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ABSTRACT

CHALCOGENIDE MICRO AND NANOSTRUCTURES

AND APPLICATIONS

Ozan Akt ak
PhD. in Physics
SupervisorProf. Dr. MehmeBayade
August, 2014

Chalcogenides, which are glasses consist of S, Se and Te elements, are promising
materals for photonics as silicon fanodern electraias, due to their extraordinary
materialpropertiesuch as high nonlinearity and wided-IR transparencyHowever,
the biggest barrier before their full extend technological exploitation idittheulty
in utilization of thesainique materiapropertieswvithin photonic devices with varus
forms of desired geometries includimgnowires microspheresandmicrodisks as
necessitated by unique opticah@iionalities for specific applicationsome of which
areoptical microresonatorspodulators and photodetection deviee

In this study, the auth@axplore new routes for the fabrication of-cimp photonic
elements with chalcogenides and consider a low costyméth production method
with a compatible and extendable integration phase. The study illustrates production
of chalcogenide optical cavities embedded in a polymer fibechgnintegration of
the @avities having spherical, spheroidal, and ellipsoidal boundaries, and results of
their optical characterizationBesideghefabrication of active photonic devices with
electrooptical capabilities tapered chalcogenide fiberare also considered as
evanacent couplesfor the resonators of high index materials.

In addition a large area chalcogenide nanowire basteatodetection devices
demonstrated including fabricatioh photoconductive pixels, design of an electronic
readout circuit, development afcustom software for a pattern detection application.

Keywords Chalcogenideglassesnanowiresppticalmicroresonatorsgsymmetric
resonant cavitiesglectrooptical Kerr effect, modulators,whispering gallery mode

resorators, photonics, fiber drawing



OZET

KALKOJEN MKNARQYAMIEAR

VE UYGULAMALARI
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S, Se ve Te el emgaral ééj @i o a tkdlkbjenkra mi o0 d a
yé¢ ksek doj rkuesraéll noalv mangda meilnke rdarrtug ggi eb-ii rsgéernal
deké mal z e segesifdgs#ikorium rkddem ekktroniktecoynadéj é r ol
fotonik icin gelecek vadeden malzemelerdiakati | e r i teknol oji k Kkt
onundeki en buyuk engebu malzemetzelliklerininf ot oni k avyoglet | ar d;
mikrokire veyamikrodisk gibi 6zel uygulamalar icie Kk si z opti k i K| e\
ger ekt bigmierd¢ ikul | anél mas énda0ptk rezooatdtley k|1 ar d
mod¢l at®°rl er ve ékék algélama aygétl are |

Bu -al ekxmada, yazar kal kojen tabanl é b
konusunda yeni yol |l ar arayéeékéendadér ve |
geni kKl et i bebinl ekxkme akamal aré ol an dg¢Ky¢gk
y°ntemini e ICa | eéaxkatkmgek togild Kavitelerinbir polimer fiber
i -erisinde isretimlerinden devr e czerine
b¢tenlexktiritlickesPael lviekl @mpi n dejerl endir
gostermektedirElektro-optiksel ozellikleriolamlm k't i f f ot oni k Bl eman|
yanénda bir de y¢ksek &rélk!l arail nk mie lscae/letl iél
kalkojen fibeterin Gretiimesinie | e al .makt adér

Bunlara il aveten, geni kK alanl é& kal koj en
gbst er i mi yapeéel moertoéd et Re ng 4sfapdkhsgomay h ¢ cr e
okuyucu el ektroni k devre tasaréméemgeéelveth

Ozelamay aeél émé i-ermektedir.
Anahtar kelimelerK al koj en camlar, nanotell er, opt
elektroopt i k et ki , mod¢l at°rl er, feéseéeldayan
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resulting fiber is transferred manually onto a substrate spin coated with P{RAE}
polymer and then heated to promote adireap to a temperature of 210 °C, which is
below theTg of PES cladding; however, above thgof both AsSe; core and P(VDF

TrFE) coating. At the last step, the largest microcavities attached to the surface, can
be released from the encapsulating PES polymer by selective dissolution in DCM,
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also flushed away spontaneously by the dissolution process. Optical micrographs show
(b) top, side and bottom views of the fiber after sandpapering one of its sides, (c) on
chip spherical chalcogenide microresonator array, (d) spherical ssorwtors
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the alignment of characteristic features (like equator plane), eccentricity, smoothness,
and cleanliness of the resonator surfaces. (a) Top and profile SEM micrographs of
spherical AsSe; microresonatoarray and a single microsphere. Average diameter of
spheresislae= 124. 4 em with standard deviati on
in the profile of the resonator, transfer and integration of the microsphere is
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microspheroid, and (c) an ellipsoidal 28& microresonator array and a single
MICIOEIIPSOId.....ccci i e e enemrnne e ] O

