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ABSTRACT

Chalcogenide glasses (ChGs) are well known for their largeabpionlinearities
and high infrared transparency, and are candidate materialsxtegereeration thin film-
based planar infrared (IR) optical applications. They are also krfmawever, to possess
low thermal and mechanical stability as compared to oxidesegagraditional physical
vapor deposition (PVD) methods used for the deposition of these maseritds films
often suffer from low deposition rates, deviation from stoichiometng, @annot coat
over complex surfaces. In order to retain the attractive optioglepies of ChGs while
enabling new fabrication routes and hybrid and composite masyssms, we have
developed a novel technique for the deposition of ChG-based materials through
dissolution of bulk glasses in organic solvents. Utilization of the solution phase &lows
new deposition routes such and spin-coating and direct fabrication of Ch&l opt
structures in a single step using micro-stamping techniquesitiddetierived thin films
in the As-Ge-Sb-S system are shown to possess similar nalatulcture to the parent
bulk glass, and vacuum heat treatment allows the preservatiortrainkparency through
the removal of residual organics. Additionally it is shown thasgl@olymer hybrid
materials may be created through the incorporation of compatiblenpdyin the co-
solution phase. It was shown that it is possible to tune the opticalngechanical
properties of these coatings by tailoring the glass chejtistymer content over a broad
range, important for applications in IR optical coatings and asfatial materials where
thermal and mechanical property matching is critical. Trakrtigue was shown to be a

promising route towards the preparation of novel IR optical materials andistsuct



DEDICATION

Above all, this work is dedicated to my forgiving wi#éison and my beautiful
daughterCharlotte, who put up with all the late nights, busy weekends and generss stre
which result from trying to address all the myriad detail$ #haays seem to pop-up.
Thank you so much for being such a great “single mom” while I've beemlasy work.

To my parents, grandparents, and my family as whole - thank you for being higemy s

Naturally, none of this would have been possible without the guidance and
support of my advisor Kathleen Richardson, who has given me the opportursiée t
fascinating places around the world, work with some terrdlaborators, and to choose
a research topic that has been both challenging and rewaRtingaeticia Petit has
worked with me as a mentor for nearly 6 years now and who, maetiseavith Dr. J.

David Musgraves, has kept keep me focused, organized, and motivated. Without you |
would have been lost long ago. Thanks to you all for keeping me on the path.

Finally, I would like to thank all those who I've worked with over the years, at the
University of Central Florida, the University of Bordeaux, the Makssetts Institute of
Technology, Pacific Northwest National Lab, my teammates anumittee members
and the faculty and staff of the School of Materials Science agahé&ering at Clemson
University. There is no such thing as a truly individual effortd ail of your

contributions are appreciated. Thanks so much!



ACKNOWLEDGMENTS

| would like to acknowledge the United States Department of En&qgk)(for
partial funding of this research, which was conducted under pré&{B&E-FG52-
06NA27502 entitled “Novel Material and Manufacturing Technology Diuekent for a
High Sensitivity, Target-Specific Planar Optical-Microsen&aiay for Remote Sensing
of Chemical Species”. This project was conducted as part of g&unidersity effort
between Clemson University, MIT, and the University of Cerfitatida, and much of
the work on bulk glass characterization and solution-derived glassgavelopment
was performed as part of this project.

| would also like to thank my collaborators on other aspects of thik, vit.
Georges Boudebs, at the University of Angers Il in Francgyddorming the nonlinear
optical property measurements and Norm Anheier at Pacific NasthWational Lab
(PNNL) for providing the training and laboratory access to makeinfrared prism
coupling measurements. The novel instrument used to generate thasé dhis
dissertation was developed during a three month internship at Patdlhousing and
laboratory space was provided during the duration. Prof. Lionel KimerlinpeatMIT
Microphotonics Laboratory and Dr. Michael Drews at the Clemson é@eaison Center
provided micro-Raman spectroscopy measurements. Finally, | would lik&rioveledge
the many contributions of Dr. Dave Musgraves, Dr. Bogdan Zdyrko, specilly Dr.
Laeticia Petit who acted as my mentor throughout this reseand without whom it

would not have been possible.



TABLE OF CONTENTS

Page
TITLE PAGE ...ttt ettt et e e e e e e e e e e e e e e e s s s s bbbttt e e et e e e eaaaeaaaeeens [
Y 2 1S Y ¥ AN O RSP i
DEDICATION L.ttt e e e e e e e e e e e e e e e e e s s bbb et e e e et eaaaaaaaaaeaaeaassessasnasnnnsssennnnes iii
ACKNOWLEDGMENTS ...ttt e e e e e e e aaaeaaaeaaaasssaannnnnnes iV
LIST OF TABLES ...t e e r e e e e e e e aaaeeeaaaeeeeaaanns Vii
LIST OF FIGURES ... .ttt e e e e sttt e e e e e e e aaeeeaeaeeaesennnnnnnnes viii
CHAPTER
N 111 €0 T (U Tox 1 o o IO 1
1 To] 1)Y= 1 o] PP 1
Theoretical BaCKground..........ccoooeiiiiiiei i e e e 2
Potential appliCatiONS ........uvieiiiiiiii e 11
2. EXPerimental ... 15
Sample Preparation ... 15
Physical property measurements............coovvvveveiiiiiiiiiiiieee e eeeeeeeeeeeennnnnns 18
Thermal property measurements............ooovveviiiiiiiiiiinneee e eeeeeeeeiieieees 25
Optical property MeasUre€mMENTS ........ceeeiiieeeeeeeeieeeeeeeeiieerree e e e e e e eeaes 29
SErUCtUral @NALYSIS ....ceeeeiiiiiiieie e 38
3. Compositional dependence of bulk glass properties ..........ccccevvviiiiiiiiiinnnnns 43
Physical and thermal properties .............oouuuuiuiiiiiiiniiee e 44
(@] [0tz N o] o] 01T 1 =S U 45
Structural characterization ... 48
Bulk glass structure-property relationships ........cccccceeeveeeeeeeiveveeeiiiiiinnnns 59
Summary of fINAINGS......uuuuiiiii e 63
4.  Optimization of glass coating processing conditions ..............ccceevvvevvviinnnnns 65
Bulk glass diSSOIULION .........coouiiiiiiiiiiieie e 66
Optimization of dissolution conditioNS .............cccceeevvvvieveviiiiicciee e 93



Optimization of spin-coating CONAItioNS ............eeeiiiiiiiiiieieeiceeeeeiiiiiiees 96

Optimization of the heat treatment conditions.............cccceevvveeieenennnnnn. 107

Bulk-film structural CompariSON .............eceeiiiiiiee e 114

Summary of fINAINGS......uuuuiiiii e 123

5.  Evaluation of novel solution-derived materials ................iiiiiiiiienneeeeenn. 125
Chalcogenide glass / polymer hybrid coatings ...........cccovvvvviieieeeeennnnnn. 125

Capillary force lithography .......ccooeeei e eeie e 144

Waveguide over-Cladding ...........ueeeiiiiiieeeeeee e 150

Summary Of fINAINGS.......uuuiiiiiiie e e e 156
CONCLUSIONS. ...ttt e e e e e e e e e e e e bbbttt et e e et e e e e aaeaeeeeeas 158
FUTURE WORK ...ttt e e et e e e e e e aeeeeeeaaenans 160
REFERENGCES ..ottt ettt r e e e e e e e e e e e e as 163

Vi



Table

3.1

3.2

3.3

3.4

3.5

3.6

4.1

4.2

4.3

4.4

4.5

4.6

5.1

LIST OF TABLES

Physical and thermal properties of the investigated glasses...........ccccc........ 44

Sellmeier dispersion constants for the studied glass
COMPOSITIONS ..ottt e e e e e e e e e et e et e eb et e e e e e e e e e e e e aeeeeeeenesennnnns 47

Nonlinear optical constants at 1064nm for the studied
(o0 ] 0] 01015 1 1o 1S UPUPPURRS a7

Summary of Raman band assignments...............ccveiiiiiiieee e 52

Bond dissociation energies for homopolar and heteropolar
DONAS ... 53

Summary of structural information including stoichiometric
bonds statistics, average bond energy¥xEnolar volume
(Vmol)) and number density of lone electron pairg)(N...........ccc........ 59

Dissolution rates of bulk glasses in various agueous solutions,
concentrations are given in W/V%, and approximate
pH values were calculated ... 67

Surface composition of ASsg and GesSh;S;p after etching
in KOH solutions of various concentrations for 4 minutes.................... 69

Summary of amine solvent Properties ............euvvvveeiiiiiiiiee e 71
EDS composition of thin films (deposited at 1000 rpm) from

PA, EDA and ETA solutions with varying glass loading

(solutions which form precipitates are ShOWIRHED) ......................... 93
EDS composition of films obtained from PA, EDA and ETA

using optimized glass loadings, as a function of stir time

(solutions which form precipitates are showRED) ........................ 94

Summary of optimized glass loadings and stir times for
USE N SPIN COALING ..o eeeeeeiieeeeeeeeti e e e e 95

Matrix of glass-polymer solutions for spin coating at constant
viscosity and respective total solids content in volume %................... 138

Vii



Figure

11

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3.1

3.2

3.3

LIST OF FIGURES

lllustration of glass enthalpy on cooling from the melt for
different Neating rates .........uuieiiiii i 3

Schematic depicting secondary electron scattering and
subsequent X-Ray emission under high-voltage (HV)
electron beam bombardment.............ceuuviii 22

DSC thermogram of AsSsg acquired at 10 °C/MiN.......ccccoeeeeeeeeeiivveeeiiinnns 26

Schematic of probe heated-wire arrangement used in
Micro-thermal analySiS.........oooo oo 27

Micro-thermal analysis thermogram showing vertical probe
deflection versus temperature for an 800 nm thick3s
film, with a heating rate of 10 °C/S.......cooiiiiiiiiiiiiiiii e 28

Layout of Metricon model 2010 prism coupler with
modifications for IR refractive index measurements..........ccocoveeuveennen. 33

lllustration of photodetector intensity output plots as a
function of incident angle) for bulk and thin film
samples during prism coupling measurements ............ccceeeeeveevveeeenvvnnnnns 34

Transmission spectrum of a 620 nm thick.8g glass thin
film deposited on a microscope slide using thermal evaporation.......... 37

Representation of X-Ray diffraction from atomic lattice
planes during XRD measurement .............oouvvuvviiiiiiiiiiieeeeeeeeeeeeeeeeennnnnnns 39

Layout of micro-Raman spectrometer in backscattering geometry..41.......

UV-Vis absorption spectra and Tauc band gap plots for
the investigated bulk glass cOMpOSItIONS............ueeiiiiiiiieeeieeiieeeeeiiiiies 45

Visible and infrared refractive index data and calculated
Sellmeier dispersion curves measured by prism coupling..................... 46

FTIR spectra of the investigated bulk glasses........cccccovvveeiieiiiiiiiiieces 49

viii



List of Figures (Continued)

Figure Page

3.4  Micro-Raman spectrad,.= 785nm) for the As-based

BUIK QIASSES ...t 50
3.5 Micro-Raman spectrumgfc = 785nm) of GgSh;S;o

DUIK GIASS ... 55
3.6 Diagram of GegSbased network units, dashed lines show

elements which are shared with a neighboring unit.................c.cccoeeo. 56
3.7 3.6 K and T as a function of average molar bond energy......................... 60

3.8 H, as a function of bond energy density (g% a function
of average bond energy, corrected to discount isolated
A S, molecular units () ..vvveeeeeeeii e 60

3.9 Nonlinear refractive index and nonlinear absorptivity
(TPA) as a function of ghv ratio (a) and Fas a

function of electron lone pair density (b).......cccoovviiiiiiiiiiiiiii e, 62
4.1  AFM Surface profiles of glasses etched in aqueous solutions..................... 68
4.2  Variation of As,Sss sample mass with exposure time in 2.2M KOH sohutio............ 70

4.3 log-log plot of dissolution rate versus Qidncentration
in KOH (a) and NHOH aqueous SoIUtioNnS ..........cccooviieieieeeiiiiiiceeeiiiis 71

4.4  Reaction order plots for amine solvents: propylamine (a),
ethylenediamine (b) and ethanolaming (C)...........cuvvvviiiiiniiieeeeeeiieeiieinins 73

4.5 UV-Vis absorption spectrum of 0.1g/mlG&S;0 in
EthaNOIAMINE ... 76

4.6 UV-Vis absorbance of GSb;S;g solutions in EDA, ETA
and PA at 620 NM and 4210 NIM ..ceneneeeee e 77

4.7  Stress-strain curves for EDA-ASsg solutions at various
018SS 10ATINGS ... 79

4.8 Viscosity (linear regression slope) of EDA and ETA solution
of Asy;,Ssg as a function of glass loading ..........evevccceiiiiiiiieeeiiieeeei, 80



List of Figures (Continued)

Figure Page
4.9 Raman spectrum of 0.1g/m}sSb;S;o dissolved in ethanolamine.............. 81
4.10 Proposed dissolution products fob4SE/S70......veeeviiiviiieieieiiiie e, 83
4.11 Raman spectrum of 0.1g/ml,£8s dissolved in ethanolamine.................. 84
4.12  Proposed dissolution products fORzS8g........ccvvvuiiieeriiiiiiieeeeeeiiiee e, 86

4.13  Surface roughness and film thickness as a function of
pre-spin time for films derived from 0.5g/ml ASsg
(a) and GgSh;S;o (b) deposited on microscope slides
at 1000 RPM, and spun for 10 SECONAS...........uuuuiiiiiieeieeeeeeeereeeeeiriiennnnnns 98

4.14  Surface profile of AgSsg film spun on a microscope slide
at 1000 RPM for 10 seconds, with a 60 second wait time..................... 98

4.15 Transmission spectra of PA-derived4S6,S;, as a function
Of Pre-SPIN Wat tIME .......iei e 99

4.16  Surface roughness and film thickness as a function of spin
rate for films deposited from............ouvuiiiiiiiiii e 100

4.17 log-log plot of spin rate versus thickness for PA-derived
thIN FIIMS Lo 101

4.18 Variation of PA-derived film, thickness with spin time ..............cccccceeennn. 102

4.19  Surface roughness and film thickness as a function of spin time
for films deposited from 0.5g/ml AsSss (a) and GgShySyo
deposited on microscope slides (1s wait time and1000
RPM SPIN FAB. ..ot e e e e e e e e eeeeeeennes 103

4.20  Surface roughness and film thickness as a function of spin
rate for films deposited from 0.5g/ml ASsg (a, ¢) and
GesSh/Syo (b, d) in ethylenediamine (a, b) and
ethanolamine (c, d) deposited on microscope slides
(1s wait time and 10S SPIN tIME) ....cuvvuuiiiiiiiieie e 104



List of Figures (Continued)

Figure

4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

4.30

4.31

Surface roughness and film thickness as a function of spin
time for films deposited from 0.5g/ml ASss (a, ¢) and
GesSh'Syo (b, d) in ethylenediamine (a, b) and
ethanolamine (c, d) deposited on microscope slides

(1s wait time and 1000 RPM Spin rate) ..........euvvvveiiiiininneeeeeeeeeee.

Surface profile of 400nm films ethanolamine-deriveg3s

with (a) and without (b) a 30 second post-spin hold......................

Transmission spectra and Tauc band gap plots for PA-derived
GesShySy films after treatment at varying hard bake

(ST 001 01T = LU S PP

Variation of refractive index and thickness (a) and band gap (b)
of GesSh;S;o with films hard-bake temperature, calculated

from tranSMISSION SPECLIA .......cuvvvveeiiiiiiiee e e

Variation of refractive index and thickness (a) and band gap (b)
of As;,Ssg with films hard-bake temperature, calculated

from tranSMISSION SPECLIA .......evvvvvriiiiiieie e

FTIR transmission spectra of ETA-derived &8s films

with varying hard-bake temperature ............cccoovviiiiiiiiiiieeeeee,

Variation of peak absorbance at 1600 and 2900fom
transmission spectra of ETA-derived,£s films with

varying hard-bake temperature .............cccooiiiici

Mcro-Raman spectra of @8b,S;, films after 150 and 180 °C

hard bake, as compared to the bulk glass and parent salution............ 115

X-Ray diffraction pattern of G#&5b;Syo films after 150 and

180 °C hard-bake, as compared to the bulk glass.........................

X-Ray diffraction pattern of AgSsg films after 150 and 180 °C

hard-bake, as compared to the bulk glass ..........cccceeeeivieeeeeeennnn.

