribbons are etched in
DCM before XRD measurements in order to eliminate amorphous background arising
from the PES cladding, and to increase the signal intensity. In the literature,
characteristic peak Ilwkatedas 17¢ b8, 10.2,25 of PV
27.8,35.7,3%, and57.4f or U ph2.8 8% 3a260and56.1f or b phase
18.8,19.2, 20.7, 20.2, 26.8, 36.2, and 38.9f o r 0o[26p [29, $§180], [151]

Starting from the PVDF macroscopic slab, we hawalyzedchange of phase

content for all fabrication stepBigure3.10b ) . The sl ab includes a
(2d 9 2an.d7 U9( pdhas e2s7 .a8hrd a transition tre
starting from the first step ribbons. Al

at17.?,26.%and 27.8peakpost i ons, domi nance of the 2
peaks at® 20.Hand26.8 &ar the second step nanoribbons, except shifts
observed i n 0 peadth20P0and 18.8Bto A&6, dthergpeaks2 0 . 1
preserve their positions. Charactetii ¢ peaks of o phase in t
are located at the same peak positions of the first step microribbons. Broadening in the

9 phase peaks an d°peakiatensity indicdteaalslight dearea®edn = 2

amount of o2amiBase in step

3.3.2. FTIR Phase Characterization

Anot her tool that we used to confirm t he
is Fourier Transform Infrared Spectroscopy (FTIR) with an ATR attachment (Thermo
Scientific Nicolet 6700). Considering the reflectibands at 840 ct(overlapping
with b PVDF)(MmenodeBB&pmimng characteristic
content in the PVDF ribbons can be recognized for all steps. FTIR reflection data are
taken with a wavelength scan resolution of 0.482 aml a total of 256 scan steps.
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Figure3.100. XRD and ab initio simulation results
slabvia fiber drawing process. (®VDF has three main forms which are known aspotar
U phase, pol ar b and o phases. (b) XRD dat

microribbon and nanoribbon are taken after removing the PES cladding. Peaks observed at
18.8 and 18.6, 20.* and 20.3 26,8 correspond to t hen((R20),anes o
(002)/(110) and (022), P28 pnd27t8are wllegtedfroth phase
(100), (021) and (111) planes. Peak at 208 i s t he only b peak ob:
Spontaneous polar form (9o pizeaesleton in &l fioerc hi ev e
drawing steps. (c) ATHTIR peaks from the first, second and third step PVDF microribbons

and nanoribbons representing U and Barephases.
characteristics of t h 84, 870,073a1446, 1PLY &né 1383 5 |, 76
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are the FTIR peaks of U phase PVDF. Fraction
whereas it decreases 72 % in third and second step nanoribbons. (d) XRD patterns showing
the characteristic peaks ofethsecond step PVDF nanoribbons at different annealing
temperatures. Although the temperature is increased above the melting point of PVDF,
domi nance of 92 phase i s °@bWand 268 pofitiors.nfe)t he p ¢
Transition faloen) Ut { y®l plmavsei (bl ue triangle),
to 92 phase with compressive strain and (g) t
the unit cell with 6 monomers of PVDF in axial direction are simulated considering fiber
drawing parameters (high temperature and shear stress) using ab initio calculatigns. 0
results are corresponding to the case where temperature effects are excluded.
Absorption band characteristics of U, 3
given in literature: 532, 612, 763, 796, 854, 870, 974, 1146, 1210, 1383, and 1423 cm
for U; 510, 84071f dr27m;, 811228,6,8 31%,3hdan 88~
for o. However, most of the absorption ©b
hindering tle phase discriminatiof26]. Overlappingpeak at 840, 1279 and 1286°cm
with o and b phases can be assigned for
using XRD technique for micro and nanoribbdagure3.10c represerst ATR-FTIR
absorption spectra for PVDF nanori bbons g

is calculated using the following equation:

& —— pTnM p T (3.2)

¥

where the Xand Xyare degree of crystallinity,Aand Ajare measured absorbance
intensity, K and Ky are wavelength dependent absorption coefficient and the
percentage of 9 phase. Well aplecaukl aatedd 803 3p «
peak using correspondirdpsorbance coefficients k 0.150 um* and Ky= 0.365 pm
1 (Beeri Lambert Law) respectively26], [151] o phase percentage
mi croribbons is 76 % whereas step 2 and
decreased to 72 % as a result of diminishing shear force on nanoribbons exposed to

heat retreatment with smaller cross sectional dfeds.

3.3.3. Thermal Stability of Piezoelectric Polymer Nanoribbons

Due to phase transformation into 9 phas

the o phase at har sh cond. Weireahized frons neec
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sequenti al heat treatments to PVDF nanor
iterative fiber drawing technique is quite stable at high temperatures. Nanoribbons
extracted out of the PES cladding are annealed at several different temgseugt to

175°C and it is evident from XRD peaks that
content Figure3.10d ) . 't is clearly obsé&rRXIadd fr om
26.8, o p h a s eelewated témperaturei Redardiagtbroadening and decreasing
intensity of XRD peaks, we observed that crystallinity is slightly diminished due to

effect of high temperature.

3.3.4. Ab Initio Calculations (Density Function Theory)

In order to simulate the phasertséormation in iterative fiber drawing process and
investigate the effect of temperature, ab initio calculations based on density functional
theory[172], [173]are carried out using Vienna ab initio simulation package (VASP)
[174],[175] To understand the effect of ©6ompneéds
2-PVDF with 6 monomer chains in the unit cell is considered at temperatures equal to
and higher than drawing temperature (88Pwhich are compared with ground state

results at OK as shown inFigure3.11.