Figure 6.12: Characterization of microresonator material compositmergy
dispersive Xray spectroscopy (EDX) results obtained fromaobip microsphere
resonators which were extracted out of their PES polymer encapsulation using DCM.
EDX is attached to FEI Quanta 200 FEG SEM system. Peaks represent consistence of
the atomic rab of ASe. Besides, there was no impurity or residual polymer
observed on the surface of microspheres after the dissolution pracess......... 80

Figure 6.13: AFM surface characterization of an ellipsoidal microresonator on (500

nmx500 nm) top polar region shows sula nomet er rms surface r
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Figure 6.14: Optical characterizations of erhip spherical and spheroidal
chalcogenide microresonators. (a) Transmission spectra of z8eAnicrosphere
resonator of 50 em i n resonanceentodes can b€ asthigh i n g
as 10 dB. FSR is 6.39 nm. (b) Lorentzian fit to a resonance dip at 1551.858 nm shows
that the FWHM and loaded quality factQr of the resonance mode are 4.9 pm and

3.1 x 10, respectively. Inset shows evanescent coupling of light into the microsphere
resonator using a tapered silica fiber with a-subrometer waist diameter. (c)
Transmission spectra of an AsSmi cr ospheroi d resonator 0
diameter. FSR is 82 nm. (d) Lorentzian fit to a resonance dip at 1571.589 nm shows

that FWHM and loaded quality fact@i of resonance mode are 7.2 pm and 2.2% 10
respectively. Inset shows evanescent coupling of light into the microspheroid resonator
using a tapered S fiDEr ... 81

Figure 6.15: Schematic of the tapered fiber coupling to WGMs aihgm spherical

CAVILY FESONALONS. ...eeiiiieeeeeeeiee i meee e e e e et enens bbb e e e e e et e e e e e e eeemeeees 81

Figure 6.16:The resonance dips in the spectra obS%& microresonators were
observed to reghift with increasing incident powers for both directions of wavelength
scans. Although an ushifted resonance dip (red), which was captured using very low
optical powers with 300 pm scan range and 1 Hnssan speedhas a regular
Lorentzian shape, reshifted versions of the resonance mode (blue, black) have
characteristic 0s har28e hésirelabvelys High pbsaptidn 8 6 ] S
coefficients as compared to silica in this scan rangeshédts of modesra expected,

due to the heating of the resonator via absorption of the coupled light resulting in a
thermal change of the refractive index and thermal expansion of resonator diameter.
Reduction in the coupling strength is another manifestation of theptim effect,

caused by insufficient scan speed at some power levels for which wavelength shift can

be more than line width of the resonance mode at some point during wavelength
SCANNING [99] oo aeer e 82

Figure 6.17: Optical properties of a commercias®es glass [100] are given in terms

of (a) refractive indenand absorption U as function
U = 1a 850mm. (b) Absorption limited quality fact@ans can be calculated

from (n, U data, ad A A O¢* &_|. Qansfor As;Sesis found to be 7.2xff or o =
1550 nm anah = 2.83, which is an upper bound for intrin§)efactorsin the case of
ultra=smooth and clean resonator surface. Although,@e has relatively high

absorption compared to silica restricting its use as nonlinear optical material, it is a
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very promising material for microresonators in ARl applications, due to low
absorption and high KENONIN@ANTY.........coooiiiiiiiiiiiiie e 84

Figure 6.18: This snapshot of a movie recorded by a thermal camera, shows optical
coupling to an ellipsoidal mrocavity using a silica tapered fiber approaching from
the bottom. Bright spot on the left in the middle is an ambient scattered light reflected
from the surface, which is irrelevant to optical coupling with the tapered fibe86

Figure 7.1: (a) A two dimensional axisymmetric simulation based on FEM is used to
analyze WGMs in an electaptic chalcogenide disk cavity, which is dspe trimmed

at both polar regions. (b) Different sizes for mesh elements are used in the simulation.
The densest mesh is where WGMs are located, i.e., around equatorial .regi@®

Figure 7.2: The result of the COMSOL simulation shows a fundamental WGM in an
electreoptic disk cavity resonator under an applied voltage. First electric field
distribution is found, which is caused by the potential difference between the gold
electrode aithe top and the infinite plane gold electrode at the bottom of the cavity.
The electric field modifies the refractive index of the cavity due to elegitic Kerr

effect. Therefore, Maxwell Equations were solved by using refractive imdgy) as

a function of external electric field..............oooveriiiiiicrc e 89
Figure 7.3: Figure shows WGMs of different mode ordgf,(-m) for (a) TE and (b)
TM polarizations inside the disk cavity under an applied electric field............ 91

Figure 7.4: (a) Distribution of electric field vectors betnwegold electrodes and a
fundamental WGM exposed to different refractive indices for TE and TM modes
whose electric fields are parallel and perpendicular to the cavity surface, respectively.
(b) An isotropic disk cavity under an electric field behavearaanisotropic uniaxial
crystal of extraordinarg =~ and ordinarg U refractive indices.......................... 92