Micro-Raman spectra of &8b,S;o films after 150 and
180 °C hard bake, as compared to the bulk glass and

02T (=T o =Yoo o I

Xi

Page



List of Figures (Continued)
Figure Page

4.32  FTIR transmission spectra &s-deposited and heat treated
(150°C for 8 hours) ETA-derived &S film ..., 120

4.33 Enlargement of long-term hard-baked ETA-derive@.8s
film spectrum from figure 4.3L........ccoiiiiiiie e 121

5.1 SEM micrograph EDA-derived 25% PMMA/ASsg film
at 500X MagnifiCation ............cooiiiiiiiiiiii e 129

5.2 SEM micrograph ETA-derived 5% and 50% (V/V)
As1,Ssg/PAA films at 500x magnification ..........ccceeeeeveeeeeeiiiiieceeiiiiiinns 130

5.3 Transmission spectra of ETA-derived 5% and 50% (V/V)
PAAIAS S IMS. e 131

5.4 SEM micrographs of PAM/AsSsg hybrid films at 25,000 X
P |11 [0F= 11 0] o 132

5.5 AFM surface topography images of 5% (a) and 10% (b)

PAM/As,,Ssg hybrid films heat treated at 150 °C ........ccoooeevvvviiieeeeee, 134
5.6 AFM surface topography images of 20% (a) and 50% (b)

PAM/As;,Ssg hybrid films heat treated at 150 °C ......cccoeeeeieeeeeeennene, 135
5.7  Shear stress-shear strain viscosity plots for PAM-ETA solutions.............. 137

5.8 log-log plot of shear stress versus shear strain in
PAM-ETA SOIULIONS ... 138

5.9 Transmission spectra of PAM/ASsg films coated at 3000
rpm for 5 seconds with varying solvent ratio.............cccceeeevveevviveeiinnnnns 140

5.10 Refractive index, thickness and RMS surface roughness of
PAM/AS;,Sss hybrid filMS. ..o 141

5.11  Thickness versus number of depositions for multilayer
ETA-PAM/AS)2Sss hybrid filMS ... 142

Xii



List of Figures (Continued)

Figure

5.12

5.13
5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.24

FTIR transmission spectrum of 50 vol. % PAMASss

hybrid film before and after hard-bake ..............cccco, 143
Schematic for PDMS miCro-stamping ProCESS .......uueeeerreeeeeeeeeeeeeeeeeeinennnns 146
Process flow for capillary force lithography (CFL)........cceeiiiiiiiiniiiiininnee. 146
AFM surface topography images for CFL gratings in ETA-

derived Ag;Ssg film fabricated at 210 °C.......coooeeeiiiiiiiiiiiiiiie 147
High resolution AFM topography scan of,#/Ssg grating

surface produced at 210 °C ......uuuuiiiiieieie e 148
AFM scans of CFL gratings formed during soft-bake (a)

and hard-bake (b) of ETA-derived AS;sfilms..........ooovvvviiiviiininnnn. 149
AFM scans of CFL gratings surfaces formed during soft-

bake (a) and hard-bake (b) of ETA-derived 8ssfilms................... 149
Process flow for solution over-cladding of lift-off fabricated

WaAVEGUIAES ... e e ettt e s e e e e e e e e e e e e e e e e eaaaaee b e e s e aaeeeeeaeeeeeennnnnes 151
SEM cross-section of 200nm thick waveguide before (a)

and after (b) over-cladding...........ccouvviiiiiiiii 152
AFM profile of 200nm thick waveguide before (a) and after

(o) I e2YZ=] o1 =T [ 11 5o TR PP 153
AFM line-scans of waveguide sidewalls before and after coating............ 154
Optical loss at 1550 nm for coated waveguides as a function

of spin-speed and hard-bake temperature (speed/temperature). .......... 155

Xiii



CHAPTER ONE

Introduction

1.1 Motivation

This work was realized as part of a multi-university eftteveloping integrated
lab-on-chip optical sensor systems. The final goal of this wotkasproduction of a
prototype planar infrared (IR) sensor based on chalcogenideegld€HhGs) which
incorporates microfluidic channels for delivery of liquid or gaseanalytes, and
leverages optical resonance to enhance effective interaction lemgthsensitivities.
Specificity and further increases in sensitivity are providetbbdgred polymer coatings
which preferentially bind certain analytes to the polymer imatncreasing analyte
concentration near the sensor surface. Ultimately, this deviotersdded to be integrated
with the requisite light sources, detectors, and electronic @iogesircuitry onto a
single Si chip using CMOS-compatible fabrication techniques, whiowslfor large-
scale production and reduced unit cost.

Within this framework, materials were chosen to meet iceateria for the
application. These include: infrared transparency (to allow dev bptical loss at
wavelengths corresponding to the characteristic optical absorptiws baf organic
molecules), high refractive index (for tight confinement of opteaérgy within the
resonator structure), processibility into thin film form (fmmpatibility with CMOS-
based lithographic fabrication techniques), chemical compatibifdy &dhesion of
polymer layers and resistance to the chemical environment tensed) and suitability

for direct-laser writing of waveguide structures. Chalcogegldsses (ChGs) meet all of



these criteria and are well suited to this type of apptinathowever, in an effort to
further enhance ultimate device performance, this thesis worledaitn evaluate

alternative strategies for their merits to ascertaihi# possible to improve on traditional
glass film synthesis and fabrication techniques.

As a route to the preparation of novel material systems sudtyagds and
composites, and in order to simplify fabrication and open the door totyes of
structures and optical components, this dissertation posed the qué€stioa:solution-
based approach to fabricating diverse ChG thin film structures be used to realize

materials and devices which cannot be achieved by traditional means?

1.2 Theoretical background

Glasses

The term chalcogenide glass generally denotes an amorphousamakech is
comprised primarily of the elements S, Se, or Te combined withrdber of semi-metals
(Ge, As, Ga, Sb, etc.). Chalcogenides make up a well known matatahsthat has
been studied for more than fifty years [1] and can exist in eigherystalline or
amorphous state. Like all glasses, ChGs exhibit a glasstimansi fact which becomes
very important for the processing of bulk glasses into thin filmféuxed form as required
for most applications. Figure 1.1 depicts the kinetics of a standdtehuemch glass

formation process is shown below for clarity.
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Figure 1.1: Plot of glass enthalpy on cooling from the meltddferent heating rates

Generally, when a molten material is cooled through the melting poiptdTirst
order phase transformation occurs, the melt solidifies and a crystahisdoBecause the
growth rate of the crystal is kinetically limited, the bmabhy be cooled quickly enough to
delay this phase transformation. This kinetic barrier allowsitjugd| to be cooled below
its melting point, forming what is known as a super-cooled liquid. vi$wosity of this
liquid is dependent on temperature, and for this reason if sufficientr-oading is
achieved, large-scale atomic motion will cease before significrystallization can
occur. This results in a solid material which still possedsesandomized structure of
the liquid.

As shown in Figure 1.1, molecular motion will cease at an eairiier for rapidly
cooled glass than a slow cooled glass. This causes the roltasttacture of a more
rapidly quenched glass to resemble that of the equilibrium liguach&ggher temperature.

This variation in structure due to quench rate is often charactelyethe fictive



temperature () of the glass, which may be defined as the temperature ah vitec
particular glass would possess the same structure as theceopet-liquid. While fictive
temperature is a useful way of describing glass structusediificult to directly measure
as it requires comparison of the glass structure to that dfig¢fetemperature liquid.
Moreover, because it is only kinetically frozen, the structure gkaas can relax over
time. Physically, relaxation is the process of thermal bond brgalkeading to
rearrangement of the structural units of the glass whichvsrdby residual stresses and
excess entropy left over from the quenching process. In theyglitge, at any stage of

the relaxation process, a relaxation tinmjeg defined by the relaxation equation [2]:

oH) —-(H-H,)
(EJT - 4 &

whereH is the enthalpy at a time t akl§ the equilibrium (crystalline) enthalpy, and thus
H - H.is the excesenthalpy retained by the glass. This relaxation titheés(controlled

by the viscosity of the glass, as shown by Maxwell [3]:
=1 (1.2)

wheren is the shear viscosity and G is the shear modulus. Becauséattediom process

(viscosity) is thermally activated, it is expected to observe Arrhenitendepce:
AH *
T=1,ex 1.3
0 pﬁ (1.3)

wherertg is a structurally dependent prefactor, R is the ideal gasasurestdAH* is the
activation energy for structural relaxation [4], which is appratety equal to the

activation energy of viscous flow [5]. Looking back at equation 1.1, however, we can see



that the driving force for relaxation, which controls viscosisy,itself influenced by
relaxation. This makes the process nonlinear and time dependentn\¥eecafore, only
apply an Arrhenian approximation over short time scales and narrquetatare ranges.
Generalized functions describing glass viscosity curves whiké this effect into
account have been developed, but are beyond the scope of this work. Thigtiofoim
included however, as ChG’s posses loyis Wwith measurable relaxation times at room
temperature which can influence long term material (and henceejestability. This
stability is critical to long-term performance, especiallyiber materials [6] or thin films
which are further from equilibrium (as compared to bulk glasses).

Because bonds are broken during heating, additional translational and
configurational degrees of freedom become accessible todleeutar units forming the
glass network. This can be detected by measuring the temmgerdependence of
entropy-related material properties, such as heat capasihg differential scanning
calorimetry (DSC) or thermal expansion using dilatometry or thermdramézal analysis
(TMA). To understand this process, we can approximate heatangaitstant rate over a

temperature range of interedt (- T1) by N isothermal events, each lasting a tirie

giving:

At = (Tz _Tl) (1.4)

whereq is the heating rate [4]. The glass transition temperatwei¢Tdefined as the
temperature below which the glass can be considered an slagli¢c < At) and above

which it can be considered a viscous liquid>(At). Thus, we can see tha} Thay be



defined as the temperature at which structural relaxation(tyms similar to that of the
observation timeAt) i.e.,

7(T,) = KAt (1.5)

where K is a constant, which is defined by the instrument. Combagjogtions 1.3, 1.4

and 1.5, we can derive the following [4]:

z, ex;{AH *J = K(T,-T) (1.6)
RT gN

g

We can further derive a relation between the variation of the\aabdy as a function of
the experimental heating rate, used for instance in DSC measugnwhich was

previously reported by Moynihan [7]:

dinlg _—AH*

diT,) R

Thus, we can see thaty Ts logarithmically dependent on heating rate. In fact, this

(1.7)

transition from solid to liquid is not abrupt but gradual, because vigcesries
continuously as a function of temperature, which implies thas Thot a well defined
temperature, but is a broad temperature range.

It is important to note several of the facts discussed heoeder to understand
some of the unique properties of glasses. Firstly, thaisTnot a thermodynamic
transition, but is simply removal of the kinetic barrier to structural aegement. It does
however have thermodynamic signatures, which is the reasongtizatiually measured
rather than 1 Secondly, § is not an absolute value, but occurs over a range of

temperatures where relaxation occurs over similar time stalthat of the observation,



which makes the value dependant on the measurement conditions. Finalty, tthee
relaxation process, the properties of the glass (density andctmefrandex most

importantly), are determined in part by its thermal history. Th&s important
implications for fields which employ fibers and especially thimg, because different
cooling rates during formation and subsequent thermal processpsgistieice variation
in the physical and optical properties as compared to those of tbet gark glass.

Annealing, or heating of the glass to a temperature ngas Dften employed both to
remove excess stress and allows many film properties t@agpibulk values through
structural relaxation. For this reason, the properties of theitima prepared during this
study were extensively compared to those of the bulk glass, andfelots eof post-

deposition annealing were examined.

Chalcogenides

As compared to their oxide glass counterparts, chalcogenidgegl&ShGs) are
comprised of larger, heavier atoms which have very similatreleggativities (1.8-2.5).
These facts give ChGs some of their defining characterigtighh atomic mass and
electronic polarizability lead to low phonon energies and high tefeamdices, giving
these glasses excellent transparency in the infrared, anelstmgruses as hosts for rare-
earth ions. Low strength and highly covalent bonding lead to compdydtve T4 and
hardness values, allowing for easy polishing and processing intbltfsnor fiber form.
This makes them attractive for infrared optical applicatiarth @s IR photonics [8-10],

laser power delivery [11-13], Raman gain amplification [14], supermamin generation



[15, 16], and IR optical sensing [17-22]. Additionally they also tend tdbéxhide glass
forming regions, even including non-stoichiometric chalcogen contemsa which
allows tailoring of glass chemistry and properties to meet devicaesrgig constraints.

In order to form a glass, the liquid must be able to be cooledvided melting
point and reach the glass transition~ 10" Pa.s, before significant crystallization
occurs. This generally requires low crystal growth rates and/brrhéit viscosities. The
most commonly used glass formers contained within the chalcogenstiemsy are
GeS/GeSe and AsS3/As,Se; with other elements acting as intermediates (Ga, Sb, Te) or
modifiers (S, Se, I). In this sense, we define an intermedatesabstance which will not
form a glass on its own but will act as a glass former wte@nbined with other
materials, while a modifier is used to alter the network siracand/or to help prevent
devitrification. It should be noted that, the structural role of thewarelements in ChGs
is more flexible than in oxides, and these characterizations sholyibe applied on a
case-by-case basis. For example, Te may act as a thdeerfddbur-fold coordinated
cation in the Te-l and Tefglasses [23] or twofold coordinated anion in the As-Te
system [24]. Its structural role in As-Te-Se [25] and Ge-S®J26] glasses is still
unclear, but is expected to be in one of these multi-valent configurations.

Covalently bonded oxide glasses tend to from heteropolar chargethddmmhds
or non-bridging oxygen ions (NBOs) rather than O-O homopolar (penokmieds, for
instance when alkaline elements are added or as defects. However, hornopdtasuch
as S-S are far more common in ChGs than charged species sheheagiivalent non-

bridging sulfur ion (NBS). In fact, the only commonly used compouiethwforms



charged species in these glasses isSgavhich is known to form GaStetrathedra
within the glass network, and is commonly used to increase the lgplobirare earth

cations through charge balancing. As a general structural modé¢hevnefore consider
the coordination spheres of both the metals and chalcogens to be abwagiete (2

bonds for S/Se, 3 bonds for As/Sb and 4 bonds for Ge) and any excessienciebf

the chalcogen is accounted for by chalcogen-chalcogen or-metal homopolar bonds
respectively. In the case of As-based glasses, this leads p@daminantly two-

dimensional (2D) layer-like network while in Ge-based glast8es network is

predominantly three-dimensional (3D) [27]. This has important conseggidnc the

thermal and physical properties of the glass i.e., hardnes3gnehich are generally
higher for Ge-based compositions.

Another important attribute of these glasses which is caugetheb structural
versatility of their elemental constituents, is the sensitiotythese glasses to high
intensity or short wavelength (above the absorption band gap) ircediddere, such
irradiation can lead to bond rearrangement and changes in the gbhgsat optical
properties of the glass. These changes can be either permaetdtaivle (reversed by
annealing), or reversible (relaxing to their original stater time) [28], and can proceed
via multiple mechanisms over various timescales [29, 30]. This lead=dditional
applications as optical (ovonic) memory [31, 32], inorganic photoresists3f33and
direct-written optical structures (waveguides), gratings aretenses [15, 19, 21, 35-

39].



Most of these device applications require the glass to be gsextanto either
fiber or thin film form. Traditionally, chalcogenide films arepdsited using physical
vapor deposition (PVD) techniques such as thermal evaporation, pulseddpssition
or sputtering. While these methods are generally simple, thdgrsiibm several
shortcomings which occasionally restrict their use. They arergiy limited to largely
two-dimensional surfaces, and require high-vacuum processing andirsemdifficult
target preparation in the case of laser deposition and sputtemoghek complication,
particularly for thermal evaporation, is the observation thatekelting film often has a
different composition (stoichiometry) from that of the parent gltmget, or is
inhomogeneous across its thickness, due to differential volatilimukti-component
materials. A common solution to this problem is multi-source depositvbese as many
as four materials may be simultaneously evaporated at diffemmperatures in order to
reach a desired film composition [6]. This solution to the problem of inhomageneis
what was a straightforward deposition method into one which is corapléxgenerally
imprecise to control or tailor.

Solution-based coating methods offer a potential pathway to overcohesg t
limitations. By controlling the chemical composition of the solutionsph#he chemistry
of the film may be controlled with high precision. Techniques such amy-spating,
spin-coating or dip-coating may be used over highly varied (shaetiices by taking
advantage of the surface tension of the solution, and are suitablarder surface
areas/high production volumes. The elimination of high vacuum duringdpesition

also allows for higher production rates and simpler processin@déled advantage of



the solution phase is the opportunity to incorporate other materialthimtfilm, as long
at this material may be dissolved or dispersed into the salm#s. Examples of these
materials might be carbon, noble metal or semiconductor nanopartozigoolymers,
allowing for the creation of hybrid or composite coatings with ndwettionalities or
enhanced properties. Such solution-based processes are fertile gnoresearch, and to
date, composite and hybrid chalcogenide materials are largstydied. Thus, this thesis
examines key material and process variables associatedabitbhating ChG thin films

and structures using a novel solution-based approach.