Transformations U phase and b phase to
and U to 9 and b phase RY®Finhelower | atti c
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10.8 % Compresa

L’&M s y-PVDF

13.4 % Comprea

°Carbon Q) Fluorine  © Hydrogen

8 % Compressi

Figure3.11: Ab-initio calculations reveals that, with the compressive strain in axial direction,
alpha and beta PVDF transforms into gamma PVDF both for OK an@47lhe required
compression for the transformation from alpha to gamn@Kais 10.8% and from beta to
gamma is 13.4%. The required compression decreases to 3% and 8%¥at 470

&

At 0 °K (or without temperature effects) the atoms are stationary and it is possible
to obtain exact energy (within the limits of used methodology) ather relevant
properties for instance energy barriers in our case. Accordingly, we considéted 0
ground state simulations as benchmark calculations and compared the results of higher
temperature results with it. When temperature effects are incltigedsimulation
becomes dynamic (which is known as ab initio molecular dynamics). The atoms start
to move around their equilibrium positions with a velocity in proportional with the
temperature and energy varies at each simulation step. The total engrgipieic
positions thus can be obtained by averaging over the total simulation time. In that
sense, it is more informative to compare the high temperature results with ground state
ab initio calculations in order to reveal the effect of temperature. Wadaym 70PK
for comparison, firstly because it is well above melting temperature of PVDF and

secondly even the applied temperature is higher, our simulations indicate that the
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temperature of PVDF inside preform is around 4KO This is because, even we
preheated the preform, the traveling time of preform in hot zone of the furnace is not
enough for thermal saturation. We conducted a time dependent COMSOL
Multiphysics finite element simulation to show the temperature distribution inside of

a traveling predrm in our fiber tower furnacd-{gure3.12).

Temperature distribution in fiber drawing furnace is simulated using COMSOL 4.3
heat transfer model which follows the first rule of the thermodynamics. We ignored

viscous heating and pressure work. Therefore, we concluded that:

6 — "6060°Y 2QY 0 (3.3)
is our governing equation, whede is the specific heat capacityis the absolute

temperatured is the velocity vectq ” is the densityD is the heating term anlis

time. We assumed that mass is always conserved in the furnace which means:

— 2" o m (3.4)

wherew is the volume. Heat transfer interfaces of the furnace such as out flowing
heat boundaries and insulating boundaries

means.

n B Q— (3.5)

where 1] is heat flux,’Q is anisotropic thermal conductivity tensor acdis

distance.
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Figure 3.12 Finite element simulation of the temperature distribution in the furnace. The
height of the heating zone is 2.5 mm and the temperature of the PVDF in the core is around
470°K.

Moreover, for higper temperatures the trend is similar and does not contain any new
knowledge except the higher temperature decreases the required strain for phase

transformation Figure3.13).

Correlations between experiment andheory in terms of phase transformation
and structural changes: Structural changes due to temperature and induced stress
during the fiber drawing is investigated by ab initio calculations which confirm that
there is a phase atnrdanbmsftot @an ot rfeordn furnadne r
compressive strairF({gure3.10e-g, Figure3.11). The temperature in the simulation is
set to 470K which corresponding to PVDF core temaierre during drawing process

(Figure3.12) and also which is well above the melting temperature of PVDF.
For comparison and to understand the effect of temperature, the calculations are

also performed at & (which is actually corresponding to the case where temperature

effects are excluded in ab initio simulations to obtain ground state properties). The

67



applied force in the fiber drawing axis causes stretching in the same direction whereas
compression in the peendicular directions. As the orientation of the molecules with
respect to fiber drawing axis in the bulk PVDF can vary, all strain components that
occurred during the fiber drawing should be taken into account in the ab initio model
in which we consideredensile and compressive strains in the system as lattice

stretching and lattice compression, respectively.

(a) (b) (c)
2 atoyat0 K 5 —ptoyat0K atopat0K
1o vat T>470 °K — BtoyatT>470 °K 2 atoyand B at T>470 °K
S
L
>
=
2
w o 0 0
0 4 8 12 0 4 8 12 0 4 8 12 18
Compressive strain in axial direction (%) Tensile strain in axial direction (%)

Figure3.13: Ab initio calculations for explaining phase transformation at higher temperatures.
Increasing the temperature decreases the required strain for phase transformation accordingly.
(a) Transition from U (yellow circle) to 9
sqguare) to 9 phase with comptresliplrasd rwaii nh :
strain.

The results are summarizedrigure3.10e-f-g, where yellow circle, red square and
blue triangle represent the molecular chainSigure3.10a. When compressive strain
is applied in axial direction of U and
i mperfect o0 phaséeawi phrtengandnantransfo
phase are clearly observed at both 0 and %7QAlthough, avery high activation
energy of 1.6 and 5.1 eV, which practically makes the transformation impossible, is
requredatCK f or the transition from U and b t
change phenomena occur with almost no energy barrier &4 he required strain
for phase transformation is significantly reduced with temperature as well. While
transformations from U to 92 occurs at 10
at 0°K, the same transformations are observed at 3 % and 8 % & 4¥he similar
trends are observed at higher temperatures with a small amount reduction in the
required strain Kigure 3.13). These results indicate that the temperature above the
melting point of PVDF during # fiber drawing process enables the phase
transformation from other phases to o2 ph
strain and energy barri 2265andB78frgmeXRB s o bt
data, which corr esp ow hFigue3.10 cantbaexgain®VDF a

by i mperfect transformation from U to o
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axi al direction is also applied. A direct
0 °K when strain exceeds 14.6 % and the required activation energy is 2.1 eV.