Figure 7.5: Distribution of extraordinary refractive index cha’ges at an external

AV Z0] 1 ¢= Vo T= TN ) 5 010 PSP 92

Figure 7.6: Results of COMSOL simulation show that the relative resonance
wavelength shifts have different quadratic dependence on the applied DC voltage for
TE and TM polarizatios. As voltage increases, WGMs split due to their different
spatial mode distributions and asymmetry of the electric field inside the cavi®a

Figure 7.7: Fabrication and integration steps of an el@gitic photonic device based

on chalcogenide WGM disk cavity. Process starts with a chalcogenide core polymer
cladding fiber and ends with an electptic photonic device consists WGM disk

cavity resonator between two integrated electrodes.............ccevvvicccviiinieeennnns 95
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Figure 7.8: Optical microscope images of the disk cavitiesefay® and (b) after PES
polymer encapsulation is removed by DCM. (c) Clapemage of a single cavity from

Figure 7.9: (a) SEM micrographs of (a) a disk cavity resonator array and (b) a single
disk cavity from tOp and SIAE VIEWS.........eueiiiiiiiiiiiiiieeeeeieeeeeeee e 96

Figure 7.10: Fabrication and integration process of chalcogenide disk cavities on a
gold coated substrate. (a) Process starts with a fiber encapsulating sphiere ¢a)

Lower side of the fiber is removed by a sandpapering process and then (c) attached
onto a gold coated substrate by heating and pressing at a temperature of 260 °C in a
hot oven. (d) Second sandpapering operation on the upper surface of gnateote

fiber. () 5 nm Cr and 15 nm gold sputtering on the upper surface of the integrated
fiber for lift-Off PrOCESS........uveciiie et a7

Figure 711: Optical microscope images show a metal coated fiber encapsulating disk
cavities (a) before and (b) after the dissolution of polymer by organic solvents resulting
into an unsuccessful lift Of ProCeSsS..........oooviiiiiiiiiir e 98

Figure 7.12: (a) Optical microscope image shows surface of a fiber with embedded
disk cavities after the |Hoff process. Sequential images show a top surface of a disk
cavity after (b) Q plasma etch, (c) gold metal sputtering and (d)diftprocess by
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Figure 7.13: SEM micrographs of a diskvity with a gold coating on the top surface

Figure 8.1: (a) Custom made electribekter with side opening for entrance and exit
of the fiber, and observation during tapering process. (b) Set up used for tapering

chalcogenides. (c) Closg picture of tapered chalcogenide core PES cladding fiber.

Figure 8.2: Formation of cylindrical chunks of matter inside the tapered region due to
low temperature and tensile stress caused by tapering........ccccccvvvreeeeennennn. 102

Figure 8.3: (a) Tapering of Step 1 chalcogenide fiber with thermoplastic polymer
having one side contact with inner surface of heater, result®ohtgpering, but only

for one side. (b) Tapering of a single core chalcogenide fiber (Step 2) with a thicker
cladding and a free standing chalcogenide wire after removal of PES encapsulation by
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Figure 8.4: (a) Chalcogenide microwires can be easily directly drawn from bulk glass
inside an oven at 260 °C being attached to a tip of cleaved silica fiber. (b) Tip of
tapered wires is of order of 1 mMiCroN............ccooovviiiiiieee e 103

Figure 8.5: Production of microwires on the tip of a tapered silica fiber by direct
drawing from bulk glass with steps of (a) approach and (b) retraction. (c) Chalcogenide
tapered wire on the tip of a silica fiber tip shows super elastic properties....104

Figure 8.6: Schematic of tapering chalcogenide fibers between silica tapered fiber tips
with five basic steps: 1. Tapering and cleaving silica fiber, 2. Attaching some amount
of chalcogenide glass on the cleaved tipgde heater one by one, 3. Alignment of
silica fibers inside the electrical heater, 4. Moving silica fiber closer and merging
chalcogenide glasses between two fiber tips. 5. Tapering suspended material by
drawing silica flbers away.............oooovvviiiiiiccce e 105

Figure 8.7: Cleaving tapered silica fibers. (a) Side view and (b) down view of cleaving
process with a sharp blade. Scoring surface of fiber isggntmucleave tapered fibers
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Figure 8.8: Cleaved tips of (a) tapered and (b) normal fiber before attaclumne
Chalcogenide gIaSS........coviiiiiiiiiii s 106

Figure 8.9: Two different ways of attaching chalcogenide glass on silica fiber tips can
be realizedh) in temperature controlled oven or b) inside the electrical heater, which
is advantageous since there is no need to move tapered silica fibers already connected
to laser source and power meter at the silica fiber tapering process........... 107

Figure 8.10: (a) Evolution of chalcogenide tapering process starts with two silica fibers
with some chalcogenide glass on them and results intoethpdalcogenide fiber
between two silica tips being apart. (b) Optical microscope image of intentionally
broken tapered chalcogenide fiber spliced to a silica tapered.fiber.............. 108