1.3 Applications of chalcogenide thin films and glasses

The IR transparency of chalcogenide glasses (ChGs) leaalsvide variety of
optical applications; however, the band gap and conductivities of théegatsacan be
varied over a wide range, which can lead to electronic apiplsaas well. Among these,
the most prominent is as ‘Lion conducting electrolytes for secondary (rechargeable)
battery applications [40]. Oxysulfide glasses based.8n[R1, 42], BS; [43], GeS and
SIS [44, 45] have been shown to have relatively open structures comparedstoaihe
Li* ion leading to high ionic conductivities combined with good mechanicalbdity
compared to liquid and polymer electrolytes which can prevent derfointetion and
improve operating temperature ranges [46].

Most sulfide and selenide glass are considered to be amorphagsrsguntors,
and crystalline AsSz is an inherent p-type semiconductor. The addition of Tl has been

shown to increase the hole mobility in .85 glasses [47], providing a p-type
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semiconductor, while the addition of Bi to Gdssed glasses can be used to create n-
type semiconducting glasses [48], making these materialsatitsgtive for electronics
applications. However, a better understanding of the nature and infloénckerent
defects in these materials is still needed [49]. Another eld@ctrapplication of doped
ChGs is in ion-selective electrodes [50-52] and electronic ton{h@s The high
solubility of the glasses for “soft” ions (€u P, Cd*, HF*, Ag’, etc.) allows doped
films with high ionic conductivities for these species. Similar dgpof noble metal
elements also allows the tailoring of the electric conductiahd band gap for
application as photoconductive sensors [54] and thermoelectrics [55ntBedhere
have also been increasing interests in applications of transitital (eey. Cu, Ag, Sn,
Cr) doped chalcogenide glasses as optical memory and laseraiaate6]. Previous
investigations [57] have shown that the introduction of Cu into th8d\glass causes a
substantial increase in the efficiency (contrast, photosensiveyersibility and
diffractive efficiency) of optical recording on thin films Glu(As;Ses)100x With X < 20
at.%.

Optical recording in ChGs is well known and forms the basis oécurewritable
optical disk technologies like CDs and DVDs [32]. The most commordg afoys are
Ge-Sb-Se-Te and Ag-In-Sb-Te systems, that operate throsgghhaating and thermally-
induced phase changes. Lower pulse energies are capable of) leatglass above its
glass transition temperature inducing rapid crystallization,eatigh pulse energies heat
the film above its melting point and lead to revitrification [3he different reflectivity

of the crystalline and amorphous phases is used to differentiatedrethe “1” and “0”
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values needed for memory. Non-volatile memory systems which céotheread and
written electronically though changes in resistivity induced tygtallization are also
under development [58], and Intel has reported that their next-gemenagimory will be
based on this technology.

The primary optical applications of these materials are coadewith their high
optical nonlinearity and infrared transparency. Initial developmente$e materials
centered around optical fiber-based devices [6, 11, 59] have found appkcatioptical
switching [60-62], telecommunications [63] infrared laser power dslivand
supercontinuum generation [11, 64, 65], and remote IR chemical sensing [66) 67]
more recent years, thin film versions of these devices based ogui@de®s have been
the focus of much research [15, 19, 61, 68-71]. Fabrication of waveguidéusts in
thin films have been manufactured using lift-off lithography [33, #&¥ctive ion etching
[39, 72, 73], ion implantation [39, 74], and photo-diffusion of silver into in thesq&s
76]. All of these fabrication techniques have been shown to furthertladtethemical
stability of the glasses, which dissolve in standard alkali develeglations used in
photolithography. This property makes ChGs attractive as inorganioresists [34, 75,
77-80] using wet etching. Glass dissolution has become a focus efistarest recently
as a method for fabrication of thin films [35, 79-82], and has seen sunocess than the
adaption of traditional sol-gel techniques used for oxides to tisieray[81-83]. This
technique holds promise for the development of new deposition routes for gomple

structures in these materials, and the development of noveldhgd composite
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materials, which have drawn considerable attention in recent [@&&%/7] due to the
promise of optical functionality with greatly improved mechanical durability.

Expanding further to these preliminary findings, the focus of thiskwer the
development of solution-based fabrication techniques for ChG-basediatsatehich

maintain high IR transparency and homogeneity.
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CHAPTER TWO

Research Design and Methods

2.1 Sample Preparation

All of the materials examined in this work were prepared thrahghmelting of
elemental starting materials to form a bulk glass. In o@eachieve high transparency at
infrared wavelengths, chalcogenide glasses should ideallyebeofr lighter elements,
including oxygen and hydrogen, which lead to absorption bands in the nedildt. It
is therefore necessary to prepare all materials in a low humiditycdm@environment. It
should also be noted that unless otherwise stated, no special parificethods were

employed to reduce the extrinsic impurities.

Bulk Glass Melting

High-purity elemental starting materials (As: Alfa-&e99.999% Ge: Sigma-
Aldrich 99.999%, Sh: Alfa-Aesar 99.999%, S: Sigma 99.999%,). were weighekt ia
glove box under a nitrogen atmosphere containing less than 10 paniglieer (ppm) of
both oxygen and water. The appropriate weight of each elementhetasatided to a
cylindrical fused quartz ampoule, with a length of approximatelgrdCand a diameter
between 1 and 2.5 cm, depending on the total mass of the batch to tbd. nigke
ampoule was then placed under vacuum using a turbo-molecular pump, wipostire
of the batch to room air, and maintained at 90 °C for at le&sturs. This temperature
was chosen in order to drive off any residual water on the swfahe starting materials

and ampoule, without melting the sulfur contained in the batch. Afé&ehdurs under

15



these conditions (depending on the total mass of the batch), the awasuleen sealed
with a gas-oxygen torch. The batch within the sealed ampoule wasntaiked by
heating to between 700 and 925 °C, depending on the composition of the glags usin
heating rate of 2.5 °C/min and holding at the melt temperature, &4 1Rours,
depending on the mass of the batch to melt. The glass mettonasyenized through the
use of a specially designed rocking furnace which rotatestipewde and batch through
90°, perpendicular to the long axis, at a rate of 5 cycles/minutdy Lt rocking was
stopped while the temperature of the furnace was decreasedtby5R5°C in order to
prevent entrainment of bubbles within the melt, and the ampoule and bateh we
guenched to room temperature by removal from the furnace and coolmegnn air.
Samples were annealed at 40 °C belgwvEr night in order to remove the thermal stress

from the quench and to increase the glass mechanical stability.

Film deposition by spin-coating

Solution-derived films were deposited onto 3” silicon wafer sulestrahd 3”
BK7 glass (Schott Glass) substrates using a three step pnobeds consists of i)
solution preparation by dissolution of bulk glass powder, ii) spin-cqasingd iii) heat
treatment. In order to prevent the incorporation of atmospheric water into thostygic
solvents used, as well as to prevent oxidation of the solutionsepdl were performed
inside a glove box and/or under nitrogen atmosphere.

The first step of this process was dissolution of the glass to form the solution.

Finely ground glass was dissolved in a solvent by stirring at rmmperature until
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complete dissolution was achieved. As discussed in detail in Chigptee duration of
this step varied as a function of both the solvent and glass composiecaudg
precipitation of some of the glass constituents can occur at higindgsa the glass
solubility limits were defined for each solvent/glass pair.

For the second step, the spin-coated films were prepared using a programmable
computer-controlled spin-coater (Model G3 from Specialty Coatysge®s). This spin
coating system allows the tailoring of four main variables,usholg spin-up time
(acceleration), spin speed, dwell time, and spin-down time (dewefgrdn addition, it
is also possible to add hold times between the application of theéoadintthe substrate
(initial hold), and between the end of spinning, and annealing of thefirlai fold). In
each case, the key metrics for optimization of the spin-coatinggwoe were the surface
roughness, thickness, and thickness uniformity for the final film.

The last step for the processing of solution-derived films was heat treatno
remove any residual solvent from the film, stabilizing the fptaJsical structure of the
film and allowing the separate dissolved glass components to dertsifg continuous
network. After completion of the hold time following coating, the edatubstrate was
“soft-baked” by placing it into an oven or onto a hotplate, which wash@ated to
appropriate temperature for a period of several minutes in ardslitify the film and
reduce moisture sensitivity so that it could be removed from atembsphere. After
cooling from this “soft-bake”, the film was then transfernei ia vacuum furnace, which
was purged with nitrogen and evacuated to ~1 Torr before heating higher

temperature. This second annealing stage is intended to removesitieal solvent
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which may be present interstially or may be chemically boridetie dissolved glass
components, and also to allow reaction between these components inoofddy t

densify the film and restore the glassy network.

2.2 Characterization of materials

The physical, thermal, optical, and structural properties offdbecated bulk
glass, and thin films were characterized using a seriesedinigues including
Archimedes’ density measurements, thermo mechanical analysig)(Tdifferential
scanning calorimetry (DSC), prism coupling, UV-Visible, Fourianriform infrared

(FTIR), and Raman spectroscopy.

2.2.1 Physical properties

For large-scale roughness measurement and estimation of thilckness
uniformity, white light interferometric microscopy was emmdy(Zygo Corp. model
NewView 6300). This technique utilizes and interferometric resptmngeage a surface:
a beam splitter is inserted into the beam path of a microscdpef kize light is focused
by a microscope objective and is reflected from the samplacgyrénd the other half is
reflected from a reference mirror inside the instrument. The dtwtical paths are

combined by the beam splitter and imaged by a camera. Firalyfptal point of the
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system is then raised and lowered by a piezo actuator syastehthe computer records
the image intensity for each pixel as a function of the distemttee sample. Because the
image recorded by the camera contains an interferogram d¢ijtiteeflected from the
reference and sample surfaces, differences in the sample theighine pixel to the next
can be seen as differences in the interference fringermpafidhe computer then
mathematically transforms this data into sample height fon @acel, creating a three-
dimension map of the sample surface. The primary limitation oft#uisnique is the
lateral resolution, which cannot exceed the diffraction limit. Th@nslates to
approximately 0.61 times the center wavelength of the light so#880 nm) or
approximately 320 nm, but is typically much larger as determibgdthe total
magnification of the system and the pixel size of the cark@rainstance, using a typical
magnification (5x) and a 640x480 pixel camera provides a lateral resolutioruof.~2
For high resolution mapping of surface features, atomic force microscopy was
employed using a Dimension 3100 (Digital Instruments, Inc.) miopesc This
technigue measures surface relief by scanning a siliconesamntprobe with a sharpened
tip across the surface of the sample. A laser is reflected the back surface of this
probe and the angle of reflection is measured using a quadrant phdmdeiscthe

height of the sample surface under the probe changes during thelscg@robe bends
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and the reflection angle changes, leading to a change in the signal frphotbdetector.

A piezo actuator then moves the support of the probe verticalbydier to restore the

bending angle, and thereby the photodetector signal, to its normal Vdie vertical

position of the probe support is then related to the vertical posititimegboint of the

sample surface under the probe.

In addition to the surface height, this instrument also allowsxteieation of

the attractive forces between the probe and sample whichdesidking though the use

of “tapping mode” imaging, appearing as a phase-lag betweenstiliating driving

force provided by the actuator and the movement of the probe awaytiesample

surface. This tapping force mode allows improved resolution, and the ptysbi

discerning regions of the sample with different elastic pregserivhich may be caused,

for example, by phase separation. Generally the resolution ofetthisigue is limited

only by the size of the probe tip which may be less than 1 dicorstips with spring

constants of 50 N/m were used, and imaging was done at scan rates in the range 1 - 2 Hz.

Mor phology

The micro-scale structure of bulk and thin films samples was examined using both

optical microscopy and a scanning electron microscope (SBlt)cal microscopic
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images of polished bulk glass sections and thin films were acquired udiikpa model
115 microscope at up to 500x total magnification, and were examin#dwefpresence of
any bubbles, cracks, or suspended particulates within the glassl as for any signs of
crystallization or phase separation.

Electron microscopy was performed using a Hitachi model S3400 SEM, under
variable pressure mode, which allowed the imaging of non-condueanaples without
the application of carbon or platinum coatings. This instrument wap@ed with an
electron backscatter detector, which allowed the observation of cdlediiferences at
the sample surface through contrast differences. Film samples gleaved and
examined on-edge in order to examine any possible laminatwnear structures. SEM
observations also allowed the determination of the chemical congmosftthe bulk and
thin film samples, through the use of an attached Oxford model Enesggrsive X-Ray
(EDX) spectrometer. During electron microscopy, the high éeergf electron beam,
generally used at 20 kV in this case, causes ejection of secosléatyons from the

sample surface, as shown in Figure 2.1 below.
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Figure 2.1: Schematic depicting secondary electron scattemgsabsequent X-Ray

emission under high-voltage (HV) electron beam bamment.

As vacancies in core levels are filled by electrons fraghér energy outer levels,
X-Rays are emitted which have energy equal to the differen@nérgy between the
levels and are characteristic of the element from which thginate. When one of these
X-Ray photons is incident at the detector of the spectrometer,rgecpalse is created
which is proportional to the energy of the incident photon. Each chargeipdisally
converted to a voltage pulse, and the spectrometer counts and s@tpules. The
counts versus photon energy is displayed. Corrections for the X-Ra&giemicross-
sections of the different elements was applied in order to aflemi-quantitative

compositional analysis (1 at. %).



Density

In the case of bulk glasses, density was directly measuiad Aschimedes’
principle. The sample was first weighed in air and then suspendetignid of known
density (diethyl phthalate in this case). The weight of the samipén suspended may be
expected to be reduced by the mass of the volume of liquid whicllig@aced, which
was equal to sample volume multiplied by the density of thedi The sample density

may then be calculated to within +0.02 gfcas follows [98]:

mo,
=— 2.1
Ps =" (2.1)

Whereps is the density of the samplg, is density of the liquid, m is the mass of the
sample in air, and\w is the change in weight of the sample upon submersion. The
density of film samples was estimated from the refractidex using the Lorentz-Lorenz
(Clausius-Mossotti) relation. Assuming that the average molaripabéity (o) of the
species comprising a substance is constant, the refractive (imdexdependent on the

number density per unit volume (N) of those species as follows [99]:

n>-1 A4r
=—Na«a 2.2
n+2 3 (2.2)
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In the case of anisotropic crystals and polar liquids, where pentpo&arization and
two and three-body interactions contribute to the total polarizationmntire complex
Onsager model must be used [100]. However, glasses are expectaddvdpec due to
their amorphous structures, the Lorentz-Lorenz is expected to beienffiSince the
number density of polarizable species is proportional to the masgyjehe density of

the film can be expressed as a fraction of the bulk glass density:

)
O b -

whereps and r are the film density and refractive index, gidand R are bulk glass

index and density respectively.

Micro-hardness

The micro-hardness of the bulk glasses was determined usimghad@u model
DUH-210 dynamic ultra-micro hardness tester from Shimadzu. isieument was
equipped with a Vicker's microindenter, which consists of a diamond pawving a
square profile, and cut at a 136° angle. The probe was presseatidrgample surface
using a constant load which was held until a constant penetrationid&pthe sample
surface was reached, and then held for an additional 2 secondsthisfteme, the load

was released, the indenter was withdrawn from the surfaceeamiting indentation was
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examined microscopically. The Vicker's hardness)(ldf the sample was calculated
from the average length of the diagonals (d) of the indentatieaquned using an optical
microscope) and the applied load (L) using the following relation [101]:

136°j L _18544 .\ mmd) 2.4

HV = 28|n(7 F = T

Commercial polycrystalline zinc selenide and fusdida samples were used for

calibration, and the hardness was taken as thage@f ten measurements.

2.2.2 Thermal properties

In this study, the glass transition temperaturg 0T bulk glasses was determined
using a (TA Instruments model 2920) differentiabrsting calorimeter (DSC). The
instrument is designed to measure the amount afrtesled to raise the temperature of a
sample by a set amount, as compared to a refer@heesample was contained in a
hermetically sealed aluminum pan, with a secondpfgmpan used as a reference, and
the temperature of both pans are maintained atyn#ae same temperature which was
increased at constant rate. The heat flow was ribesrded as a function of temperature,
allowing changes in heat capacity or thermodynatnainositions, such as melting, to be
observed. The DSC thermogram of the bulk glass thighcomposition AgSss, taken as

an example, is shown in Figure 2.2.
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Figure 2.2: DSC thermogram of AsgSsg acquired at 10 °C/min

As the temperature increases, an endothermic sigrs&en which is associated with the
glass transition. Jwas assigned as the inflection point of this festiotherm, taken as

the minimum of the first derivative curve of helaw versus temperature.