Interestingly, when the temperature is elevated up td @ more, instead of direct

transition from U to b phase, 2 phase ap
intoa perfect o9 phase at 4.4 % of tensile
strain is further increased and reaches
an energy barrier of 1.0 eV (The i mperf

requirenent of polarization process for the transformaf$ij). Therefore, simulation
results show that energy barri erFighrer U t
310g) under tension is | o&dequareiffigure310g)t o b t

under tension.

3.4.Piezoelectric and Electrostriction Characterizations

Using a piezo evaluation system attached to an atomic force microscope (AFM),
we observed a large piezoelectric responsg=(€8.5 pm/V) from a single 80 nm
thick nanoribbon. To our knowledge, this is the first piezoelectric measurement
performed on a single PVDF nanoribbon. Besides, here we report the highest effective

dscoefficient ever measured dnrom a 92 phas

3.4.1. Experimental Method

Electrical characterizations such as piezoelectric displacement and ferroelectric
hysteresis curve measurements are performed for PVDF nanoribbons. Utilizing a
(Radiant Premier 1) piezoelectric evaluation system along with an AiSkument
(Asylum Research MFBD AFM) simultaneously functioning as a high precision
displacement sensor and a tool for electrical coupling to-seale surfaced-{gure
3.14), a large average effective piezeatic coefficient (ek=-58.5 pm/V) is measured
from 80 nm thick, 180 nm wide single PVDF nanoribbons isolated from an as
produced bundleRigure3.15a). As the exact shape and the size of the tip is unknown,
we @n only represent a ferroelectric hysteresis curve (polarizasowoltage) in
arbitrary polarization units. But still remnant polarization can clearly be observed

(Figure3.15b). Polarization curve is measurddl@0 Hz and up to 25 V.
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Figure3.14: Experimental setup for piezoelectric characterization of the PVDF nanoribbons.

Since PVDF is a multiferroic material and piessponse characterization of
nanoscale ipzoelectric materials is challenging, characterization of PVDF
nanoribbons is inherently mubhysical problem which requires considering internal
and external variables such as local temperature changes, electrostriction,
pyroelectricity, ferroelasticft electrostatic effects, indentation regime, applied
electrical potential, contact (AFM Tip) sliding and drifting effects. Piezoelectric
coefficient measurements using AFM and a piezoelectric evaluation system (virtual
ground mode) can be well understandhree sequential stages: sample preparation
and mechanical contact with AFM tip, recording piezoelectric response, analyzing the
acquired signals for calculating pure piezoelectric displacement. The ribbon structure
provides convenience for piezoelectnimeasurements with AFM since a more
conformal contact between the bottom of the nanoribbon and the conductive surface
of the substrate diminishes the sliding and drifting adversities during measurements.
Before local piezoelectric characterization, we rafgd a nofcontact mode AFM
surface imaging for locating a PVDF single nanoribbon among dispersed nanoribbons
on a 60 nm silver coated silicon wafer. After a mechanical contact between AFM tip
and the surface of the nanoribbon is accomplished in contade MFM, we
conducted displacemenbltage (BV) measurements applying 10 millisecond bipolar
triangular voltage pulses between the AFM tip (electrical potential) and the metal
coating of the substrate (ground). During piezoelectric measurements, weRMpt A
control loop off and recorded piezoelectric displacements in a very short time scale
compared to that of AFM tip drift. In addition, we used multiple deflection
measurements from each local contact surface and calculated the avarfageve
in order b analytically cancel drifting effects and calculate a more accurate
piezoelectric coefficient.
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Figure 3.15; (a) AFM topography of 80 nm thick and 180 nm wide single and double
nanoribbons on a metal coastbstrate. (b) Hysteresis loop of as produced single nanoribbons
at 25 V and 100 Hz which represents the spontaneous electric polarization. (c) Displacement
voltage hysteresis loop taken by an AFM and piezoelectric evaluation system from a single
PVDF narribbon. Inverse butterfly loop is a characteristic result of the negative d
piezoelectric coefficient. Total measured displacement is a functi@haoidO . Since the
applied electric field and displacement are knd@n,and0 values can be calculated in least
square sense. Data fitting is executed by using 370 data points.

71



AFM is one of the most precise deflection sensors which can dgakyndetect
the change in the thickness of PVDF nanoribbons according to alternating electric
potential. However, many artifacts can occur related to applied electric field and
contact indentation regime during piezoelectric measurements at nanosalesedV
experimental and analytical approaches in order to eliminate such effects and analyzed
the origin of the large displacement in PVDF nanoribbons. First, electrostatic forces
can dislocate AFM tip in nanoscale distances. This effect can be simpipattoh
using a stiffer (k=40 N/m and f=300 kHz) AFM tip. Measured signal from AFM
deflection corresponds to the change in the thickness of PVDF nanoribbon due to, in
principle, AFM tip follows the surface motions of the sample. From the mechanics of

matergls perspective, we can calculate the total strain in PVDF nanoribbons:

i — (3.6)

wherei is the total strainp is the thickness of the nanoribbons andis the
measured change in the thickness. The measured strain is not a pure piezoelectric
deflection, but rather a sum of strain components causecebtyadtriction, thermal

effects and applied pressure in the direction of the electric field.

i i i i (3.7)

i QO 00 WYY Q, (3.8)

where Q is the piezoelectric coefficientD is the electric field,0 is the
electrostriction coefficient, is the thermal expansion coefficiebt)Yis the change in

thetemperatureQ) is the elastic coefficient and is the stress.

3.4.2. Numerical Calculations for Indentation Induced Elastic/Ferroelastic

Deformation in Piezoelectric Nanoribbons

The pressure induced strain related to indentation regime or AFMuiprigger

ferroelastic motions in PVDF nanoribbons, unless the indentation force is very small
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and constant. Since we need to apply a voltage to our conductive tip, it is required to
make a mechanical contact with the surface of the nanoribbons. A COMSOL
Multiphysics simulation is designed to analyses linear elastic deflection that
deformation of contact region during piezoelectric measurendungsto 60 nN

indentation forc€Figure3.16).