Figure 8.11: Steps of tapering chalcogenide between cleaved silica fiber tips. (a)
Tapering and cleaving silica fibers. (b) Attaching chalcogenide glass by inserting silica
tips into bulk chalcogenide glags) Alignment of silica fiber tips inside the electrical
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Figure 8.12: Transmission spectra of tapered silica fiber befeituicleaving (upper
line) and of chalcogenide tapered fiber suspended betweetapered silica fibers
(lower line). Large dips of transmission signal is caused by the interference of beating
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Chapter 1

Introduction

1.1. The Promise of Chalcogenides

Silicon is the workhorse of the electronics industry which haweazingly
transformedhe life we livein. Thanks to this special materigdday our global world
is more connectethan ever after the advent of the internet, pketines, and relevant
electronic applicationsHowever, ever increasing needs to store, manipulate and
transfer enormous amount déily produceddatg demands nevgolutionsthat can
overcome thdundamentalimitations ofsilicon andelectronics Solutions generally
requirea paradigm shift in the selection of raaalsand methodologiefor handling
information Theoretically, balcogenids are promising materials possessing the
potential to fulfill all the needs and requirementhie to tleir unique material
properties, and photonics with integrated chalcogenide elements capable of electro
optical and alloptical effectsat samdimeis expected to transforthefuturethe way
electronicdid.

Chalcogenides, which are amorphous semiconductors containing chalcogen
elements of Se, S, and Tkaw alreadybeen exploitedn various applications
including solar cell§1], sensorg2], electronicq3], and photonic$4]. Optical data
storageébased on chalcogenidésve been very beneficia memory applicationf],
andrecently,chalcogenidgphase change memory technol¢6j/have ben attacted
huge interestor the fabrication of thedeal memory of the future, which istnafast,
nonvolatile, scalable, low cost, and vasy low power operatioand longlife cycle

Inherent high bandwidth of the light is the key factor enabling tranéfdataat

high ratesas utilizedin optical communicationshowever light signal nesdo be



modulated to carry meaningful informatioRhotonicintegrated circuit{PIC) can

modulate light atlata rates well beyond the capability of electronics (> 1) Tsisg

all optical meang7, 8] which can benefifrom optical propertiesof chalcogenides
such asultra-fast high Kerr nonlinearity low two photon absorptioand wide IR

transparency[9]. Combining alloptical and electroptical propertis in resonant
cavities can be theltimate solution for ever increasing needs of communicasiod
interfacing withelectronics can be obtained without causing any bottlenecks.

In addition, chalcogenides have been used as host media for laser applgiatens
they have low phonon energy and can be doped by rare earth elgigmit®nlinear
optical applicatios have also exploied chalcogenidesin applications such as
generatiorof supercontinuunill] and Raman lasingd.2].

Developing ®w methods for material synthesis aagrfessing this special material
propertiesin the form of specii geometries such as nanowisgesd microwiresfor
fabrication of phase change memoriasd photodetectors, andicrosphere and
microdisks for photonic applicationsare the current field ofintenseresearch still
waiting some answsr for the problems hindering ultimateutilizations of
chalcogenides

This thesis is devoted to developinggw strategies and concepenabling
chalcogenidesotbe utilized in novel photonapplications. Starting witbhalcogenide
fiber drawing for the production of mand nancstructureswe usedchalcogenide
fibers as a versatile media to proddgectionalstructuresn different formsncluding
wires, spherespheroids, ellipsoidslisksand tapers for photonic applications

Chalcogenide nanowires were produced by a new fabricatetmod we recently
reported. Integrationf seleniumfibers on a very &rge scaleelectrical circuits was
achieved and nanowire based photodetection devicgas demonstrate@s an
application

Chalcogenide resonators have been drawn an increasing interesintorear
optical applications. However, duality between production and integrptiaseof
these resonators have been hold baekapplications so far. Whatsolved inthis
thesis is finding a wa out of this dilemma, hence pavirtge way for a myad
applications for photonic€halcogenides have been generally usethfar all optical
propertiesin photonic applicationsbut their quadraticlectro-opticd properties is
somehow gnoredup to now. Therefore, walso focus on building electroptical

resonator based chalcogenide photonic devices in this thesis.



There have been an@mous need for high index evanescemtiplersto couple
light efficiently into high indexmaterialresonatorsAlthough recent studidsave made
some progress for theldacation of tapers from high index fibers, still some problems
are waiting to be addressed such as splicing to silica fibers or meshastabilities.
We believe that we havesolvel all thesassues after developing an approach for the
fabrication ad interfacingof thechalcogenide fibers.

1.2. ThesisOutline

The contents of this thesis are organized in a historical sequence, which was
followed by the author during lifetime dhis research adventure. Conterts
individual chapters are given and anylabbration with othemembersof Bay é d é r
Group is stated explicitly.