Due to the small mass provided by thin film sampless difficult to obtain a
sufficient signal to noise ratio foryTmeasurements using DSC. For this reason, a
relatively new technique, micro-thermal analysi®©¢iel 2990 from TA Instruments) was
employed. Depicted in the figure below, the insteminuses a platinum wire probe
attached to a standard AFM head which is placecbmtact with the film surface and
heated at a constant rate. The vertical defectidheoprobe is observed during heating,

similar to the operation of a thermal mechanicallyzer.
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Figure 2.3 Schematic of probe heated-wire arrangement usedciro-thermal analysis

As the sample is initially heated by the probe,ugmvard movement of the probe is

observed which is caused by thermal expansioneolaital area of the sample and by the
probe itself. This latter contribution is constémt all measurements, but would need to
be considered as part of the total signal. At higeenperatures, where the glassy film
begins to soften, the probe begins to move downwadicating that the probe starts to

penetrate into the sample surface. A sample thammodor As,Sss bulk glass is shown

in Figure 2.4 below.
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Figure 2.4: Micro-thermal analysis thermogram showing vertjpalbe deflection versus temperature for

an 800 nm thick AgSsg film, with a heating rate of 10 °C/s.

This movement of the probe leads to a transittopugh a point of maximum
deflection in the sensor signal, and an indentaéibthe surface of the film where the
probe was in contact with the sample can be obdentdh an optical microscope after
the measurement. The temperature at the onseteopritbe’s downward motion, as
determined by the intercept of the two tangentsmshim Figure 2.5 is labeled as the
“probe-penetration temperature” T In order to estimate the experimental errorheaf t
T, value in our measurements, each measurement weatee at least four times, and
the error bars (10 °C) were derived from the \aligy of this data for a heating rate of
600 °C/min. A thorough description of the technicage applied to bulk and thin film

chalcogenide glasses is presented in [102].



2.2.3 Optical properties
UV-Vis-NIR spectroscopy

A Perkin-Elmer model Lambda 900 UV-Vis-NIR spectioppmeter was used to
examine the optical transparency of bulk glasses tam films over the wavelength
range of 200 to 2500 nm. This instrument measunes ratio of optical intensity
transmitted over a reference path and throughdhepke to give the transmittance of the
sample. In general, three primary sources existhferloss of optical power transmitted
through the sample: reflection, scattering, andadisn.

The first source of optical loss is reflection, which is caused dylifference of
refractive index (n) as the light passes from omeliom (air) into a second (glass), and is

typically characterized by the Fresnel equatiorj [99

(nl — n2 )2 (25)

where r is the reflection coefficient at normalidence for the interface between two
media with refractive indices;rand n. Since there are reflections at both glass susface
(commonly referred to as the material’'s Fresnelectibns) and multiple reflections
between them, the combined reflection coeffici@jtrhay be expressed by [99]:

2r

=

(2.6)

The second source of optical loss due to Rayleigh scattering, pritlgazaused by
surface roughness or inhomogeneities within thepsamhich possesses a refractive

index differing from that of the surrounding mediusuch as bubbles or striae, and is
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dependant both on the refractive index differenu# @n the size of the scattering center.
For a well polished glass sample with good homoiggaad over short path lengths, this
effect is often considered negligible.

The third source of optical loss is absorption which may be eitherinsic or
extrinsic, depending on whether the electronicditaons are due to the material itself,
such as valence band to conduction band transiiodiie to impurities or dopants within
the sample, respectively. After correcting for tresnel reflective losses and neglects
scattering loss, the absorbance (A) of the samg then be calculated from Beers’s
law where: [99]

1

A= —Iog(?j (2.7)

Finally the absorption coefficient), or equivalently the absorptivity, is calculatiedm

the absorbance of the sample (A) and the pathHeofgihe light, or sample thickness (d)

by:

_ Aln(10)
- d

a (2.8)

From the absorption spectrum it is possible tordatee the optical band gam
glasses, the primary source of absorption in theddVisible spectrum is the excitation
of electrons in the valence band of the glass umoccupied states in the conduction
band. Chalcogenide glass are known to display direict-type band gap transition,
indicative of a change of momentum of the electsrit is promoted from the valence to
the conduction band [103]. As a result, the regibhigh absorptivityg > 10* cm?) may

be described by the Tauc power law [104]:
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ahv = B(hv -E, f (2.9)
where B is the slope of the Tauc edge, which dependhe density of states (DOS), and
Ey is the optical band gap energy. Because of thergimas nature of glass, some
localized states exist with higher energies than ¢t the equivalent crystalline structure.
As a result, there exists an absorption “tail” whextends to longer wavelengths. The
absorption coefficient in this weakly absorbing (tf’< o < 10* cm™) portion of the
spectrum may be described by the Urbach Exponeetation [105],

a =ay,exphv)/E, (2.10)
where E is the Urbach energy. The relative value @fi& often used as a tool for

estimating the amount of disorder present withendglass network.

Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra were used in this study for iderdifien of various IR absorbing
species such as impurities within the glass, optiesence of organic molecules, and the
semi-quantitative comparison of their relative camtcations. This spectroscopic
technique utilizes an interferometer to obtain thn@nsmittance of a sample over
wavelengths in the mid-IR from 2.5 to 20m, using a Nicolet model 530 FITR
spectrometer. This instrument is comprised of aatbréband infrared source and a
Michelson interferometer with a movable mirror ineoarm. The mirror is moved at a
constant rate while in intensity of the light pagsthrough the interferometer is recorded.
The data generated by this process contains infeyman the temporal coherence of the

light. By placing the sample in the beam path, tpédtern is modulated, and the
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transmittance of the sample may be extracted byyigpthe well-known Fourier

transform.

Refractive index

The refractive index of a material is the ratidloe speed of light (¢) in vacuum to
the phase velocity gy of light within the material. This is caused hfferences between
the magnetic permeabilityl and dielectric permittivitys) of the material and those of

free spacey andep), resulting in a retardation of the propagatiny&gL06] where:

C &
N=—= H

Vo Eolo

(2.11)

This property is one of the most important varighlethe design of optical devices, and
was examined in this study using a variety of temples, for both bulk and thin film

materials.

The refractive index of the investigated bulk dmid films was directly measured
using the prism coupling technique in collaboratwith Mr. Norm Anheier at Pacific
Northwest National Lab. The normal configurationtbé instrument is built around a
fused silica or rutile prism, a HeNe laser and clete and a rotary stage. The laser is
aligned such that the beam strikes the face againish the sample is pressed internally
to the prism, and is then reflected out to the alete The prism, sample and detector are

then rotated together such that the laser is intida the same spot at the prism-sample
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interface throughout, and the reflected intens#tyrecorded as a function of incident

angle. The experimental setup is depicted in tnerd 2.5:

. Fiber laser

2 g

I g w

8 z 1 Vis. He-Ne
T 2kHz chopper Interchangeable detectors
o

¢ Ge photodiode (Vis-NIR)

‘% * un-cooled MCZT
O N - \

VAR
ZnSe 2.5:1 Ge dichroic GaP
Telescope window prism Sample coupler

Figure 2.5: Layout of Metricon model 2010 prism coupler witlodifications for IR refractive index

measurements

In order to provide the ability to measure refraetivavelength at longer wavelengths,
additional discreet laser sources at 1.55. 3.3 jobm and a tunable CQaser covering

9.3 to 10.6um were added and aligned to be collinear with tB2.& nm HeNe.

Additionally, the prism was changed from rutile@aP in order to provide the correct
transmission range, and to keep the refractivexiredeéhe prism higher than those of the
test samples. Finally, a mercury-cadmium-zinc telkl detector was added in order to
expand the detection range through the mid-IR (3110). Sufficient signal to-noise ratio
was achieved by optically chopping the IR laser® kitiz and recovering the signal from
the detector using a lock-in amplifier. Shown igute 2.6 below is a simulated plot of

intensity versus incident angle for bulk and thimfsamples.
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Figure 2.6: lllustration of photodetector intensity output @ats a function of incident angl® for bulk

and thin film samples during prism coupling meameats.

In the case of a bulk glass sample with a loweaotive index than that of the prism, the
laser beam is reflected from the face of the prisng the detector, until the incident
angle drops below the critical angle for total intd reflection, at which point it is
coupled evanescently across the gap and into timplealn the case of a thin film
sample, a series of modes are formed, again béleveritical angle where the light is
guided within the film, which allows the calculatioof both refractive index and
thickness from the pattern of mode angles. Sineeatisolute intensity of the light is not
needed for the calculation of refractive index, boly the angle of the prism at which
coupling occurs, the absolute accuracy of this mreasent technique can reach as high
as +0.0001 refractive index units (RIU) or 100 ppm.
A limitation of the prism coupling technique foretldetermination of thin film

refractive indices is that multiple modes must beipted in order to allow a unique
solution to both refractive index and thickness. Agesult, the film thickness must be

close that the wavelength of light.



In order to calculate the refractive index of tHiims at IR wavelengths, a
separate program was developed which performs aysas of the coupled mode angles.
This is accomplished be recording the intensityigalas a function of incident angle, and
determining the location of the minima observedhia signal. The effective index of the
corresponding guided mod&\() for each minimum is determined from the incident
angle of the mod&f,), the prism base angle)(and the prism refractive indem, using

the following relation [107]:
N, =sing, cos¢s+(np2 —sin? Hmyz sine (2.12)
It is known that coupled modes occur at discreagtiant angles given by [107],
KqW + g+ =mz (2.13)

where m is the integer mode order, W is the filmekhess,\ is the wavelength of the

measurement, ang:ks the effective optical density of the mode, givay [107]
K¢ :(7j n’-N,’ (2.14)

Finally, the Fresnel phase shifts which occur dlecgon from the interface between the

film and substrate, or filmgs and ¢, respectively) follow the relation [107]:

3 =—tan‘1[Nm—_”iJ (2.15)

nf2 - Nm2

In order to find a single value fory mnd W which solves the set of transcendental
equations corresponding to each observed modendikod first described by Kirsch
[107] is used. An initial guess value for the refrge index is calculated from the

position of the first two minima in the followingjeation:
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ng =4———** (2.16)

Once the estimated film index is known, approximakies of the two phase shiftg
and ¢, may be calculated. The following relationship besaweffective mode index (N

mode order number (m) may then be fit using linegression through the following

relation.
Y= CiXm+ Co (2.17)
where:
Ym = N, (2.18)
Ci= -(A12W)? (2.19)
C, = né, (2.20)
Xy = {m—MT (2.21)

The refractive index may then be calculated fromxhintercept, and the thickness from
the slope of the line. The film index derived froegression is then used to improve the
initial estimates of the values of tiigand ¢ phase shifts and the regression is performed
again. This iterative refinement is continued uthté change insrbetween each iteration

is significantly less than the expected precisibthe index measurement, 1X1&IU for
example, which is primarily limited by the accuraafythe stage used to rotate the prism,

and the collimation of the laser.
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The other technique used in this study to quaniiéyrefractive index of thin film
is based on the method developed by Swanepoel.[T0#83 method uses interference
effects which occur due to multiple reflectionsvibetn the interface of a thin film and
the air and to the substrate, when the thicknesiseofilm is close to the coherence length
of the light. This effect produces an interferepedtern in the transmission spectrum of

the film, which is demonstrated Figure 2.7 below.
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Figure 2.7: Transmission spectrum of a 620 nm thiclSss glass thin film deposited

on a microscope slide using thermal evaporation

At wavelengths longer than the band gap, if it9suaned that absorption and scattering
are negligible, the maximum transmission values epected to correspond to the
transmittance of the substrate alone, while themum transmission occurs where when
the reflections from the two surfaces of the filmerfere constructively. The refractive

index of the film (n) may then be calculated frdme transmittance values [108].



n= [N (N2 o)) (2.22)

_ 2
given: N = ZSTM T .3 1 (2.23)
TuT., 2

where Ty and T, are the transmission values at the maxima and mainand s is the
refractive index of the substrate. The thicknafsthe film may also be determined, by
examining the spacing between adjacent maxima amiman, using the following
equation:

2nd = mi (2.24)
where d is the film thickness,is the wavelength, and m is the order numbemhikdase,
the maxima may be expected to occur at integeregabf the order number, minima

occur at half integers.

2.2.4 Structural properties
X-ray diffraction

Samples which are at least partially crystallinedlethemselves to X-Ray
diffraction (XRD) analysis, which allows the idditation of the crystalline phase. In
this technique, an X-ray beam with a wavelength.@5418 nm is generated from an X-
ray tube with a copper anode. This beam passesighra slit for collimation and is
incident on the sample, which may be a polished pidss, thin film or powder, and a
scintillation counter detects the reflected intgnsiThe incident angle of the beam and

the angle of the detector are then increased tegdfta periodic array of atoms exists in
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the sample, the X-Ray beam may be diffracted whendiffraction from each plane of

the array interferes constructively, as illustraetbw.

Figure 2.8: Representation of X-Ray diffraction from atomiditz planed during XRD

measurement.

The condition of constructive interference existsew the path length difference of the
beam diffracted at any one plane and the one bel@wvequal to an integer multiple of
the wavelength}). Since the path difference is dependent on tbielémt angleq), and
on inter-plane spacing (d) given by the well knddragg equation, shown below.

nA =2dsinéd (2.24)
Powdered diffraction patterns were acquired overrtinge of 5° to 80° with a step size
of 0.02° and an integration time of 2 seconds pep.sThe lack of a well defined
diffraction pattern may indicate that a sampleitlez fully amorphous or that crystallite
size is too small to be observed using this tealigenerally bellow a few nm, due to

line broadening for small particle sizes [109]

Micro-Raman spectroscopy
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Raman scattering is the inelastic scattering oftqnine by optical-mode phonons.
Energy equivalent to that of the vibrational modéshe lattice may be gained or lost by
the photon when it is scattered. As a result, tba&ttered photon is of a different
wavelength than the incident photon, and the wangtke shift is indicative of the
vibrational energies of chemical bonds within thasg. The scattered photon may have
either a higher energy or lower energy and theeefoequency as compared to the
incident photon, referred to as Stokes or anti-&sokhifts respectively. The Raman
scattering process involves the coupling betweenftequency vibrations of the electron
cloud surrounding an atom as the position of itslews changes within the lattice due to
thermal energy, with high frequency vibrations ioéld by the AC electric field of the
light. Since this phenomenon is dependent on teetrg field intensity of the light, the
Raman scattering process is non-linear, and geéyemdiuires a high-intensity light
source to be observed. Also, since the energy ghiftqual to the lattice vibrational
energy, small when compared to optical photon eegrgcattered photons have a similar
wavelength to that of the incident photons. Thestols make lasers an ideal excitation
source for Raman spectroscopy due to their higknsities and short wavelength
bandwidths.

Raman spectrometers include a laser excitationcepar wavelength dispersive
detector (typically a grating coupled CCD arrayjpacially designed optical filter which
prevents the excitation wavelength from reachireggdbtector, but allowing wavelengths
very close to that of the laser to pass througltrddRaman spectrometers also utilize a

microscope objective, typically in a confocal agament, in order to focus the incident



laser light. This serves to increase the lasensgitg, and therefore the scattered signal,
but may also be used to allow high spatial resoiytand to allow normalization of the

absolute scattered intensity.

Filter

CCD I Beam splitter

O Microscope

Objective

Figure 2.9: micro-Raman spectrometer in backscattering geometry

A common source of interference is fluorescencenftbe sample under the excitation
wavelength. The fluorescence process is generallghmmore efficient than Raman
scattering, and may cause saturation of the deteggtem without measurement of the
Raman signal. A second concern in the case of apafide glass is their photo-
sensitivity. If the excitation wavelength is clasethe absorption band gap of the glass,
or if the intensity is very high, the bonding withthe material may be changes by
interaction with the laser light [110]. Since tHasges measured in this study have band
gaps in the visible part of the spectrum, nearanefti laser excitation at 785 nm with
relatively low (< 5 mW) power were used throughthus study. Raman spectra for this
study were recorded using two systems: a Kaiserlblol 5000R (KOSI) Raman

spectrometer with Raman microprobe attachment iHalmaration with the MIT
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microphotonics lab, and SENTERRA dispersive miceo¥lan spectrometer (Bruker

Optics http://www.brukeroptics.com) in collaboration with the Clemson Conservation

Center. Both systems operate in backscatter gepnaeid employ a holographic notch

filter and grating-coupled CCD.
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CHAPTER THREE

Compositional Dependence of Bulk Glass Properties

In this first part of the results section, the retaéerization of the bulk glasses is
reported. It will be divided into sections discuggithe i) physical, thermal and optical

properties, ii) structural characterization, amddissolution behavior.