AFM Tip
From 0 to -60 nN Displacement (nm)
i ! 0.3

- 1015

80 nm Thick PVDF nanoribbon

0

Figure 3.16: COMSOL Multiphysics simulation for understanding the characteristic of the
displacement induced via tip indentation. In model design, AFM tip assumed a sphere (D=10
nm) and the temperature kept constant at 298 Krder to make a mechanical contact on the
surface of the PVDF nanoribbons, we set the AFM control loon on and ap@OyréN which
generate maximum 0.3 nm elastic deformation on the top of the nanoribbons.

The simulation is conducted at constant roomgerature. Tip radius is chosen as
10 nm for al | simul ations. Hookod6s | aw
equation for total strain which is a function of displacement gradient can be expressed

as:

- -0 Q (3.8)

The equatin of motion is:

23 0O (3.9)

and the straifi stress relation can be expressed as:

.6 - (3.10)

where- and- are the strain tensorsQis the gradient of the displacement and

Q"is the tanspose of displacement gradient, and, are the Cauchy stress
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tensors,O is the body force per unit volume add is the fourth order stiffness

tensor which is a function éfoissorratio and linear elastic modulus.

The simuétion results show that applying &0 nN indentation force on the 80 nm
thick PVDF nanoribbon, which corresponds to 15 nm static deflection in AFM
cantilever, triggers maximum 0.3 nm elastic deformation on the surface with an AFM
tip diameter of 10 nm. Tdrefore, AFM tip is guaranteed to be in constant mechanical
contact with the nanoribbon surface during measurements, due to AFM tip deflection

range is higher than the total piezoelectric displacement measured.

3.4.3. Numerical Calculations for Joule Heating aml Induced Thermoelastic

Deformation in Piezoelectric Nanoribbons

Dilatation of PVDF nanoribbons and pyroelectric effects can also be ignored,
because all measurements are conducted at constant room temperature. In addition, to
consider the local temperaguchanges caused by Joule Heating, we modelled the
change in the PVDF nanoribbon temperature as a function of the electric potential
(Figure3.17).

The governing equation in equations 3.3 is also valid for joeiging simulations
which is performed using COMSOL 4.3 software. However, heating term is expressed

with following equation:

~

0 "o (3.11)

Because joule heating is heat transfer phenomenon related to current d@nsity (
and electric fieldQ).
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Figure3.17: COMSOL Multiphysics simulation for understanding Joule Heating phenomena
in 80 nm thick PVDF nanoribbons. In model design, AFM tip assumed a sphere (D=10 nm)
and the temperature kept constant285 °K. (a) Electric potential distribution between
conductive AFM tip with a 30 V applied voltage and grounded surface. (b) Since Joule Heating
proportional to4R (i is the current traveling between electrodes, R is the resistance), there is
no temperture change observed in nanoribbons as a function of electric field.

Joule heating is proportional tband R, where i is the traveling current across the
PVDF thickness and R is the resistance. Since resulting current is very small, there is
no change irthe temperature caused by Joule Heating.

3.4.4. Analytical Calculations and Deductions of Piezoelectric and

Electrostriction Coefficient

We calculated piezoelectric and electrostriction coefficient of PVDF nanoribbons
using equation 3.8 and measured data gblatement versus electric field. After
eliminating mechanical and thermal strain components, only sources for the total strain
are remaining piezoelectric effect and electrostriction. Using measured total deflection
and applied electric field for 370 damints, we can calculate ti@ and 0

coefficients from the ovedetermined system of equations as follows:

i Q0 00 (3.12)
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Inserting the measured data (displacementapplied field) in equation 4, an
underdetermined system of equations for two unknowhs é4nd 0) is obtained,

which can be solved in least square.

o o |
e & & % (3.13)
l 0O ©
o 0 O 0O O o o i
. & & & & & &8 & (@
0 © 0O O o o i

Results are perfectly fitted to the measured curigufe3.15c). We calculated that
electrostriction and piezoelectric coefficieito o phase PVDR =manor ikt
67.8x10° pnm?/VZandQ -58.5 pm/V. In the range of a maximum +10 V applied
electric potential difference, 87.4 % (585.3 pm) and 12.6 % (84.47 pm) of the
deflection result from pure piezoelectric effect ahelctrostriction, respectively. The
measured average effective piezoelectric
hi gher than the reQox-3@dpwhaAVuea@af/fobpliphs
pm/V) PVDF thin films[26],[29Jand on same order 0@ =magnit

-57.6 pm/V) P\DF nanowires which are characterized in a similar manner using AFM
[28].

Effective’Q coefficient for the thin film structure is less than that of 1D structures
due to surface clamping conditions. Following equations repré&entoefficient

relation for thin films and 1D nanostrucss respectively,

Q Qo — (3.15)

Q eQ (3.16)

where"Y is an element of compliance matrix. Unlike the nanoribbons, the effective

'Q coefficient for thin films is expected tbe reduced, due to surface clamping

boundary conditiong42] The reverse form of &¥ hysteresis loop (Butterfly Loop) is
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due to the negative value @ coefficient Eigure 3.15c). The general relation

between piezoelectric coefficients of PVDF i OQ >'Q > 0[160], [171]} In

order to confirm the measurement technique, we conducted the same measurement on

U phase commerci al PVDF t hi hsurfade brea andi t h 6

we observed no significant deflection as expected.