Chapter 2is an introductory chapter giving infoation about chalcogeniddssic
methodology used ithe material synthesisfundamentals of fiber drawing, and
importance of iterativeize reduction technique as a new nanotechnologydothe
fabrication of nano and microstructures

Chapter 3 demonstratedesign and application ofdevice, which is the first of its
kind, a large are nanowire based photodetection circuitry. Produofiselenium
fibersusing iterative size reduction technigjeee r € done by and®h me't
Mecit Yaman Integration of nanowires amaptical characterizationwere done in
collaboratiorwith Erol Ozgiir

Chapter 4 gives a theoretical background fowWhispering Gallery Modes
resonatcs. Simulations results illustrate WGMs in sphere microcavities.

Chapter 5 gives theoretical background favanescentcoupling to optical
resonators, and information about fabrication of tapered fiber couplers. Experimental
setup used for optical measurements are also presented to give a complete picture for
optical coupling and chiacterization of the resonatdseforethe subject isnentioned
in relevant chapters.

Chapter 6 explains a new methatkvelopedor the productiorand integration of
chalcogenides cavitse which is expected to give a momentum in this field. Optical,
material and surface characterizations of the yred cavities are also considered
COMSOL simulations of iAfiber microsphere formation based on PlatBayleigh

instability weredone in collaboration with Dr. Osama Tobail.



Chapter 7 shows a new direction for the production of active chalcogenide cavities
with emphasis on their electapticalcapabilitiesA FEM based simulatioof WGMs
in an electreoptic cavity is illustratedand production stegiewards realization of en
chip active chalcogenide disk cavitiese discussed with ups and downs of
experimental approach.

Chapter 8 discusseshreedifferent approaches for the tapering of chalcogenides,
and finally representan ideal solution to the problemwhich is of paramount
importance fothe achievement of efficienpticalcoupling into cavitiesf high index
material

Chapter 9 summaries what have been done through the thesisgives a quick
glimpse for future directions.

Appendix A gives MATLAB codes used for some calculations and simulations

used in Chapter 4 and Chapter 5



Chapter 2

Fiber Drawing As a Method for
Fabricating Chalcogenide Nano and

Microstructures

2.1.ChalcogenideGlasses

Chalcogenide glassé€hGs)are important amorphous semiconductors containing
at least one of chalcogeements(sulphur, selenium and telluriunfrom group 6A
of periodictable which are covalently bonded to glass formers such as As, Ge, Ga,
and P Due tothelarge composition spa@mabling optimizatiolof material properties
asdemanded bgpecific applicationschalcogenide have been utilizeaioroad range
of technobgy and research aresisch as photonidg], phase change memdgj and
sensos[2].

ChGshave low phonon energies due to tlevalentlybondedheavy atomswvith
low vibrational energies, making them good hosts for rare earth dopants $udH as
and Er¥* [10]. Therefore, they havewer softening temperatures and hardness, and
higher thermal expansion coefficierjfis3]. However,their long wavelength ctdff
lies in the midIR region[14], making their transparency in the range of205um as
shown inFigure2.1. In addition, they have higrefractive indces(n = 2.2-3.4) and
nonlinear refractive indicess; two or threeorders of magnitude higher than that of
silica. Superior optical and material properties of chalcogenides haveekesasively
usedfor ultrafast alloptical applicationgl5, 16]in fiber form[17] or as integrated

waveguides in photonic circuif$8].
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Figure2.1: Infrared transmission spectra for various matemalkiding ChGg14].

Chalcogenidglassesan be deposited on substrgted] by thermal evaporation,
sputtering or wet spin deposition in order to make waveguaddgesonators, which
are buildingblocks of photonics circuits. However, all these methods require post
process anneal to obtain bulk glass like progerdue to the changes in material
stoichiometry duringhe processMore recently ultrefast pulse laer deposition has
been reportetb circumvent these problerf20].

Fiber drawing ofchalcayenideswith othe materials is also possiblRl] by
harnessinghe rheological properties of these materials such as themethanical
compatibility with high temperaturengineeredpolymers and their resistance to
crystallization Chalcayenide fibers have bearsedin a myriadapplications[14] ,
which are nonlinear fiber optic amplifiers, laser power deliveciemical sensing,
imaging,etc.Recently fiber drawinghasdraw at t ent i on @&tacdkand xpl o1
drawo f ashi on-sttudured chalabgegide glassley fibers [22], and
chalcogenide micro and nanowirg3]. Fiber drawing as a method for fabricating
chalcogenide nano and mistaucturesfor photonics,phase change memorgnd

sensorwill be an indispensable tool for science and technoioglye future



2.2.Glass Synthesis

Chalcogenide glasses/nthesizedn this thesisare Se, AsSe; and AsSs.
Sdenium is used due to its photocomctive propertyfor the fabrication of a
photodetection device based on nanowiresSAsand AsSz areused inoptics and
photonicsdue to their superior optat properties such as high nonlinearity, wide IR
transparency, and etEor all materials, starting form is a rod of chalcogenide glass
which is used as a preform for thermal fiber drayv Glass synthesisteps are given
basicallyfor As;Se.