As discussed in the introduction section, the psimary glass forming elements
in the chalcogenide system are Ge and As. Becaager@s to form 4-coordinated units
while As forms 3-coordinated units, the choice tdsg former impacts many of the
characteristics of the glass, such as hardngsad crystallization temperatures, thermal
expansion, etc. Arsenic is by far the best glagséo in the chalcogenide system in terms
of stability against crystallization, and in faatost crystalline samples of the
stoichiometric compound orpiment (&%) are of geologic origin because slow
crystallization kinetics prevent convenient laborgtpreparation. In comparison, Ge$
quite difficult to prepare in the glassy state,uieigg rapid cooling methods such as
roller quenching, resulting in most authors eith@roosing a non-stoichiometric
composition (commonly GgS;¢) or adding an intermediate such as Sb in ordeetrd

crystallization kinetics enough to allow air queimgh[111, 112]

The use of intermediates, which modify the struetaf the glass, also allows
tuning of the glass properties to suit the applicat This can include increasing or
decreasing the refractive index or thermal expamsimonlinear optical properties [14,

113], or even photosensitivity to laser exposure 114]. Thus we can see that
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understanding the effect of intermediates on tlopgnies and structure of the glass, and
as well as the impact on solution processing aportant. In this first part of the study
we will examine a series of As-S based glassesacony either Ge or Sb as an

intermediate, and a Ge-S based glass containirasg @b intermediate.

3.1 Physical and thermal properties

Table 3.1 shows the physical and thermal propedfethe glasses G&Sb;Syo,

AS4Ss8 ASzeGasSss and AgeShsSss.

Table 3.1:Physical and thermal properties of the investigatedses

: : Density Hy Ty CTE
o | =osgmame | o [ g | oo

e (x0.02) | (2) ) | =1
AS4Ssg AS42$55 3.20 112 210 22.6
AS36GEe5S5¢ A334G%S5g 3.15 125 220 21.4
ASgeSbﬁSg,g A837Sb5857 3.41 117 208 23.0
GeysSh;Sye GesSh/Sye 2.93 153 305 17.1

One can see that in the As-based system, replaterhés by Ge causes an increase of
Ty and hardness and a decrease in the density arfficiem¢ of thermal expansion
(CTE). Sb induces an increase in the density buigisificant change ingfand only a
slight decrease in hardness. In comparison withAttbased glasses, the germanium-

based glass (G&S:S;g) possesses a significantly higheg @nd hardness, with a

decreased density and CTE.
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3.2 Optical properties
Shown in Figure 3.2a below is the UV-Vis absorpsmectrum of the glasses

presented in Table 3.1; note that the effect ofirebreflectance has been removed.
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Figure 3.1: UV-Vis absorption spectra, and Tauc band gap [iotthe investigated bulk glass

compositions.

This figure shows that the glasses are highly parent throughout the near-IR, and that
small shifts of the band gap occur with changesdmposition. The low absorption
region (0-10 cnt) is expected to be dominated by the exponentiahth tail which is
caused by defect states near the band gap [101g tie high absorption region (>10
cm?) is dominated by promotion of electrons from thenduction to valence band
(HOMO to LUMO molecular orbital transition). As thband gap in amorphous
semiconductors is known to be indirecis expected to follow the form [115]:

ohv = B(hv -E, f (3.1)

Through linear regression afrfv)*/?

in the high-absorption region the intercept gitres
band gap energy (E Figure 3.1b shows the linear regression from4hlmmpositions

shown. The replacement of As by Sb induces a deergad shift) of the band gap from
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2.07 to 1.97 eV, while introduction of Ge inducesslaght increase to 2.13 eV. As
compared to the As-based compositions, the Ge liassl shows a significant blue shift

of band gap to 2.32 eV.

The refractive index of the bulk glasses was meabwsing prism coupling.
Figure 3.3 presents the refractive index dispersiear the spectral range of 0.6 to 10.6

pm. Note that the error bars are within the sizhefdata points (+0.0004).
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Figure 3.2: Visible and infrared refractive index data anctokdted Sellmeier dispersion curves measured

by prism coupling.

It is clear from the figure that the refractive éxdof As-based glasses increases across
the entire visible through mid-IR region upon reglament of As by Sb and decreases
with replacement by Ge, while the Ge-based glass gignificantly lower index
compared to all of the As-based compositions. boetance with previous publications,

[116] the data was fit using a Sellmeier dispersiorve having the form:



2 1. ( AX? CA? EA®

EZ—BZ)—F(EZ—DZ)—F(&Z—FZ) (3.2)

n

Wheren is the refractive indeX is the wavelength in um and A through F are fittin

constants, which are summarized for reference bieTa.2 below.
Table 3.2:Sellmeier dispersion constants for the studiedsgtasnpositions.

. Sellmeier fitting constant
Composition

A B C D E F
As3eSheSsg | 4.47337] 0.27337| 0.48540| 0.27338| 0.98390| 82.50170
AS4Sse 4.34696| 0.26107| 0.35981| 0.26093| 6.79827| 70.90834

AszeGesSse | 4.14747) 0.24772] 0.17273| 0.24754| 4.66020| 63.88099
GerSySye | 3.25221) 0.22628] 0.31192| 0.01989| 3.02455| 44.92886

The non-linear refractive indexJnand nonlinear absorptivity) were measured
using the Z-scan technique at 1064 nm, the restiltghich are summarized along with
the non-linear figure of merit (F) [61] in Table33below. In this case, increasing F
predicts higher performance of the glass in noalineptical applications, which

generally require high nonlinearity but with lowtmal loss [61].

Table 3.3Nonlinear optical constants at 1064nm for the stdadiompositions.

Nominal n, (x108 x101? F

composition r(nz/\N ! nanagica | 7 En/W : (/2829 | B
AS45Ssg 3.810.6 127 0.2140.1 0.9 1.78
As36Ge;Ssg 3.240.8 107 0.1+0.1 1.4 1.83
AS36ShSsg 4.7+0.8 157 0.45+0.15 0.5 1.69
GexsShySyo 1.740.2 57 <0.1 > 0.8 1.99

One can see that bofhand n increase with Sb substitution in the As-basedsgtawd
slightly decrease with Ge substitution, while the-liased composition has a significantly
reduced nonlinear index, b@itwas too small to be measured. As we have shown in

previous publications, the nonlinear optical conttaare generally related to the
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proximity of the absorption band gap to the measerg wavelength [113]. For this
reason, the ratio of band gap energy) (@etermined from UV-Vis spectroscopy to the
photon energy at the Z-scan measurement wavelé¢h@@4 nm) is also shown. It can be
seen that npandP both decrease with an increase ghiz while the nonlinear figure of

merit increases for the As-based glasses.

3.3 Structural characterization

Chalcogenide glasses are well known for infraratgparency, making infrared
spectroscopy of little use for their structural idwderization. However, since the most
common impurities in these materials are carbogger, and hydrogen, IR spectroscopy
can be used to evaluate the presence of theseesp&tiown in the figure below, are the

FTIR spectra of the investigated glasses in thidyst
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Figure 3.3: FTIR spectra of the investigated bulk glasses.

One can observe several small bands in the spéttize range of 4000 to 800 &miThe
high frequency (>2000 cf) bands above are related to hydrogen impurities, td the
low atomic mass. The largest feature is a relathap asymmetric band near 2500%cm
related to S-H bond stretching [117], while thedutdeature near 3500 ¢nis related to
O-H either connected to the network as in Ge-OKA®OH or free as in interstitial 40
[118]. An additional peak at 1600 €nis also attributed to # [117, 118]. At low
frequencies, one band appears at 1260" @nly in the spectra of GgSbS;, and
As3GesSss, caused by Ge-O bond stretching, and one near 160 attributed to

networked As-O bond stretching in the three As-Basanpositions [117]. A very strong

49



absorption band at 700-800 ¢nis expected to be caused both by extrinsic oxide
impurity absorptions and intrinsic multi-phonon afggion [117]. This leaves a useful IR

transparency range of approximately 10 um, withreympate purification.

As we have shown, useful information about thedoag within these materials is
difficult to obtain from IR spectra of these glassand their amorphous structures
preclude the use of X-Ray diffraction analysis. rBfiere, the primary tool used to
elucidate the bonding structure of the glasses am&h spectroscopy. In particular,
micro-Raman was employed in order to allow comparisf bulk materials to thin films.
Low intensity near-IR excitationXex. = 785 nm) is preferred due to absorption at vesibl
wavelengths and the photo-sensitivity that resdltee micro-Raman spectra of the bulk

glasses are presented in Figure 3.4.
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Figure 3.4: micro-Raman spectrad.= 785nm) for the As-based bulk glasses.
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The main band of AsSsg, a slightly chalcogen deficient glass close to the
stoichiometric composition (AS;), is attributed to vibrations of Agg pyramidal units,
including the symmetric and asymmetric stretchethefAsS units at 310 and 345 ¢
respectively [119], and stretching motion of S in/s-S-As-S), bridges at 380 cth
[119]. Several additional small bands appear inltlefrequency region (200-250 €
which are related to As-As bonds either imSs-As-Sy, network units (220 cif) [120]
or isolated AsS,; molecules (235 cif) [121, 122]. Finally a small band near 490 toan
be seen in the spectrum of ASss (Fig. 3.4) which is related to S-S homopolar bomds
S2AS-S-S-AsS), disulfide bridges [123]. Upon replacement of AsSty, the main band
broadens significantly and shifts to lower wavenemlaue to the appearance of a band
at 290 crit related to Sh$ pyramids [119]. Concurrently, replacement of As Gg
sharpens the main band and shifts it slightly gihar wavenumbers, due to the overlap of
the symmetric stretch of Gggtetrathedra at 340 chi124]; a small shoulder at 420 tm
! also appears, attributed tg Se-S-Ge$, bridges [125]. The appearance of a shoulder
of the main bands of both substituted glasses &tc86" corresponds to an increase of
the band at 220 cm both attributed to A8, [121], and a small band near 270 tm
found only in the spectrum of A&eSss, is attributed to AgS; molecules, also
containing As-As bonds [122]. The above Raman besgignments are summarized in

Table 3.4.
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Table 3.4: Summary of Raman band assignments

Raman

shift (cm™) Assignment Ref.

210 B, stretching mode of AS,; molecule [121, 122]
225 As-S-As bending (E) mode of /& [121, 122]
365 A breathing motion of A&, molecule [121]

235 Stretching of $As-AsS; homopolar network bonds [120]
270 A mode of AgS; molecule [122]

310 Asymmetric stretch of Ag®network units [119]

345 Symmetric stretching of Agd [119]

380 T, Stretching motion of $As-S-AsS,; network bridges| [119]
330 A Symmetric stretching mode GgScorner-shared) [125]
340 A Symmetric stretching mode Ge@isulfide-bridged) | [124]

370 A¢ mode of GgS5,Sy, units (2 edge-shared tetrahedra [125]
400 F, Anti-symmetric stretch of GQS [125]

425 T, stretching motion of 55Ge-S-Ge§; bridges [124]

290 Asymmetric stretch of Shgunits [119]

475 A symmetric breathing mode 8§ rings [123, 126]
490 S-S stretch i, bridging chains (disulfide bridges) [123, 126]

As noted above, the network of the base glass$4$ is composed primarily of

interconnected Asp units which are expected to form a 2-dimensiorfedes type

structure [127]; however, a small number of homapdiwrong” As-As bonds are

observed due to the slight stoichiometric excesA®in relation to S. While there are
many ways to consider the different bonding forrosuoring within the glass, we believe
that in the context of the current study the mostructive may be to consider the

molecular units. In the case of the base glassiwbefundamental molecular units are

AsSs), units, of which most of the network is comprisedd As$y, units, which are the

basis for the “wrong” bonds in the glass. It candaen that $As-AsS, network

homopolar bonds are formed of two AgSunits, and AgS, molecules are formed from

four of these units bonded together. Because tlh#ofs are shared with neighboring
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units, each Assp unit contains 1.5 effective S atoms while As8ontains 1 S atom. The
relative numbers of these units may then be unamobigly calculated from the
composition by solving a set of linear equatiofs( Is defined as the number of AgS
units, and Y is defined as the number ofAsnits, then:

X +Y =42 (As atoms per 100) (3.3)

1.5X +Y =58 (S atoms per 100) (3.4)
Solving these equations gives 32 AsSnits and 10 As$ per 100 atoms, or 76% and
24% respectively.

As-As homopolar bonds have previously been shamMorm preferentially over
Ge-Ge or Sb-Sb  homopolar bonds in ternary glagsed 128, 129], primarily due to
differences in bond energies [130] (summarizedabld 3.5) and in this case also due to
the relatively low concentration of Ge and Sb.

Table 3.5:Bond dissociation energies for homopolar and hetdes bonds

Bond Dissociation

Type Energy (kJ/mol)
As-S 380
Ge-S 534
Sbh-S 369
S-S (§) 265
As-As 386
Ge-Ge 264
Sbh-Sb 301

We can therefore extend the molecular unit calmnatto the substituted glasses by
assuming that only Sk or Ge3), units are added upon substitution, and letting the
number of these units be given as the variable Z in

26 (3.5)
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X+Y=36 (3.6)

1.5X +Y + 1.5Z (Sb§,) = 58 (3.7)
or
15X +Y + 2Z (Gep) =58 (3.8)

Solving for AssShy6ss (Equations 3.5, 3.6 and 3.7) gives 62% #5$24% AsS, and
14%SbS,, while for AgsGe;Sss (Equations 3.5, 3.6 and 3.8) it gives 48% #A$38%
AsSy; and 14%GeS,,. From this, we can see that substitution decretmesumber of
fully coordinated As units which can be formed,réisy increasing the relative number
of As-As homopolar bonds. As each AgSinit contributes 3 As-S bonds to the network
while each Asg, contributes 2 As-S and 0.5 As-As bonds, the exgokebbnd statistics
may also be determined using this method, giving A84As bonds in A§Ssg, 5% in
As3eShsSsg and 8% in AssGesSss. Finally, a third type of As-containing unit, S-&,
should also be considered. Two of these units wdiddexpected to form an S-S
homopolar bond (in As-S-S-As,), which may be expected in small concentrations
due to randomization of bonding in the amorphousvokk. Each S-Asg, unit formed
results in the formation of an additional AsSunit. These statistics, summarized in table
3.6, are in good agreement with the evolution e Raman spectrum of the As-based
glasses with composition. It is also important tdenthat these additional As-As bonds
found in the substituted glasses occur primarilAags, molecules, as evidenced by the
large intensity at 220 and 365¢rfL21, 122], (and some AS; in the case of AgGesSss)

which are not present in significant quantity ie thase glass.
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The Raman spectrum of &8;S;o, shown in Figure 3.5 possesses a broad main
band centered at 330 cmwith an extended shoulder from 370 to 425'cifhere are two

additional low-intensity features near 250 and d80.

1.0+
B (3623Sb7870

o
[e0]
1

©
(o2}
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0.4 1

0.2 1

Normalized Intensity (A.U.)

0.0

200 250 300 350 400 450 500 550
Raman Shift (cm'l)
Figure 3.5: micro-Raman spectruméxc = 785nm) of Ge23Sh7S70 bulk glass.
Also explained in detail elsewhere [111], the mband, centered near 330 ¢mis
formed primarily by two superimposed bands at 3d@ &30 crit which correspond to
the A, mode of disulfide-bridged or “isolated” Ge§fl24] and corner-sharing GgS
[125] tetrahedral units respectively. A band ne@® 8m', also present, is attributed to
the E mode of Shp pyramids [126]. The shoulder of the main bandhigher
wavenumbers is formed by three bands near 370, 400, 425 cnl, respectively
attributed to the & “companion” mode of edge-sharing 5§54, bi-tetrahedra [125],

the anti-symmetric motion ¢ of GeS,, units [125], and the Jmotion of bridging S
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atoms between corner-shared tetrahedral jpGE-S-Ge$, [124]. These units are

illustrated in Figure 3.6 for reference.
CD\ O/Q Oce os
] O\\ ’ -

D24

) <2 [ R c/
¢ e A
GES4/2 C/ GeS4 Ge28284/2

Figure 3.6: Diagram of Gegbased network units, dashed lines show elementhvaine shared with a

neighboring unit.