3.5.Tapping Sensor and Energy Harvesting Bvice
Fabrication

To utilize the superior performance, we designed two different device structures for
the purpose of energy harvesting and tapping sensor. Peak voltage and current outputs

of our devices are measured as 60 V and

3.5.1. Device FabricationUsing Microribbons

We developed two devices with different geometries using PVDF micro and
nanoribbons produced by thermal size reduction technique. In the first device, a first
step fiber is longitudinally divided in two halves without damaging the PVDF
microribbon and one face of the microribbon PVDF is uncovered. 50 nm gold is
sputtered on the open surface of the microribbon. After mechanically removing the
remaining part of PES cladding, the microribbon is cut in smaller pieces and aligned
on a siliconsubstrate, so that the gold deposited faces are on the top. A contact pad is
attached to the gold coated surface of
structure is transferred onto a polydimethylsiloxane (PDMS) layer which avoids the
short circuit of te device and maintains the alignment of the microribbons.
Subsequently, the other surfaces of the microribbons are also coated with 50 nm thick
gold and whole device is embedded in PDM§re3.18a-9).
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[ PES cladding
PVDF microribbon @)

Gold coating

I Si wafer
Ag paste 7 7 7

B Cu wire

PDMS \_/

Figure3.18: Fabrication process for the device produced using first step microribbons. (a) A
50 um thick microribbon embedded single fiber is selected. (b) The fiber is longitudinally
divided in two pieces. (c) The surface of tiiece with the ribbon trapped is coated 50 nm
gold. (d) After carving the PVDF microribbon out of the cladding, it is cut in equal pieces. (e)
One side coated microribbons are aligned on a silicon substrate. Next, Ag paste and Cu wire
electrodes are attaeti on the gold coated surface of the microribbons. (f) The structure is
transferred onto a PDMS layer. (g) The back side of the PVDF microribbons are also coated
with 50 nm gold and the whole device is embedded in PDMS.

Preparation of PDMS: Structures arembedded in PDMS (Sygard 184 Silicone
Elastomer KIT). In the preparation of PDMS, base and curing agent are mixed using
10:1 ratio. The mixture is degassed for 1 hour und&mbdr vacuum pressure. After
pouring the PDMS on PVDF ribbons devices are hatier 16 Torr vacuum pressure

at room temperature for two days.

3.5.2. Device Fabrication Using Nanoribbons

The second device with a different structure convenient for nanoribbons is
fabricated using 300 nm PVDF ribbons, which are extracted out of the Rdtfingla
using DCM. The both side of the nanoribbon bundles are coated with sputtering of 50
nm gold film using a shadow madkigure3.19).
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Shadow Mask

Figure3.19: Design of the device usingV®F nanoribbons.50 nm gold is sputtered using a
shadow mask on the surface of a PVDF nanoribbon layer which is extracted out of the PES
cladding in a DCM solution.

Misalignment of nanoribbons is expected to be reduced output voltage and current
of the dewe. Effective area of the devices fabricated using microribbons and
nanoribbons are 100 nfrand 20 mrA respectively.

3.6. Electrical Characterization of the Devices

Characterizations of the devices are carried out with an external load capacitance
(CL=16 pF)and resistance (R=10 Mq) . An equival ent cir
devices can be represented by a parallel RC circuit containing a charge source (q), a
resistor (RB), capacitor (g). From DC and impedance measuremehtgure 3.20),
internal resstor (R) and capacitor (§ for the first and second device are calculated
tobeR= 100 Gg3.4pFdB=C 40 G q=4a6pHE, regpectively.

3.6.1. Device Impedance Measurement

DC resistance of devices are measured by Keithley 2400 Source Metedaimep
of the devices are measured using Cascade Microteeh pridbe station. Magnitude

of the impedance versus frequency is giveRigure3.20.
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Figure3.20: Impedance measurement of the piezoelectric devices modeled as a patallel R
circuit in order to determine internal capacitance and resistance of (a) the device produced

using microribbons and (b) the device produced using nanoribbons. Experimentablisgaults

are perfectly fitted with simulation.

Theoretical fits to the impedance measurements are done using pa@lidrit

impedance relation as given in equation 3.16.

(3.16)

@ ,'Yando represents edualent impedance, resistance and capacitance of the

parallelY-6ci rcui t

3.6.2. Open Circuit Voltage and Short Circuit Current Measurements

respectivel vy,

and

LS

S

Owing to PVDF dipoles oriented perpendicular to the fiber axis, whenca fer

angu

applied vertical to the fiber axis, a positive piezoelectric potential is produced and

collected on positive electrode. The same phenomenon occurs vice versa during the

releasing. Output voltages and currents of the devicefigae3.21a-b) are recorded

80



under quasperiodic tapping forces. Current and voltage output of piezoelectric
devices with a load Rand G are measured concurrently with Stanford-SR

Current Preamplifier and Tetronix TEI®12B Osdioscope. The output voltage and

current are related to the magnitude and period of tapping force. An equivalent circuit

for piezoelectric devices can be representdelgnre3.21c. The typical output values

ofthe devicesf abr i cated wusi ng mi cFigowe32ldbe) andthe i s 6
typical out put values of the device proc

(Figure3.21f-g).
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Figure3.21: Voltage and current outputs of the devices are tested undeipguislic tapping
forces. Output intensity is related to the applied tapping force magnitude and frequency. (a)
The device produced with 50 pm thick microribbdas an output current up to 3 pA and (b)
voltage up to 7 V. (c) The device produced with 300 nm thick nanoribbons has an output
current up to 10 pA and (d) voltage up to 60 V.
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Although, microribbons have 4 % higher amount of polar phase content, charge
collected from the device built with nanoribbons is approximately 9 fold higher due to
greater contact surface area (two orders of magnitude higher) and better charge
coll ection efficiency of nanori bbons. M e
nanoribbons7 V. and 3 €A for the microribbons) ¢

seen from a broader range of the electrical measurements giviguia3.22.
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Figure3.22: Voltage and cuent outputs of the devices are tested under qpeagpdic tapping
forces. Output intensity is related to the applied tapping force magnitude and frequency. (a)
The device produced with 50 pum thick microribbons has an output current up to 3 pA and (b)
voltage up to 7 V. (c) The device produced with 300 nm thick nanoribbons has an output
current up to 10 pA and (d) voltage up to 60 V.