The amorphous ASe; rod used in fiber drawing iprepared from high purity
As andSe elements (Sigma Aldrich) using seatédpule mekguenching technique
[24]. Theglove box storedseeFigure2.2(a)) pure elements of materiads (wt% 40)
and Se (wt% 60) anglaced into a quartz tube under nitrogen atmosphere. In order to
removesurface oxiles and impurities, the tubehsated above 300 °C under vacuum
condition(seeFigure2.2(b)). After the tubes cooleddown to room tempeture, it &
sealed under ~1I0Torr vacuum.The sebed tube isplaced in a rocking ove(see
Figure2.2(c)) and heated up to 800 °C at a rate of 29(@:*. After the oven iseld at
this temperature at vecal position for 24 hours, isirocked at least for 6 hours to
increase homogeneit$fubsequelhy, oven s cooled dowrto 600°C and the tube is
quenched in water to form ASe; intermetallic glass rod withO cm length and 6 mm

diameter.

Figure2.2: Chalcogenide glass synthed®ocess consists of three st¢asmaterial
selection(b) material purification and sealin@,) rocking and homogenization.



2.3.Thermal Fiber Drawing

Fiber drawing process has two stages: fabrication of the initial preform structure
and production of fiber by thermal drawing of the preform undegth stres and
temperature. As shown Figure2.3(a), apreform structure with 6 mm codéameter
and 30 mm claddingliameter, which isactuallyan exactmacroscopic copy of the
fiber, is prepared by rolling 100 um thigbolyethersulfong PES)films around an
As;Se; rod. Before condmation process, the preforns iheld under 2x18 Torr
vacuum at 180 °C for 4 hoursander to evacuate trapped air between polymears.
Then, rolled films areonsolidated in a vacuum oven at 252 °C for 30 minutes under
2x102 Torr vacuumFiber drawing process iexecuted in a custom made fiber tower
which consists of a preform feedimgechanism, preform position alignment stage,
furnace, optical thickness measurement system, tension measurement and a capstan.
SeeFigure2.3(b) for actual setupApproximately 3 MPa tensile stressapplied to
the preform during heating of the preform up to 300 °C above glass transition
temperature of ASSe; and PESPicture of the produced ASe; core PES cladding
fibersare giverin Figure2.3(c). Volumereduction of the preforrdetermineshe final

diameter of fiber, and is controlled by the tenfilce and the furnace temperature.

a

Downfeed

Holder
with X-Y stage

Macroscopic rod

Furnace

Thickness
measurement

Tension
measurement

Capstan

Figure2.3: (a) Optical picture of a preform before and after thermal draimd-iber
tapering tower and basic componer(ts. Chalcogenidecore PES claddingdibers
producedoby thermal drawing.



2.4.Iterative Size Reduction Technique

We recentlyreported a new tefo-bottom nanotechnology fabrication method
called iterative size reduction (ISR) meth{B] to obtain polymer encapsulated
globally oriented ultrdong micro and nanowires made of various male ranging
from polymersand semiconductorgdo metals with improved piezoelectricphase
change, and photoconductive material propertreshis study, selenium nanowires,
which are used as photoconductive elements in the pixel formation of a pkotmhet
device[25] (see Chapter 3are produced using ISR technig&er the production of
As;Se; single corepolymer claddindibers of different diameters and ceskadding
ratios only first two steps of ISR technique af@lowed with single fiber in every
step Pcstfabrication thermal treatemts to chalcogenide fibers acenducted to
obtain different morphologies from single core micro fiqé6 27}

ISR technique is basically stacking and redrawwfgproduced fibers in each
successive steps as shown schematicallyigure 2.4. Nanowire array production
from a macrecopic rod by terative thermal size reducticstarts withStep 1: A
macroscopic cylindrical rod (diameter 10 mm, length 200 nsnfiabricated from a
chalcogenide materighat isto be transformed intaicro and nanstructures. A
thermoemechanically siiable polymer sheet (PB tightly rolledaround the rodntil
the final diametels 30 mm. The multimaterial structusethen thermally consolidated
under vacum above the glass transition temperasuoéboth materials in order to
fuse the polymesheés and the chalcogenided to obtaina preform Finally the
preform is drawn ito a fiberto obtain hundreds of meters blymer encapsulated
chalcogenidenicrowires Step 2: After stackingreviouslyproducedibersof desired
number, diameter arlength a polymer cladding is rolled aroutitke stacked fibers,
and consolidatedSecond stedrawing results irsubmicron wire aays in apolymer
fiber. Step 3: The same proceduaisfollowed in the secondt8p is applied again one
more timeto obtain herarchicdly positioned array®f smallerdiameternanowires

Chalcogenide nanowires produced by ISR mettadbe seen iRigure2.5.
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Figure2.4: Steps of iterative size reduction technique resulting omi dimensional
micro and nangtructures encapsulated apolymer jacket.