As for the As-based glasses, it is possible to rdescahis glass in term of
molecular units, and to calculate their relativaaantrations from the composition of the
glass. However, as we will show, the situatiorhis glass is much more complex. In this
case, there would appear to be $bnits and Geg units forming the majority of the
network; however, a large excess of S is foundhig glass leads to the formation of S-S
homopolar bonds. The thermodynamically preferred & elemental S at room
temperature is thegSing. It may however, be expected that smaller @¢aipings such
as Ge-S-S-Ge bridges oy 8lusters would be more likely in the glass dudh® low
probability of eight free S atoms (not bonded thex Sb or Ge) coming together in the
necessary geometry with no Ge Sb nearkyir®s would therefore only be likely for
glasses with very large excesses of S. Since tige lmajority of network units are
centered on Ge, which also has a higher coordimatiomber, we may further expect
most of these disulfide bridges to form on Ge tettha due to the relatively low Sb

concentration. We may therefore expect units swclh-&eg, units which can pair to



form a single S-S bond. If these same method usethé As-based glasses is extended

to this glass, we may then calculate the relativalmers of these units using the system:

1.5X + 2Y + 2.5Z = 70 (3.9)
Y+2=23 (3.10)
X=7 (3.11)

Where Z is the number of ShSunits, X is the number of Ggsand Z is the
number of S-Geg. In fact, it is not possible to solve this systéor positive values of
X.'Y and Z). Even if we consider that all Ge urtitsre an S-S bridge connected to them
(only S-Gey, units) there are still not enough Ge atoms to aetctor all of the S atoms.
This serves to illustrate how large the excess f i this glass. There is no particular
reason to assume that only one S-S bond may besctmthto each Geggtetrahedron,
and in fact, some of these units may be connedatedtihe network entirely through S-S
bonds. This is what was referred to above as avlatsd” Ge$ tetrahedron. We can
more accurately expect a mix of units having fronto® S-S bridges at their corners
(though each is only %2 of a full S-S bond). BecathgeA mode of Geg; is found at
330 cm' and that of Ge8sfound at 340 ci, the main band should in fact be formed of
the overlap of the Amodes of all 5 types of unit with varying interest which would
be impossible to reliably deconvolve. For the psgof simplicity, therefore, we will use
only the two extremes of fully isolated Ge%nd fully S-shared Geg units,
understanding that the relative numbers of these adpresent the relative numbers of

Ge-S-Ge and Ge-S-S-Ge bridges. Since the vibratfo&e-S-Ge bridges is found at
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425cm® while that of Ge-S-S-Ge bridges is at 475crthis formalism should be much

easier deconvolve. Rewriting the equations for coitnting appropriately, we have:

1.5X + 2Y +4Z =70 (3.12)
Y+2=23 (3.13)
X=7 (3.14)

This gives: 7 (23%) Sk units, 16.25 (54%) Gagunits and 6.75 (23%) Geganits per
100 atoms; this suggests that approximately halfiefridges between Ge tetrahedra are
of the disulfide (S-S) type. Finally, as discussdmbve, because there is such a large
excess of S in the glass it is not truly valid sswame that absolutely ng 8olecular
rings are present. Because there is a significaansity near 490 cthcorresponding to
the breathing motion of gSrings, it is in fact easy to confirm. Although eka
concentrations are difficult to determine withowtvimng accurate information on the
Raman scattering cross-sections of the variouscBa&ining units, it must true be that
for each gring, eight S-S network bridges must be lost (urfGeSQ units converted to
GeSyp). This type of conversion of disulfide bridgesSprings has been observed during
laser irradiation of this composition and is repdrin detail elsewhere [131, 132]. Once
again, it is possible to count the number of SbeSSGand S-S bonds using 3 Sb-S bonds
for each Sb$, 4 Ge-S for each Gggand 4 Ge-S bonds plus 4 S-S bonds for each, GeS

unit.
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3.4 Bulk glass structure-property relationships

It is important to note that only As-As and S-S lopwolar bonds are predicted for
the four compositions examined in this study 88, AS3SSss, AszeGesSss and
GesShySyg) while Sb-Sb and Ge-Ge are discounted. This isa@gd by examining the
associated bond energies [133], which are sumnthiizd able 3.5 above. As we will
show, the evolution of both the structure and maithe properties of the bulk glasses
may be understood by examining the changes in hgndutlined above, which is
controlled by composition. It is important to figinsider the coordination numbers (CN)
of each of the elements (As/Sb = 3, Ge = 4, S an?)) that each element contributes 4-
CN lone electron pairs to the glass. Taking 1 noblglass to contain 100N\atoms, many
key parameters may be calculated including boratssts, average bond energies,<E
molar volume (Wo), and number density of electron pairsJNThese are summarized
in the following table.

Table 3.6: Summary of structural information including staminetric bonds statistics, average bond

energy (<k>), molar volume (¥,) and number density of lone electron pairg)(N

Composition Number of bonds / 100 atoms <E,> Vm%I Ne_3
As-S Ge-S Sbhb-S S-S As-Agkd/mol) | (cm®) | (cm™)
AS4,Sss 116 10 380.5| 16.4 5.81x%0
As36Ge:Ssg 92 24 16 408.7| 16.4 5.52 %0
AsS36Sh:Ssg 98 18 10 380.3| 15.1 6.05x%t0
Ge7ShSic 92 21 | 27 4589 17.1 5.17 %10

It may be expected that some physical and thermugdgpties related to bond breaking,

such as hardness or glass transition temperatorag,be correlated with the average
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bond energy in the glass. A plot of glass transitemperature (J and Vickers micro-

hardness (k) is depicted in Figure 3.5 below for each of thesges listed in table 3.7.
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Figure 3.7: Hy and Ty as a function of average molar bond energy.
The micro-hardness appears to correspond well thighaverage bond energy, with the

possible exception of AsSkkSss. It can also be seen that a linear fit of thed@ta is not

appropriate for the glass A66;Sss.

By examining molar volumes, it can be found that¢bmposition AgShSss has
significantly higher packing efficiency (lower molaolume) compared to AsSsg and
As.GesSsg, despite the relatively larger size of Sb. Byreoting average bond energy
with the molar volume, giving an estimation of #ergy needed to break all the bonds
within a given macroscopic volume, a much betteofithe hardness data is realized as

shown in figure 3.7a.
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Figure 3.8: Hy as a function of bond energy density (gp$ a function of average bond energy, corrected

to discount isolated AS, molecular units (b).

A correction of the bond energies with respect §asTalso possible by noting from the
Raman data that most of the As-As bonds in thesghas present in the form of /&%
molecules, which do not participate in the netwairkg so are not directly involved in the
glass transition. The network bond energy may thencorrected by subtracting the
contribution of the excess As-As bonds which arpeeted to be in the form of 4%,
based on the compositional calculations in se@i@n These corrected values are shown
in figure 3.8b and can be seen to agree well withgredicted linear fit. This suggests
that the physical and thermal properties can it e predicted from the structural

characteristics, if these corrections are takemactount.

The linear and nonlinear optical properties mayo alse predicted using
knowledge of the evolution of structure with comigios in these glasses. For clarity,
both B (nonlinear absorptivity, commonly defined as twwfon absorption[TPA]) and

n, are shown in relation toglv in figure 3.8(a), while the evolution of band gapergy



in relation to the number density of electron Igagrs (Table 3.7) is illustrated in figure
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Figure 3.9: Nonlinear refractive index and nonlinear absorpfi(i PA) as a function of v ratio (a) and

Eg as a function of electron lone pair density (b).

From the figure it is clear that a linear deperugeaf n» andf on the ratio of the
band gap energy to photon energy (at 1064nm) caowe, though the uncertainty is
large. This indicates that the nonlinear resporsdéely controlled by the proximity of
the measurement wavelength to the absorption bapd This has been postulated by
numerous authors [113]. In turn, the band gap ositorresponds well to the number
density of lone electron pairs, thus nonlinear tams may also be attributed to this
property of the glasses. Importantly, the valu@ aficreases ~4X more slowly than that
of m (B o -2.5E/hv but i « -10Ey/hv), which is why the nonlinear figure of merit (F)
becomes larger with increasing band gap energgptesd in Table 3.3. While it cannot
be assumed that the linear correlation betwpeand E/hv extends to GgSbSyo

(becausé < 0 would be predicted), this still suggests tha glass is probably most well



suited for near-IR nonlinear optical applicationdiere a F < 1 (high non-linearity with

low nonlinear absorption) are desired.

While these correlations may be oversimplificasioof the true mechanisms
controlling structure-property relationships in dbeglasses, they nonetheless provide a
first order means for estimating material behawod thus can be seen as a powerful
predictive tool. Moreover, it is instructive to semt it is possible to tailor the properties
of these materials to a large degree, given sirmjgesteriori knowledge of the structural

role of the various constituents forming the glassvork.

3.5 Summary of findings
In this chapter, an examination of the evolutiontleé physical, thermal and
optical properties of the bulk glasses, and thatigriship between properties and

structure has shown:

1) As-based glasses possess greater density with layless transition
temperatures J and hardness. Reduced absorption band gaps defaidht
linear and nonlinear refractive index but make theres desirable for

nonlinear optical applications compared to the @gseld composition.

2) Partial replacement of As by Ge causes increageshd hardnesslecreased
refractive index and increased (blue-shifted) bapcggleading to lower

nonlinearity but with an improved figure of mefi)(
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3) Partial replacement of As by Sb causes increasaditgeand decreased; T
and hardnessThe band is smaller (red-shifted), giving a higheér and

nonlinear index but with a low figure of merit.

4) It was shown that both the linear and nonlinearncaptproperties varied
primarily as a function of the lone electron pandity, while the thermal and
physical properties varied as a function of the andlond energy of the

glasses.
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CHAPTER FOUR

Solution Processing of Chalcogenide Films

It is well known that chalcogenide thin films olsted using thermal evaporation
show a variety of inhomogeneities, most typicalympositional drift or lamination,
which are caused by differential volatility of tiggass constituents, leading to possible
preferential condensation. Various techniques ns&y o overcome this issue, including
simultaneous multi-source evaporations [134], alerrsate deposition routes such as
sputtering [68, 135] or pulsed laser depositior6]18Vhile it is true that these techniques
have to potential to increase compositional acgu@ed homogeneity over standard
thermal evaporation, it comes with added complexitgt cost or reduced deposition rates
and greater sensitivity to impurities. The prospEaising solution-based methods offers
the opportunity to tightly control film chemistryhrough control of the solution
chemistry. Additionally, high speed continuous @®sing methods and a variety of
novel fabrication techniques become available thinothe use of solution processing,

making this method highly advantageous comparatitional processing routes.

The first step in developing solution-based procgssmethods is to understand
the chemical stability of the glasses, and whavesds may be suitable for forming
solutions, and eventually coatings. Attempts atodémg films through sol-gel based
routes similar to those used for oxide coatingsehaneviously been attempted [81-83];
however, have met with limited success in the mapn of chalcogenide materials due

to the need to avoid oxygen incorporation into fime; oxygen is is a necessary part of
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the hydrolytic reactions commonly used in sol-geparations. For this reason we chose
to examine an alternate bulk glass dissolutioneouDevelopment of the process was
broken into three parts: 1) optimization of thesdisition process for compositional
fidelity, 2) optimization of the coating conditigepin-coating) for films with the lowest
possible roughness, the largest thickness, andramify of thickness and 3) optimization
of the post-deposition heat treatment procedurdlfos to produce properties as close as

possible to those of the parent bulk glass.

4.1 Bulk glass dissolution

The first step of this development was the analgsthe chemical stability of the
glass, with the goal of finding a solution where tjlass may be dissolved, or colloidal
sulfide particles suspended, without significandexformation. For this purpose we first
examined ASsg and GesSy,S;o bulk glasses which serve at examples of predortijnan
two-dimensional (2D) (As$) and 3D (Geg network, respectively. Additionally these
glasses were selected as they might be expecsdwb different dissolution behavior. In
order to determine the dissolution rate, a serfiesmmples (1 x 5 x 5 mm) were prepared
in order to present similar masses and surfaces aféeese samples were then suspended
in 40 mL solutions of solvent and stirred vigorgug@lsing magnetic stirrer at 800 rpm).
The weights and dimensions of the samples were itieasured at intervals 3 minutes.
The dissolution rate was normalized to the molecalass of the samples (based on

structural units) as discussed in the previous telnagmd to the surface area of the sample,



since it is presumed that this is a controllingtdadn the dissolution. From the mass
change of the sample, the average dissolution fateeach 3 minute period was

calculated using the following formula:

w=_Am (4.1)
SVIAL

whereW is the dissolution rate, given in (mol/&h Am is the change in mass, M is the
molar mass, and S is the surface area of sampleAand the elapsed time. The
dissolution rate of the two base glasses in solatiaf various pH is presented in Table

4.1 below. As an initial test, the glass was exgdeevarious aqueous solutions

Table 4.1:Dissolution rates of bulk glasses in various agsesmlutions, concentrations are given in

W/V%, and approximate pH values were calculated

Dissolution rate

Solution +10 (x10° mol/cm?s)
AspSse GesShrSyo
98% HSO, + 0.1M CpOs3 164 112
98% HSOy 19 7
86% HNQ 27 18
37% HCI (pH ~ -1.1) 0 0
0.5M H;SGO; (pH ~ 0.3) 0 0
pH = 4 buffer 3 0
D.I. water (pH =7) 0 2
pH = 10 buffer 5 160
29% NH,OH (pH ~ 12.1) 177 760
50% KOH (pH ~ 13.7) 1573 5331

It is interesting to point out that the glasses laoth stable in neutral and acidic
(non-oxidizing) solutions, but begin to dissolvatguapidly in basic solutions. Although
highly resistant to HCI solutions, persisting faveral days without significant surface

attack, the surface of the glass is slowly dissbben placed in concentrated nitric or
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sulfuric acid. In fact, was found to become smootéwed more highly polished. This
effect was attributed to surface oxidation of th&sg and subsequent dissolution of the
oxide layer by the acidic medium, due to the oxidiznature of concentrated HN@nd
H,SO.. It can be also noted that it is enhanced dramiftievhen chromic oxide, an
oxidizing agent, is added to the sulfuric acid.,4S&S;,, having a large excess of
electronegative S atoms, was found to be slightlyemesistant to this oxidation process,
but still dissolved readily. It was also found thaprovement of surface roughness of
several hundred nanometers (RMS) was possible ¢renexposures (several days) and
while not of interest in this study, this processs hthe potential for use in chemical
polishing of ChG surfaces. In contrast, the surfatehe glasses exposed to basic
solutions became pitted and degraded rapidly. AEdhs of the glass surfaces following

etching in 0.02M KOH are shown in the figure below.

AS45Ssg

Ge3Sh,Syo

4 min

Figure 4.1: AFM Surface profiles (10 um x 10 um) of glassesedtcin aqueous solutions [137].



After 4 minutes of etching it can be seen that smsaiface defects left after polishing
become visible for both compositions. After 30 measuof etching, the surface of ASsg
is significantly roughened while that of &8b;S;o shows pitting. EDS analysis of the

surface of the etched samples is summarized ifotlosving table.
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KOH Surface composition (= 2 at.%)
Concentration AS42Ses Ge:Sh; Sy
(moles/L) As S O| Ge Sb S O
0.01 40 60 21 6 73

1 36 51 13| 21 7 42 30
2 33 44 22 20 7 44 29
4.5 31 44 24 20 7 22 51

Table 4.2: Surface composition of AsSsg and Ges;Sh,S;q after etching in KOH solutions of various

concentrations for 4 minutes [137].

The dissolution rate is calculated from the changg&ample mass versus the time

exposed to the solution (slope), and correctedther surface area of the sample and

molar weight of the composition.
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Figure 4.2: Variation of Ag,Ssg sample mass with exposure time in 2.2M KOH sotutio

It can be seen that the variation in sample malkasaar, indicating a constant dissolution

rate during the exposure. By plotting the logaritloin dissolution rate against the
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logarithm of the concentration, the slope gives\hkie of n, the reaction order in the

rate equation, while the intercept gives an idethefrelative reaction rates.
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Figure 4.3:log-log plot of dissolution rate versus Otbncentration in KOH (a) and NBH aqueous

solutions [137].

One can see from the graph, that when dissolvattreasing KOH concentrations (<0.3
M), the dissolution rate of both glasses also iases, and the slope was found to be
approximately 1, indicating a 1:1 ratio of glasslecalar units to OHions in the
reaction. This tells us that one Oidn is needed to cleave one bond at the surfatieeof
glass. At the high concentrations, (>1 M) the disson rate is constant and slope
approaches 0, indicating that there is no longdegendence of the dissolution rate on
OH concentration. The point at which the reaction m@&tsm changes appears to be
near 0.5M, and is perhaps slightly lower (0.4 M) As4,Ssg than for GesSh;Syo (0.6 M).

In the case of dissolution of the bulk glassesnm@nia solutions, the dissolution rate
was not observed to change with variation in cotreéion, and the rates were found to

be lower than the maximum rate in KOH. The dissofutate for GesSh;S;o in ammonia



is approximately unchanged at <L@nol/cnfs, while that of AsSss is significantly

higher, increasing from £n KOH to 10 in ammonia.

The observation of oxides formed on the surfacthefglass when dissolved in
hydroxide solutions (see Table 4.2) indicates thase solutions are unsuitable for film
deposition. It was therefore necessary to findrgamic liquid having a basic character to
serve as a solvent. The logical choice in this apeimary or secondary amines. Critical

properties of three such amines, chosen for thudystare reported form their MSDS

sheets in the table below.