Besi des, peak output power densitiies of
and 75 0*whicWpravenhat efficiency of the nanoribbons is much higher. We
built another identical device using nprezoelectric amorphous 48e; nanowires
(150 nm in dameter) produced by thermal fiber drawing technique in order to confirm

piezoelectric effect observed in our deviceg(re3.23).
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Figure3.23: We produced a d&e with identical structure using nquiezoelectric amorphous
As;Se; nanowires instead of PVDF nanoribbons in order to confirm that the measured peaks
are result of a piezoelectric response.

There is no response observed except noise from theiapoeletric device,
despite the device produced using PVDF nanoribbons can response even for small

tapping forces.

3.7.Summary

We introduced a novel tegown solvent free method for the production of
domi nantly o9 phase one di mensioamadno PVDF
ri bbons ranging from 100 em to 5 nanome
iterative fiber drawing technique in three drawing stepsprsiuced nanoribbons
have an ultrénigh aspect ratio (km/nm), good uniformity with cross sectional ribbon
geometry, high thermal stability, and high piezoelectric properties. XRD and FTIR
results reveal that the o9 phase is the d
shear stress and high temperature applied during fiber drawing process favors the polar
2 phase transition. Simulating the fiber drawing process using ab initio calculations,
we confirmed that transformati on i nto 2
temperature above the melting point of PVDF is favorable. Moreover, PVDF
nanoribbons are anrled at several different temperatures up to 3¢%and XRD
results show that 9 phase is still the ex

80 nm thick nanoribbons are accomplished by exploiting a piezo evaluation system
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and an AFM Instrumentsaa nanoscale probing tool. To our knowledge, we report the
highest effective piezoelectric coefficienggd-58 . 5 pm/ V) measur ed f
PVDF single nanoribborResults were compared with the literaturd able 3.2

Table 3.2: Comparisonof he pi ez oel e c tphasePVDroseuctiréesci ent s of

Material Phase E S(pm/V) Type Method Poling  Reference

PVDF 2 58.5 Nanoribbon ISR* No Our Study

PVDF b / 16.02 Nanaibbons Template Yes [27]

PVDF b / 10.62 Thin Film Solution Yes [27]

PVDF 2 7 Nanocomposite Solution No [26]

I n addition, we buil't t wo proof of pri

ribbons for the purpose of mechanical energy harvesting and tapping sensor
application. Short circuit peak voltage and peak sbiocuit current output®f the
devices are measured up to 60 V and 10 ¢
harvesting circuit (rectifier and storage capacitor with a switching element) in low
power requiring applications. Owing to the polymer encapsulation, nanoribbgs arra
can be transferred on any substrate and chemically extracted out of their polymer
jacket for further device integration such as piezoelectric nanoribbons on interdigitated
metal electrodes. Iterative fiber drawing technique holds a huge potential thee to
capacity for multimaterial (mefigbiezoelectri¢dielectric) ceprocessing in order to
produce building blocks for large area, flexible, lightweight, long endurance, cost
effective piezoelectric devices such as artificial muscle and skin, smartgeanie

energy generators.
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Chapter 4

High Performance, Organic

Piezoelectric Nanofibers

We explained the effect of fiber drawing mechanism on induction of spontaneous
polarization inPoly (vinylidene fuoride) (PVDF) in Chapter 3According to ab initio
calculaton andX-ray Diffraction XRD) measur ement s, only 92 p
PVDF due to high stress and temperature in fiber draj22jg Ab initio calculations
proved that, because of highner gy barri ers it I's pract.i
phase in fiber drawing process. Different than the PVDF, its copolymer with
Poly(vinylidene fuoride}tri(fluoroethyleng (PVDRTr FE) transf or ms i r
which has even higher piezoelectric ffmgent that PVDF[83]. To our knowledge,
we measured theighest piezoelectric coefficient ever measured from PNIHE.
According to our results, we obtained even higher piezoelectric coefficient than the
most used ceramic piezoelectric materjals], [148]. We proposed several proof of
principle devices. Since some of them were still under testing stage, | included them
in the future workWe built seveal proof of principle devices, artificial skior large
area measurements and cardiac measurements. In addition, we developed an
anthropometrichand, which mimics the real human hand and can detect even very
small pressure changes and angular changeake fabrication of the devices many

new materials and techniques were developed for flexible electronic applications.
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4.1.Introduction