250 nm

Figure 2.5: (a) A chalcogenidesemiconductorod is reduced to (b, djundreds of
meters of single 200 prdiameterwire, (d, €) 30 wires of 5 um diameter and (f, g)
1.000 wires of 250 nndiameter Nanowires are extracted from polymer matrix by
dissolving the polymer encapsulation in organic solvents, retaining their global
alignment.Inset: Transmission electron microscopy image of a singlen®ghick
nanowire.
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Chapter 3

Large Area Chalcogenide Nanowire

BasedPhotodetectionDevice

3.1.Introduction

Nanowires have long been among the most promising building blocks for future
low power, high speed electronic devices due to their superlative physical properties.
Albeit huge efforts towards their design, fabricatiand characterization for a
considerable time, it is striking that to date large scale production and integration of
nanowire devices have not emerged, where their assembly into functional devices is
identified as the main barrier before their large saéliation. Although, here have
been reports on nanowire integration into electronic circ{28y30]; we also believe
there is ample room for various strategi@wards this end. In this chapteve
demonstrate the feasibility of a new kind of indefinitébyng, aligned, polymer
encapsulatechanowire arrays, produced using a recentlgorted technique of
iterative size reductiomethod[23], for integration into functional devices. Using the
technique we are able to produce many different types of nanowires of various material
compositions including chalcogenides, semiconductors, polymers or metals, with
various functionalities suctas photoconductivity, piertectricity, or structural
coloring[31]. These nanowire arrays with their unique composition and geometry are
also convenient for lge area nanowire based device construction.

As a proof of principle, we constructectlaalcogenidenanowire based large area
photodetection devicg5]. We assembled polymer fibers containing hundreds of

continuous paralledeleniunnmanowires manually on a lithographically defined circuit,
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and then we removed the polymer by dissolving it in an organic solvent, in a controlled
manner. The exposed nanowgiremained over the electrical contacts as a monolayer,
forming the photodetection units composed of hundreds of parallel aligned nanowires.
We constructed the device within, but not restricted to, an area of,lcomaining
10x10pixels. After integratin toa designeelectronic readout hardware, we managed

to detect and disply alphabetic characteos the sensor surfa@xposed to th dark

field illumination of some alphabetaharactersThe research can be extended towards
many directions, since thimethod could be used to cover very large surfaces with
various types of nanowires, and the process is substrate independent, which might
facilitate production of nanowire based devices on flexible aneprarar surfaces.

3.2.Fabrication and Characterization of Selenium Wres

We utilized theiterative thermal size reduction techniq(seee Chapter 2jor
production & polyethesulfone PES polymer encapsulateshdefinitely long and
axially aligned selenium nanowire& bundle of selenium nanowires with removed

polymer jacket bylichloromethane@CM) can be seen iRigure3.1.

]

Figure3.1: SEMimage of the amorphouslesium nanowire array

Seleniumis an interesting chalcogenideaterialwhich is convenient téhermal
drawing to obtain fiber§23], as well adt hasphotoconductivity{32], light induced
crystallization, and phase dependent electrical conductj@8]. Selenium has

photosensitive conductivity in crystalline state, and can be crystallized by thermal
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annealing[34] or exposing to specific organic reagents including pyridine, aniline,
piperidine, which are all ring compounds containing nitro¢@®s]. In order to
investigate sizeependenproperties of selenium fibepgoduced byhermaldrawing
three different setfeselenium wires, whiclwvere designated by StépStep2 and $ep

3 according to thenlecreasing radii, were selected. Tingt two stepmicrowireswere
crystallized by thermal annealing, while the third stapavires werecrystllized by
diluted pyridine as a 50% aqueous solution.

Photoconductivity of the micro and nanowires with different sizege wempared
by measuring of the photocurramtder illumination with broadbarigiht sourceusing
setup shown irFigure 3.2. Electrical measurements were performed wittitlidey
2400 Surce-Meter controlled by aomputer programritten in C# The software can
be used to capture time series datawfentl and voltageVv simultaneously or to
measuré-V curves A 50 W light sourcevas used for illurmation. Electrical contacts
to the micro and nanowires were formég applying silver paintCurrent was
monitored while applying a constant voltagfel0 Volt, and light source was eoff
modulated by a switciT.he ime series data of photoconductance are givéfgare
3.3. All data were nanalized according to theorrespondingdark curent valus,
which were on the order of picoamperesAs can be deduced form the
photoconductance measurements of selenium wires of different radii, the wires have a
size dependent phegensitivity and photoesponsiveness. Selenium wires having
submicron diameterkave superior properties when compareth&wires of micron
size diametersConsequently, selenium nanowires &versed as a photosensitive
elementsn the constructionof a photodetection device as describethafollowing

sections.
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Figure 3.2: Electrical characterization setup used tlie measurements of photoconductive
properties of Se nanowires.