Table 4.3: Summary of amine solvent properties

Solvent Propylamine Ethylenediamine Ethanolamine
H,N-CH,-CH,-CH;  HN-CH,-CH,-NH,  HN-CH,-CH,-OH
M.W. (g/mol) 59.11 60.103 61.08
Density (g/cr) 0.719 0.899 1.012
Boiling Point (°C) 48 116 170
Basicity (pky) 3.4 4.1 45
Viscosity (cP) 0.359 1.54 19.4

As shown in the table, the only change in the md&cstructure is the nature of the
terminal group which is CHNH, or OH, however this influences many important
properties which, as will be shown throughout temainder of this work, alters their
dissolution kinetics, solubility limits, and filmrpcessing ability. Figure 4.4, below,
shows the reaction order for the four investigatgdss in three primary amines,

propylamine, ethylenediamine, and ethanolamine.
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Figure 4.4: Reaction order for amine solvents: propylamine €#)ylenediamine (b) and ethanolamine (c).

In all cases for the four chalcogenide glassesiediican order of reaction of zero is
found, as was observed for DBH dissolution. However, a very different trend is
observed for organic amines, as compared to KOHaamahonia dissolution in terms of
relative dissolution rates. The most rapidly ateatkglasses are the As-based glasses, and
the replacement of As by Sb has very little efféztslight increase of rate only in
propylamine), while replacement of As by Ge deaesabe dissolution rate. @8b;S;o

has a much reduced dissolution rate as comparéuetés-based compositions. When

comparing the same glass across the different spleghanolamine is found to have the



highest dissolution rate followed by ethylenediagnand propylamine. The dissolution
rates and trends observed in this study are sinoléinose reported by previous authors

[138-141] for other chalcogenide glass systems .

It is important to note some additional observatiomade during amine
dissolution. Firstly, roughening of the surface urced during amine dissolution, leading
to a deepening of scratches and eventual pittinglas to the response shown in the case
of OH dissolution. Secondly, most solutions were fouadexhibit instability at high
glass loadings (mass of glass per unit volume lekest). This does not limit the potential
for scale-up of the process, as the solubility timoes not vary with total volume.
GesShySyy formed a red-brown precipitate unless only smathrdities of glass (<50
mg/mL) were used. These precipitates were showingUusDS, to contain Sb, while
As3cGe;Ssg gave white precipitates containing Ge gf&xSsg solutions above 0.5 g/ml in
propylamine separated into two immiscible layerthwie upper yellow layer containing
As and the lower dark orange layer containing Séry\high glass loading contents for
As;:Sss (up to 1 g/mL) were dissolved in ethanolamine (ETékad ethylendiamine
(EDA), giving very high viscosity solutions, a helptrait if thicker films from these
solutions are desired. No significant changes asgkurface composition were observed
for non-aqueous etching, however, indicating thainas are promising solvents for
solution processing, given low loadings for glassestaining Ge or Sb. Finally,
absolutely no dissolution was observed for nonipramines, such as triethylamine,
indicating that the presence of an N-H bond igaaiitto the dissolution mechanism. It

should also be noted that these dissolutions werfonmned in dry solvent (dried over
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molecular sieves), and undep Btmosphere. It was determined that neglectingeibh

these conditions leads to the formation of oxidecymitates.

In comparison to aqueous solutions, the dissoluab\s-based glasses in all
three amines provided bright yellow or orange sofut{depending on concentration),
while surprisingly the dissolution of &Sb;S;o in all three solvents resulted in green
solutions (though the glass is orange-yellow inogolThis is particularly evident in
ethylenediamine solution which is blue at very Imading concentrations and a bright
emerald green at higher loading concentrationsthEtmore, the color of all amine
solutions of this glass reverted to yellow and feda precipitate if the solution was left
open to the air for several hours. The same cols produced if only elemental S was
dissolved in EDA, suggesting that it is the exc8ss this glass which produces the
coloration. The UV-Vis absorbance spectrum of a@rL solution of GgSb;S;o in
ethanolamine, which was prepared under dsyatihosphere and measured in a 10 mm
path length quartz cuvette which was sealed witleffon stopper. The pure solvent in a

matched cuvette was used as a reference for tlkgtoand.
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Figure 4.5: UV-Vis absorption spectrum of 0.1g/ml &8b,S;, in Ethanolamine
Two main absorption features are found near 4106&2@dnm which are not present in
the spectrum of the GsSb;S;o bulk glass, which are related to presence of ex&em

this composition. The plot of absorbance at 620 4@ nm versus glass loading for the

three amine solvents is shown in figure 4.6.
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Figure 4.6: UV-Vis absorbance of Gegsh;S;g solutions in EDA, ETA and PA at 620nm (closed sgiap

and 410 nm (open symbols).

From the figure, it can be seen that the absorptaefficients of the two solvents with
only one amine group (propylamine and ethanolamame)very similar up to 0.04g/ml
loading levels, above which precipitates form imgylamine solutions. However, the
spectra of solutions prepared from ethylenedianairee significantly different, and the
absorption of the 620 nm peak is significantly &rthan that at 410 nm. This suggests
that two bands are related to different products] #hat one is more favored in
ethylenediamine solutions. Previous investigatiohslemental S dissolved in amine
solutions have identified the species as the(&0 nm) andcis-planar § (620 nm)
radicals using UV-Vis and Raman spectroscopy [1488] and electron spin resonance
measurements [144]. Observations of S in the gasefil45] and of solid S formed by

rapid quenching [146] attribute the 410 and 620 absorptions to $Sand cisS,
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respectively, which has also been corroboratedgusjmantum-chemical calculations

[147].

The viscosity of the solutions was measured usinBr@okfield Engineering
(model DV-III Ultra) Viscometer, with a varying sierate from 0.8 to 8’ This range
was chosen to correspond with the spin-coating exeats which will be reported later
in this work. Spin coating was performed using 5 polished square glass substrates at
spin speeds of 1000 to 9000 rpm, with target fiicknesses of 500-1000nm. As shear

rate ) is given by

(4.2)

where h is the film thickness and V is the linealoeity at the film’s edge, which is the
product of spin ratea() and substrate radius (r). The highest glass hogpdnd viscosity
was achieved for ethanolamine solutions of,8g, in which 1g of glass per ml of
solvent was found to soluble, though this was aalyievable by heating the solution to a
temperature of 100°C in a sealed vial using a wadh. If this solution was allowed to
cool to room temperature, a dark orange (but tramesp) solid was formed which did
flow appreciably over several days. Such a visgosias too high to be measured.
Similar concentrations (1g/ml) were also possibieghe A5,S4/EDA which did give

clear solutions with measurable viscosities. Thenrdaemperature stress-strain curves for

solutions of Ag,Ssg in EDA and with varying glass content are showfigare 4.7.
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Figure 4.7: Stress-strain curves for EDA-ASsg solutions at various glass loadings.

The viscosity of allthe examined glass solutions was found to be lirzgaoss the
measured range. This indicates that the viscouavib@his approximately Newtonian,
where the shear stress is linearly dependant oshbar rate, and viscosity is given by
the slope. This finding was observed for all glsslsitions in EDA and ETA. It should be
noted, however, that the viscosity of propylamifA) solutions was too low to be
measured by this instrument (<5 cP), within theulsiity range for this solvent
(<0.05g/mL). Moreover, the relatively low solubjliof GesSb;S;o (~0.1g/ml in EDA
and ETA) also presents challenges for viscosity smeament. The viscosities of all
GesShyS;/EDA solutions were all too low to be measured, aadrends were observed
for ETA solutions due to low glass content. Therefdhe viscosities for the EDA and

ETA solutions of Ag;Ssg only are shown as a function of glass loadingigufe 4.8.
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Figure 4.8: Viscosity (linear regression slope) of EDA and E3@ution of Ag,Ssg as a function of glass

loading.

It is important to note that a 1g/ml solution regaets approximately 30% solids by
volume. This is similar to common ceramic slurriedyich tend to show highly non-

Newtonian viscosities due to particle-particle iatgions [148].

The micro-Raman spectrum of a solution 0b45&,S;¢ dissolved in ethanolamine
(0.1 g/mL) is shown in Figure 4.9 below. It shoblkel noted that, due to high volatility of

ethylenediamine and propylamine, only ethanolarsolations were found to be suitable

for Raman spectroscopy measurements.
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Figure 4.9: Raman spectrum of 0.1g/mb{Sh,S;, dissolved in ethanolamine
One can see from the figure that the Raman speaifuhe solution is different from that
of the parent bulk glass, indicating that significg@hanges in structure have occurred
during dissolution. The main band, expected toaspond to the stretching vibrations of
GeS tetrahedral units shifts from 330 ¢nto approximately 360 cih and gains a
shoulder near 380 c¢h The shoulder of the band in the bulk glass, 80 cm',
corresponding to the stretching of ShPyramids has disappeared completely in the
spectrum of the dissolved glass, and new bandsaappear 415 cthas well as an
asymmetric feature near 480¢nwhich has a shoulder near 510 tmMssignment of this
highest wavenumber feature is the most straightdicdywbecause two bands at 480 and
510 cm" are present in the spectrum of the pure solveRAJEAN additional small band
(420 cm?) is also present in the spectrum of the solutitiictvhas been attributed to the

Ss ion, already identified from the UV-Vis absorptispectrum.

81



In order to analyze the large shift of the maindyanis instructive to note that it
was impossible to dissolve a significant quantitgrystalline powders, of either Ge&
ShS; (meant to serve as a source for reference speatrany amine based solvent
examined to date. However, both compounds were dfoian be readily soluble in
solutions in which elemental S was already dissblVEhis seems to suggest that the
excess S in this glass composition may play a fsognit role in the dissolution process.

Several studies have examined the reaction betSh and SbS; in amine-
based solutions containing excess S [149-154]a# previously been shown that the
product which is typically formed during Gedissolution process is the “adamantane-
like” [GesSig* cluster [150] which is composed of 4, corner-staBeS tetrahedra.
This structure exhibits two main Raman featuresuiting a large peak near 360 ¢m
corresponding to Ge-S-Ge bond vibrations withiogermanate [G&,* clusters, and a
smaller asymmetric feature near 415 twhichmay be attributed the motion of terminal
Ge-S bonds at the corners of the,&g structure. Both of these features are clearly
present in the spectrum of the dissolved glasdgisalu

While the band near 300 ¢related to ShSpyramids, is completely missing
from the Raman spectrum of the solution, EDS hassistently shown that the Sb
content of the films derived from these solutiosghe same as that of the parent bulk
glass, within the experimental error (x 2at%) imdieg that Sb is still present in the
solution but not as Sk8nits. Tetrahedral antimony sulfide species haewipusly been
observed in amine solutions either as Sbi®ns [152, 155or clusters [153] such as

ShSs®. These units, containing Sh&trahedra, possess Raman bands near 370 and 380
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cm* which appear to form the shoulder of the main hiarttie spectrum of the solution.
We may therefore tentatively conclude that durimg dissolution of this glass, excess S
forms polysulfide radical&hich react with GeSand SbSunits within the glass network

to produce GS,¢” and Sh$ tetrahedral molecules, depicted in Figure 4.1@\ve

.Sb

OGe
O S

GesSio SbhS, Sb4Se

Figure 4.10: Proposed dissolution products forg86,S;¢

The presence of these molecular ions in the saolutiight be confirmed using mass
spectroscopy, but such measurements have not besible to date. Several studies have
also shown the strong tendency of compounds canta(BeS;, to crystallize [149, 154]
when prepared in aqueous solutions, by linking hef tinshared sulfur atoms at the
corners of the structure.

The Raman spectrum of the 0.1g/ml solution of,8& dissolved in ethanolamine

is presented in figure 4.11 below.
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Figure 4.11:Raman spectrum of 0.1g/ml ASsg dissolved in ethanolamine

In the spectrum of the solution, we find two featinear 475 and 510 &mwhich can be
attributed to the solvent. We also see that thenrband is now located near 430 tm
with a shoulder near 410 éhSome smaller bands are found within the rangereoviay
the main band of the bulk glass, including featunear 320 and 370 ¢hmand an
additional small band near 210 ¢ris also observed. The dissolution of a similasgla
composition was studied previously [156]. In acemrck with this prior work, the bands
near 370 and 210 ¢hmay be attributed to the presence ofsmolecules similar to
those observed in the spectrum of the bulk glasslitonally, the feature near 320 €m
may be deconvolved into two bands at 320 and 340, @ssociated with As-S bond
vibration within As3 pyramids [119]. Finally is possible to attributeetlarge new band

at 430 cnt either to As-N bonds or to terminal (unshared)SAsends [156].
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In agreement with a previous study [15&phction of the amine with AS; occurs
by attack of the lone pair the nitrogen atom in #meine, leading to cleavage of As-S
bonds in order to form As-N bonds (aminolysis). Gty of the dissolution of AsSs7
in butylamine using dynamic light scattering, shdwbe formation of nano-colloids
dispersed in the solvent with radii of up to 4 rirowever this seems to be at variance
with the Raman data. At bulk density (3.2g7na sphere of 4 nm radius should contain
~1000 atoms, or have a radius of ~22 atoms Sireeatio of atoms at the surface to the

number of atoms in the volume of a sphere is glwen

n, r*—(r-1°
n, (-1 (4:3)

where gis the number of surface atomg,isithe number of atoms below the surface and
r is the radius of the sphere (in atoms) [157]. gkdingly, over 80% of the atoms are
expected to be found beneath the surface thaneasutface of a 4 nm AS; particle,
however no bulk modes are visible in the Raman tsp®c The observation of
Newtonian fluid dynamics in glass solutions alsmd@s the idea of colloidal dispersions
into question, as such fluids generally display enmymplex behavior, while the viscosity
of true solutions tends to remain Newtonian at lighcentrations [148].

This suggests that dissolution results in the foionaof variety of fragments of
the glass network with various small sizes, whielsdime dissolved into the solvent. A

selection of such possible network fragments &ustiiated in Figure 4.12 below.
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Figure 4.12:Proposed dissolution products for,f&g

This is consistent with a previous study for,8sbulk glass in EDA solution
[158], where it was presumed that the terminaluwsudtoms of these fragments then
bridge together through the formation of disulfiolends to form an extended structure,
resulting in the strong Raman band located nearc#i3b The observed ability of this
glass to form gels of very high viscosity was Aatited to the formation of these As-S-S-
As linkages between these network fragments. Tiserebtion of gelation at high glass
concentrations in the current study is also in etaoce with previous observations of
ethylenediamine solutions of A% [159] and AsS; [156], which reported similar
molecular structures to those shown in figure 4dkfhing —As:NH-CH,-CH,-NH,:As-

chains with nitrogen atoms of EDA acting as a ldjéor As.
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Based on this interpretation of the dissolution doicis, it is possible to
understand the observations of the evolution adaligion rates with composition, and
the precipitation of solutions containing Sb or Gle discussion primarily centers on
general acid-base chemistry. Amines are generatlgsidered to be bases. The
Bronstead-Lowry (B-L) concept defines an acid asilastance which is able to donate a
proton while a base is a proton acceptor; wherbkasLewis concept defines acids as
capable of accepting a lone pair in order to foranardinate covalent bond and bases are
the lone pair donors. In aqueous solutions thesestygtems are equivalent, but in non-
aqueous solutions and particularly when the acidHis case the glass) does not possess
hydrogen atoms, the B-L concept becomes awkwardalge the relative strengths of
acids are generally normalized to water (usingBHe system), their relative strengths
are defined by the relative equilibrium concentnasi of the acid and its dissociated
proton:

. =% .2)

[HA] is the concentration an acid associated wishpiroton, [H] is the concentration of
free protons and the [Ais the concentration of the conjugate base. Talees K, is
known as the acid dissociation constant and isexidevaluation of the ability of the acid
to donate its proton. A similar termyKs used in reference to the ability of a base to
accept a proton. In practice, it is more conveniemefer to these values on a logarithmic

scale because they tend to vary over many ordemsaghitude. Therefore, pkand pkg



are the negatives of the logarithm of &d K, respectively. Importantly, the free energy
of reaction AG) for a particular acid to dissociate from itstprois given by:

AG = RT(pK,) (4.4)
This means that acids or bases with large posihees of pK or pK, respectively are
considered weak, because the dissociation reaistioot spontaneous. As explained, this
system is not the preferred way to envisage thetimmaof amine and glass. It is the
ability of the amine to donate its electron pairiahhactually defines its basicity, but the
relative values of pKdoes not change based on the concept used aadvatel tool for
comparison here. During the reaction of an acidgg)l and base (amine), the reactant
base will be consumed and a new base will be pextluthe free energy of this reaction
is given by:

AG = RT(pK,, - pK,,) (4.5)
Thus, if the product is a weaker base than thaaetfpk,, > pKy,) the reaction will be

spontaneous, providing driving force behind mosd-dase reactions.