Dielectric materials play an important role in electronjt8], [23], [144], [146],
[176]. Almost any conventional electronic device, which facilitates from sensors and
actuators and provides energy and data storage possibiligy,rhaste with a major
amount of dielectric building blocK4&], [3], [9], [24], [76], [127] Dielectrics used in
electronics made of rigid ceramiadirarely polymer materiglsvhich are prior to
manufacture robust components that can be assembled on board. Usage of flexible
dielectric materials started a new era for electronics. Recent innovations about
geometry and mechanical properties of electromaterials push the limits and enabled
to transformation of electronic circuits from flat and rigid to the stretchable and
flexible form [1], [2], [9], [14], [16], [72]. Light weight, nortoxic chemical
compositian, high chemical resistance, high dielectric constant, high dipole density
and good flexibility and conductivity as observed in some polymers are the key
properties that required to manufacture flexible electronic de\itksBuilding
organic piezoelectric materials introdudhe opportunity of manufacturing flexible,
wearable and stretchable sptiwering deviceswhere there is a greater demand for
developing high performance, piezoelectric organic nase PVDF and its
copolymer PVDFTrFE seem to be the best candidate doganic piezoelectric
applications [83], [127], [141]] Howe v er , only the b crysta
represent high piezoelectric property out of their basic three different conformations
(0, ) and b ) -trans bstereahemieal conformatidnl Although, the
piezoelectric phase can only be obtainedngselectric field and mechanical
deformation, recently developed electrical polarization independent processes are
promising for fabricating high performance piezoelectric matej2all [163], [167]
Enhancement in performanoépiezoelectric polymers related to dimensional factors
as well as the fabrication method. Piezoelectric polymers in form of 1D structures was
known to be presenting better performa in comparison with the form of 2D and 3D
structuregd62], [74], [75], [146], [177] Although, they are less efficient in terms of
performance and electrical output, 2D and 3D piezoelectric polymers such as thin films
and bulk structures are still lead in the market, because of easy handling, good process
ability, practical large scale integration and lower cost. The challenging part is the
manufacturing macroscopically ergonomic devices perfectly integrated with metal

electrodes which can simply interact with surrounding environment using 1D
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structures such as nanowirdable 4.1 shows performance device relatiortvaeen
1D, 2D and 3D piezoelectric polymers.

Table4.1: Comparison between key properties of piezoelectric polymer structures

Key Properties for Piezoelectric Polyme 1D 2D 3D
Piezoelectric Coefficient +++ + +
Flexibility +++ F+ +
Large Area Device Integration + ++ + ++ +
Easy Handling + ++ + ++ 4+
Output / Performance +++ + + +

The current study introduces a technique that will overcahge persisting
challenges by building a bridge betweeanoscopic and macroscopic worlds and
enabling to produce large area, flexible, stretchable and high performance piezoelectric
devices meanwhile utilizing the advantages of nanoscale effects. We fabricated
kilometer long high performance piezoelectric PVDi-E nanoribbons using thermal
size reduction technique, which eliminates post processes such as polarization under
high electric field strengths. Piezoel ec
temperature during the process. The phase tramgti@enomenon was theoretically
explained using first principle ab initio calculation. The method has two sequential
fiber drawing process based on size reduction of a macroscopic slab by redrawing the
fibers in an iterative fashion. Although, first sizdwetion results in micro scale fibers,
after the following step fibers yields in encapsulated high performance piezoelectric
polymer fibers, nanoscale in cressction and kilometer long in length. In addition,
we show several large area flexible and hpginformance and seffowered devices.
Simply, we represent energy harvesting performance of thermally drawn-PKABE-
micro and nanoribbons as proof of superior piezoelectric properties of thermally drawn

piezofibers.

87



4.2.Fabrication of High Performance Pezoelectric

Nanoribbons Using lterative Size Reduction Technique

Initially, we produced a slab from PVBRFE powders using an isostatic press in
a mold(Figure4.1). The slab lter was inserted in a polyetiseifone (PES) preform
which is produced by rolling PES thin films and consolidated in a vacuum oven above
the glass transition temperature. The preform, which is a macroscopic copy of the
resulting fibers, was drawn in a custom made fiber tower above the melting point of
PVDFTrFE and glass transition temperature of PES preform. Similarly another
preform was prepared for the second step fiber drawing in sequence. Different than the
first step process, microfibers produced in the first step was stacked and inserted in the

secom preform and drawn.

Figure4.1: Polymer slabs we produced in a directional press under 30 Bar pressures using 3

pi eces Al mol d. Cold pressing doesndét result
powders as shown in inset. Elevating the temperature up 90 °C results in a perfectly
homogenized and air bubble free slab.

A schematics presenting the fabrication process and scanning electron microscopy
(SEM) images of micro and nanoribbons was showFRigure 4.2. Number of the
ribbons and the total length increasesile the size of each ribbon drastically
decreases through step 1 to step 2 drawing process. The thickness of the slab is 3 mm
and after first step fiber drawing thi@ckness reduces to micron sizes (5800 um).

In the following step, feature size of nanoribbons was observed around 6@0n

nm.
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Step | Size reduction Step Il

Microribbons O > O Nanoribbons
Inserting Y v

10 . QO 400
Increase in number of ribbons

200mQ > O 80 km
Increase in total length
Figure4.2: A schematics explaining the iterative fiber drawing téghe.PVTF corresponds
to PVDFTrFE. In the first step fiber drawing process, a macroscopic slab diminished down
to micro scale by the help of applied temperature and stress SIEbépictures were taken
from thefirst stepribbons i is the cross sectiah SEM image of the first step fiber and the
scale bar is 5¢um. ii and iii are the SEM pictures of micro ribbons after the cladding was
etched. The scale bars for ii and iii are 1 mm and@Prespectively. The first step micro
fibers were stacked arnialserted in a new PES preform and redrawn. Inset SEM pictures were
taken from the second step ribbons; iv is the cross sectional picture of the nanoribbon array
and the scale bar is Bn. v and vi were taken after the cladding was etched. Inset pidture v
was taken from a single ribbon and conservation of the ribbon shape is clear in that picture.
Scale bars of inset figure v and iv arel26 and 5um, respectively. Since there is 3:10 ratio
between thickness and the width of the ribbon, a ribbon witimlin width has 300 nm
thickness.