| T I T I T I
1000 | 3
100 |- 4
—2 10F E
— o 7
— C - 1
[ P rord
1 \-\
L ——Step 1 e
01 Step 2 .
E Step 3 ]

L | L | L |

0 100 . 200 300
Time (s)

Figure 3.3: Sizedependentphotoconductivity of selenium nanowires. Light was-afh
moddated and meantime photocurrent wesorded aapplied voltage 010 Volts.
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3.3.Integration of Selenium Nanowire Arrays

Selenium nanowire bundles producediteyative size reductiortechniquehave
very convenient properties for manual manipulation such as being embedded and
globally oriented in polymer fibers which can be handled eagilsing this
convenience, wenanuallyintegrated selenium wires of 500 nm in diameter onto a
lithographically definecelectrical circuity, which wa producedy gold deposition
on a chipof Pyrexglassand lift-off method resulting intelectrode pairs and pathways

(seeFigure3.4). The chip of the circuitrgonsists ot 10X1.0 pixel array in an area of
1 cnt.

Figure 3.4: Macroscopic assembly of nanwes over a lithographically defined
circuitry. (a) First step of nanowire iagration to a macroscopic cirayitis manual
alignment and accommodatioof polymer fiber arraysontaining hundreds of
nanowires embedded inside. Second step is dissolving the@ogncapsulation and
dispersion of nanowires over electrode pairs as mdagers. Third step is
crystallization of the selenium nanawires with pyridine solution.(b) Optical
microscope image ofald electrical pathways for signal andbgnd electrodes on the
circuit.

We manually assembled fibers on the chip after stabilizingtheir position with
Teflon tape, wemmaesed them in DCMwith a slight tilt Without disturbing the
orientation of the exposeddividual nanowires, we gentlyaghed the chip with DCM
to remove thd’ES remnantd-or the crystallization processe immersed the chip
with nanowiresinto a 50% by volume aqueousrjgyne solution overnight. SEM
micrograph®f resulting crystalline selenium nanowires over the circuitry and a single

pixel of the circuitryare shown irFigure3.5.
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Figure3.5: SEM image of the photodetection circuiith nanowire based pixel(a)

SEM image of crystallized selenium nanowires lying over ground and readout
electrode®f the circuitry forming pixelstb) SEM image of a single pixel, composed
of hundreds of photoconductive selenium nanowiregnell over electrode pairs,
which have asepaation of 10 micrometers. A highesolution SEM image of

nanowirescan be seen in the inset.
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3.4.Design and Demonstration of a Large Area

Photodetection Device

To use a circuitry composed of nanowirased pixel array as an igiag device,
photocurrentof each pair electrodeeeds to be measured ammterpretedfor the
construdon of corresponding imaggixel in gray scaleTo accomplish thigoal we
designedan electronic hardwate capturgphotoresponse of each and every pixel and
to sendrelevantdata to acustom application software for image construction.
Schematics of theircuit designed by CadSoft Eagle PCB design softwadprinted
circuit board layout are given Figure3.6 andFigure3.7, respectively.

The circuit is consists of seven -tBannel analog multiplexer/demultiplexer
(74HC4067) with fouraddressinputs, one USBo-UART converter (FT232R), a
microprocessor with digital signptocessing capabilitigglsPIC30F4011), a voltage
regulator, and two LEDdor power and data transfer statusirmware ofthe
microprocessorsi written by using C programindanguage in MPLAB integrated
development environmelIiDE). Every pair electrodewhich are in a voltage divider
configuration to convert photocurrent into voltage sigaed, connected to the input
port of the microprocessor through analog multiplex&sen input channels of
microprocessoare multiplexed by four address input pasfsthe multiplexersand
concurrentlysampled Voltage signabf every channel are then 10 bit digitized and
transferred as ASCII data via USBotal number of channels witheven analog
multiplexers is 112, however, twelve of the channelsiaesl as spare ports replacing
some channels with cross talksing USBUSART converter chip, data transferred
with 19200 baud rate anchn be read as if there is assignederial COM port.
Surface mount packages (SMD) for electronic components are used in printed circuit
boardwhich has two copper plates at both sides. Electrical connections between
channel ports and contact pads of the photodetection circuitryhe electronic
hardware are made using soldering with thin enameled copper wiBssvice b
designed to be powered by USB only or external power source, which can be selected
by a switch on the boar#inal status oflectronic hardware with nanowire integrated

circuity can be seen iRigure3.8.
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Figure3.6: Electricalcircuit desigh of nanowire based photodetection device.

Figure3.7: Printed circuitboardlayout of nanowe based photodetection device
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