The change in the size can be tuned by tuning the reduction factor, which is related
to process parameters such as drawing temperature, applied force and deformation
speed. In addition, ratios between preform dimensions wderited to fibers. That
brings a significant freedom in fiber and preform design. Filwereencapsulatedyb
cladding part of the preforrREScladdingand piezoelectric core can be separated by
selective etching using dichloromethane (DCM), beca@i¢®FTrFE chemically

resistive against many solvent including D@s!shown irFigure4.2 inset.
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4.3.Phase Transformation Mechanism

Piezoelectric b phase was induced due t ¢
drawing process in PVDFrFE micro and nanoribbons, which were inigeted
using XRD, attenuated total reflectance (ATR) Fourier transform infrared
spectroscopy (FTIR)echniquesTechniques used in this section was explained in
Chapter 3 with all details.

4.3.1. XRD Phase Characterization

Figure 4.3a explains the phase transformation during the first step fiber drawing
process with respect to defaation percentage. XRD pattern from the macroscopic
slab, where 0% deformation applied, shono si gni fi cant peak,
42.49A, which corresponds to b (111) [/ (

spacing between its planes. The list of XRD results was giv€ahte4.2.

The cryst alHhageavastincreased ibynadvancing in the deformation
percentage, which corresponds to increase in peak heights. In addition, more
deformation ratio shifts peaks to lower diffraction angles. This means d spacing
between diffraction planes were increased coagance with increasing deformation,
which contributes piezoelectric properties of PVIDIFE positively. We observed the
primary b phase peak at 28& = 20.36A from
of 4.359 A°, when 25 % deformation ratio wagpkgud. After the deformation ratio
increased up to 50 %, d space was increas
intensity increases more than two folds. At full stretching point, where the deformation
ratio is 100 %, the intensity of the primarggk increases to its double and d spacing
increases to 4.448 AA (28 = 19.94A).
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Figure 4.3: XRD measurements from the first and the second step ribbons. a) Phase
transformation with respect induced defotima was observed in preform. Increasing
deformation also increases the orientation as well as the crystallization in piezoelectric form.
Increasing trend in the peak heights showing the ratio of crystallization. Shift in the peaks
trough the lower diffration angels correspond to increase in the d space between planes and
enhancement in orientation. b) The first step fibers were already exposed to high deformation
and temperature was redrawn in the second following process. Since redrawing can be
considerd as secondary heat treatments, there is a slight relaxation was observed in molecules.
On the other hand, orientati¢?00) / (110)drastically increased. Nanoribbons discloses better
piezoelectric properties because they have higher surface area,destiesiand defect, and
better orientation.
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Table4.2 : A detailed list of XRD results from the first and the second step piezoelectric
ribbons explaining the relation between relative intensity and ehamghe d space for
explaining the orientation direction.

Deformation Relative Diffraction ] .
) ) Diffraction Plane d space (A°)
Ratio (%) Intensity (%) Angl e
(111)/(201)
0 100 42.49° 2.126
(400) / (220)
100 20.36° (200) / (110) 4.359
(111)/ (201)
25 25 41.30° 2.184
(400) / (220)
(001) / (310)
11 35.61° 2.519
(020)
100 20.08° (200) / (110) 4.415
o
[
n (111)/ (201)
50 19 40.98° 2.200
(400) / (220)
001) / (310
6 35.35° (001)7(310) 2.537
(020)
100 19.94° (200) / (110) 4.448
(111) / (201)
100 17 40.87° 2.206
(400) / (220)
001) /(310
6 35.23° (001)/(310) 2.545
(020)
100 20.21° (200) / (110) 4.390
_ (111)/(201)
= 14 41.22° 2.188
a (400) / (220)
n
001) /(310
3 35.52° (001)/(310) 2.525
(020)
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Although increasing deformation ratio increases the d sjratiee second step we
observed that d space was slightly redugadure4.3b). Changes in the diffraction
angle and d space with relative intensity of the peaks were givEmgume 4.4ai.
Relative inensity of peaks was constant for the peak around 20°. On the other hand,
relative intensity of the peaks around 41° and 35° were decreased in the second and
the first step with respect to deformation ratio. That means polymer chain orientation

increasedn (200) / (110), whereas a significant decrease occur in other direction.

Increasing in the orientation is an important sign of higher degree of crystallinity.
High deformation ratio was elevated the intensity of crystalline peaks in XRD
measurement. Exptedly, when amorphous/ crystalline phase distribution was
calculated, we observed an increasing trend in crystallinity percentage with increasing
deformation ratioFigure4.5 reveals that, crystallinity degree was at the lowasie
with 13 %, before any stress applied to the slab. Further deformation lead to further
crystallization, for instance, crystalline percentage higher up to 67 %, 77 % and 80 %
at 25 %, 50 % and 100 % deformation ratio, respectively. 80 % crystallingytive
highest value that we can achieve.
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Figure4.4: Detailed analysis of XRD resulta-c) Peaks at 20°, 41° and 35° shifts to lower
diffraction angles with respect to increasing deformation percernBagides, increase in the
deformation increase in the nucleatior(200) / (110)irection. dc) This effect also causes

a drastic increase in d space between crystal planes, and simply corresponds to better chain
orientation and polarization. Althougleformation ratio was increased the d space in the first
step drawing, chains are relaxed and d space distance slightly decreased in the second step
process. €) Increase in the orientation can be detected by calculating the relative intensity of
the peak. In XRD characterization technique highest peak always should be taken as the 100
% peak and the relative intensity of the other peaks calculated with respect to the highest peak.
We clearly see that, peak f(#00) / (110)diffraction planes were constiand the highest in

the first and the second step. On the other hand increasing deformation and drawing steps
decreases the peak intensity for the other diffraction planes. That means, orientation of the
polymer chains and the nucleation of the cryste¢se increased throug{200) / (110)
orientation, while the orientation in the other directions were decreased. This effect proves that
the dipole orientation and chain orientation became more homogenous with increasing
deformation ratio.
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