There is an additional distinction which is impaitan this discussion, called
nucleophilicity, which is distinct from basicityhis is the focus of the Pearson hard-soft
acid base (HSAB) concept [160], which defines thensical hardnesgs)| as equal to one
half of the derivative of the chemical potential afsystem with respect to the total
number of electrons. Stated more simply, it relai@sthe difference between the
ionization potential (electron-loss energy) andcetn affinity (electron-gain energy)

[161] and is given by:
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where N is the total number of electrons in thdesys u is the chemical potential, IE
the ionization potential andaHs the electron affinity. Hardness is therefomaeasure of
the energy needed to alter the electron cloud tir@addition or removal of an electron.
Species with extreme (very high or low) electroriegas or high charge densities would
be considered hard, while those with intermediatectenegativities and high
polarizabilities would be considered soft. Furtherey hard-hard interactions will tend to
be ionic in nature while soft-soft interactions avalent, making soft bases generally
better nucleophiles [162]. There is no direct datien between basicity and
nucleophilicity, however. For instance, the iodil® ion is among the strongest
nucleophiles due to its large size and polarizabiut is an extremely weak base (HI is a
very strong acid). In comparison, the Oldn is a very strong base, but a poor
nucleophile as it tends to be highly ionizing.Hbsld be noted that attempts were made
to dissolve the glasses in Kl solutions, and natiea was observed, indicating the

nucleophilicity is only a secondary concern in gldssolution.

Interestingly, the term (E- Ea) used in Equation 4.5 is commonly referred to as
theHubbard U [163] and is a measure of the band gap in Mote-tygulators. While the
Hubbard term commonly considered to be an overdiicgdion of the true band gap due
to charge transfer and electron-phonon couplingcgsf[164], it is useful as a qualitative

tool for comparing the relative chemical hardnesthe glasses through shifts of the band

gap.

89



The reaction of the amine with the glass is exgktdeoccur through nucleophilic
attack of the N lone pair, which may occur eithematal (As/Sb/Ge) centers or even at S
atoms in S-S chains [142]. Moreover, as the ordeeaction for dissolution is 1 at low
concentration, this indicates that the mechanisaof tke SN type where the rate limiting
step is the generation of an ion pair [165]. Whiie strength of the nucleophile (amine)
is in part dependent on the chemical hardnessetion must also have a driving force.
As noted above, dissolution occurs both in"@blutions and in amines (as long as an N-
H bond is present) which are a relatively poor eaphiles, but not at all in neutral
solutions even when a very good nucleophile (swch) & present. In general, there are
three basic forms of organic amine: primary (RzJNHecondary (RNH) and tertiary
(Rs=N), with R being some form of carbon chain. Alltbkse are considered bases as
defined by their ability to donate their electramé pair; however, during the reaction of
amines containing N-H bonds it is also possiblecleave a bond in the glass. For
example, M-S-M where M is a metallic element woyileld M-SH and N-M products. In
the case of tertiary amines, the only possible ypetslare BN*-M and M-S. Because the
hydrogen of a thiol (-SH) group is acidic (¥ ~10), it may go on to donate its proton to
additional amine molecules in the solution, thukimgthe driving force for the reaction
the generation of an acid and its subsequent rigatian. The thiolate anion (RJSn
comparison, is a base with similar strength toahenes in this study (pKk~4), which
means that the forward reaction is not spontanedate that the pKof propylamine,
ethanolamine and ethylenediamine are 3.4, 4.5 a@ndedpectively. As the generation of

two charged species within a relatively non-polavienment is not favored without
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some other strong driving force, this explains wioy dissolution was observed when

tertiary amines are used as the solvent.

In comparing the amines to each other, their strecbecomes important. While
propylamine is the strongest base, the molecukermsinated with a methyl (-CHigroup
which is essentially inert, leading to low polarifgielectric constantef = 5.3 F/m).
Ethanolamine is terminated with an OH group whate to the high electronegativity of
oxygen, withdraws some electron density from thenangroup and decreases its
basicity; however, it has a high polarity € 37.7 F/m) which increases stabilization of
the solute and is able to participate in hydrogending, giving this solvent the useful
property of high viscosity. Ethylenediamine is syatrital and has an amine group at
each end of the molecule which slightly decreasesschiy (per amine group) and places
its polarity between those of propylamine and ettemine ¢ = 13.5 F/m). It is also able
to participate somewhat hydrogen bonding, but morgortantly, having two amine
groups increases the chances that the moleculec@liile with the glass surface in the
proper configuration for an amine group to reaghwietwork units (kinetic effect), and
it is able to function as bridge between solute aoolles (solvation effect). For these
reasons, it is not surprising the fact that dissoturate follows solvent polarity rather

than basicity when comparing the same glass aonafifple solvents.

First, in examining the glasses, it is importantnote that chalcogens (and
chalcogenide ions) are among the softest speciesvikn160], having both high

polarizabilities and intermediate electronegategfiwhile OHand ammonia in aqueous
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solutions are chemically hard and are highly iargz{160]. Compared to As, Ge is
moderately hard, due to its higher oxidation steteé charge density, which is evidenced
by the blue shifted band gap of the Ge-containilagsgs. In contrast, Sb is larger and
more polarizable than As, as seen by its tendemaeed-shift the band gap. Looking at
the trend of dissolution rate in aqueous solutidme(ically hard environment) we see
that that GgSh;S;o glass, which gives more ionic products on dissotythas a higher
dissolution rate, while AsSsg has a lower rate. G&b;S;o, having a large excess of
oxidizing S atoms may be expected to be more segisb oxidation in acidic solvents.
These results are consistent with our discussiothefHSAB principal, discussed in

section 4.1.

This suggests that when comparing the glassesctoaer (as when comparing
the solvents) it is the stabilization of the reactproducts by the solvent which controls
the dissolution rate. In the amine solvents (softeemical environment), we may
therefore expect the opposite trend than in aguenusonments, which is in fact what is
observed. The dissolution of the 855 and AgeShsSsg gives covalently-bonded species
which are more easily stabilized by the solventjlevAs;sGe;Sss and GesShySsg give
ionic species which tend to precipitate. The ex@dsS in Gg;SkySsg induces oxidation
of Sb products by the highly reactive polysulfidadicals, converting chemically soft
pyramidal SB" to harder tetrahedral Sbcontaining units which has a higher charge
density, changing the behavior of Sb in the sotutid/e may therefore suggest that
glasses which are slightly deficient in S may beaersiable in amine-based solutions by

preventing this type of S oxidation. Finally, besauthe molecular structure of the
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dissolution products for As-based glasses is miangag to the units in the bulk glass, we
can suggest that solution derived films from thglssses may also have structures more

similar to those of the parent bulk glasses.

4.2 Optimization of dissolution conditions

In order to deposit films with the greatest pokesiitnickness, it is preferable to
achieve the high loadings of glass in the solutmnealize a high viscosity solution and
minimize thinning through solvent evaporation. Hoe® as noted above, many of these
glasses give precipitates at high glass loadingsréfore, the solution can be said to be
optimal when it has the highest glass content wdide being able to produce films of the
same composition as the bulk glass. In order tatera method for determining the
solubility limit for a particular glass-solvent cbination, solutions of AgSsg and
GexsSh'Syo (being representative in Ge- and As-based glaseetf)e primary amines
already described were prepared containing vaneeights of finely powdered glass.
The solutions were prepared using dry solvents uideatmosphere using magnetic
stirring, and the stirring time was varied. Aftéirrng, the solutions were centrifuged to
remove any remaining particulate matter (undissbhglass, precipitates, and/or
impurities) then decanted. The compositions offtlmes prepared from these solutions
were then determined using EDS. Films were prephyespin-coating onto microscope
slides at a spin speed of 1000 rpm, spinning feeé&onds. A two-step heat treatment

procedure was used, which included a 90°C heatntezd for 1 hour under dry AN
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atmosphere to stabilize the film, immediately folém by a 150°C heat treatment under
vacuum (~0.1 Torr). By reducing the pressure, thiérig point of the solvent is reduced,
allowing it to be removed more effectively; howevére presence large amounts of
solvent in the film above its boiling point can deto bubbles, cracking or pin-hole
formation. The use of the two-step procedure allswiicient slow evaporation of the
solvent at low temperature to prevent this. The ED®position of the films derived in

this manner are shown as a function of glass Igadithe Table 4.4 below.

Table 4.4:EDS composition of thin films (deposited at 100hjgrom PA, EDA and ETA solutions with

varying glass loading (solutions which form pretipes are shown iBOLD).

Film Composition

Asy;Sse GexsShySyo
Solvent Gle(lrsnsgll(:ﬁ;jlng As S Ge Sbh S
25 42 58 23 7 70
50 42 58 25 5 70
Propylamine 100 40 60 29 0 71
200 40 60 28 0 72
500 40 60 28 0 72
25 42 58 23 7 70
50 42 58 23 7 70
Ethylenediamine 100 42 58 23 7 70
200 42 58 28 1 71
500 42 58 28 0 72
25 42 58 23 7 70
50 42 58 23 7 70
Ethanolamine 100 42 58 23 7 70
200 42 58 27 4 69
500 42 58 28 2 70

In the table, solutions that produced a solutionctvitcontained undissolved solids or
precipitate are shown in red. Solutions of,45&,S;o are significantly more prone to

precipitation, and those solutions which contaiecppitates are found to produce films
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with significantly reduced Sb content. Moreoveg ttomposition of the films was found
to approach GgS;, for high loading in all 3 solvents, which is thguevalent of
removing SbS; from the bulk glass. AsSsg was found to produce films approaching the
stoichiometric composition of AS; in propylamine, but with no change in composition
in the other two solvents. In order to determireetime needed to fully dissolve the glass
powders, films were prepared using the maximumsglaadings which were found to

give the same composition as the bulk glass. Tre=sdts are summarized in Table 4.5.

Table 4.5:EDS composition of films obtained from PA, EDA aB@A using optimized glass loadings, as

a function of stir time (solutions which form prpitates are shown iROLD).

Film Composition
AS15Ss5 GexsShSyo

Solvent E’g‘; As S Ge Sb S
6 40 60 28 0 72
, 12 42 58 | 26 4 70
Propylamine
24 42 58 | 25 5 70
48 42 48 23 7 70
6 41 59 25 3 72
- 12 42 58 23 7 70
Ethylenediamine 24 42 58 23 7 70
48 42 58 23 7 70
6 42 58 23 7 70
Ethanolamine 12 42 o8 23 ! 70
24 42 58 23 7 70
48 42 58 23 7 70

As can be seen, the dissolution of,&ss is complete after a relatively short time, while
the time needed to fully dissolve £8,S;o is significantly longer. Moreover the longest

times are needed for propylamine and the shombesthanolamine. This is not surprising
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based on our previous discussion of relative diggwi rates. It also may be noted that
the composition of GgSbyS;, films formed from the shortest dissolution timesl dave

a reduced Sb content, similar to that observedsdtutions which exceed the solubility
limit. This indicates that the species which arestmstable in the solution are also

dissolved first. The condensed list of optimizetliBons is shown in table 4.6 below.

Table 4.6: Summary of optimized glass loadings and stir tifioesise in spin coating.

AS4:Sse GexsShrSye
Loading Stirtime | Loading  Stir time
Solvent (mg/mL) (hr) (mg/mL) (hr)
Propylamine 50 12 30 48
Ethylenediamine 100 12 100 12
Ethanolamine 100 6 100 6

While it is possible to prepare solutions ofs/&ss with very high glass loadings (up to
1g/ml) the viscosity of these solutions is veryhhand are not suitable for spin coating.
What is most important to note that by combining thptimized glass loadings and
dissolution times it is possible to produced filresen for the GgSb;S;o composition
which are identical in composition to the parentkbglass, within experimental error
(x2%). In our previous work it has not been possital obtain films with this level of

compositional fidelity using traditional thermalagoration methods [19, 70, 131].

4.3 Optimization of spin coating conditions

As explained in the introduction, these coatings iatended for optical sensing
applications where they will be used as waveguidbéss makes optical loss one of the
key concerns for their use. The main sources otalgbss are absorption and scattering.

Absorption may be either intrinsic to the matepalextrinsic if induced by impurities,
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and scattering may be induced by inhomogeneitiesudiace roughness. Because we
have found that surface roughness is the largeste®f loss in planar waveguide-based
devices [19], optimization of the deposition pracéss focused on the minimization of
roughness. The optical design of the sensor systguires waveguides with 500-1000

nm thickness, therefore this thickness was choséheatarget for coating optimization. It

is not possible to define a single optimal setarfditions, as these will vary based on the
critical parameters of the specific optical designg serves as an outline of the overall
optimization method.

Films were prepared from the solutions listed idad.3 of the previous section,
and the parameters to be optimized were: spin sspaa time, wait times either before
spinning (after application of solution) or aftgrirming (before heat treatment). In all
cases, the amount of solvent applied to the substvas sufficient to completely cover
the substrate in a uniform layer of liquid befonginsing began (~0.1ml/cfj) and
application was done drop-wise using a syringeditivith a 0.2um PTFE inline filter.
All coating steps were performed inside a glove isich was continuously purged with
dry N, (20 LPM introduced though a port on the coateQriter to protect the electronics
of the spin coater from the corrosive solvent vapevhich additionally removes any
buildup of solvent vapors in the atmosphere arduedilm.

Surface roughness was measured using a Zygo (NawW8B00) white-light
interferometric microscope. Figure 4.13 below shdwvessurface roughness as a function

of pre-spin wait time for propylamine-derived filrmpun at 1000 RPM for 10 seconds.
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Figure 4.13: Surface roughness and film thickness as a funatfqre-spin timefor films deposited from
0.5g/ml As,,Ssg (a) and GgSh;S;o (b) deposited on microscope slides at 1000 RPN spuin for 10

seconds.

From the figure, it can be seen that thicknessranghness increase with increasing wait
time. Roughness of these films was found to be hegly at 5-10% of the film thickness.
Additionally, it can be seen that the 8Ssg film is slightly thicker, which is attributed to
a higher glass loading level. The surface profileahe As,Ssg film formed with a 60

second wait time is shown below.

Figure 4.14:Surface profile of A§Ssg film spun on a microscope slide at 1000 RPM fos&6onds, with

a 60 second wait time.



The figure shows a random undulation of the surfaite a definite directionality. This

image is only a small section of the total surfaarg] the center of spin for this film is
located below and to the left of the image. Thegpatis, in fact, radial and centered on
the spin axis. This is a very common pattern olesfer sol-gel derived films deposited
by spin-coating, and is commonly attributed to Marangoni effect [166], which is

caused by an increase in surface tension as thengatvaporates during spinning. An
alternate explanation of this effect is the forratof a “skin layer” as the film begins to
solidify at the surface [167], but remains liquidldow this layer. In either case, it is the
high evaporation rate of propylamine (B.P. = 48 Wh)ch causes the effect. Figure 4.15

below shows the transmission of the films as ationof pre-spin wait time.
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Figure 4.15: Transmission spectra of PA-derived,g85,S;, as a function of pre-spin wait time

One can see that the films display a periodic ianan transmission in the transparent

region, due to optical interference between reifbest at the air-film and film-substrate



interfaces. Analysis of these interference fringas give a measure of the refractive
index and thickness, which are related to the &isgengthAT) and spacingAX) [108].
A complication behind these calculations is thduerfice of thickness inhomogeniety,
which gives a different fringe pattern dependingadmch point on the surface of the film
the optical beam passes through. The net effetiaismany different patterns, centered
around the average thickness, are superimposdtkeispgectrum, resulting in decreased
fringe strength [168]. Thus, while the expecteshémission minima for this compaosition
may be expected to be at ~60% (Figure 2.8) dudsthigh refractive index (2.4), the
effect is greatly reduced for these films. As wdl slow, transmission fringe strength is
an alternate method of assessing film thicknes®umity.

As the roughness decreases with a shorter wad;tall films discussed beyond
this point were coated with a minimum pre-spin waie (1 sec). Figure 4.16 below

shows film thickness and roughness as a functiapiof rate for propylamine films.
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Figure 4.16: Surface roughness and film thickness as a funatf@pin ratefor films deposited from

0.5g/ml As,Ssg (a) and GgSh;S;q (b) deposited on microscope slides (1s wait timek E0s spin time).
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As may be expected, film thickness decreases witheasing spin rate, and as
before, the ASsg films are slightly thicker than those of £8b;S;,0. Roughness was
found to be lower in GgSkb/S;y films. In the same way that reaction order was
determined using a logarithmic plot, a plot of tbhgarithm of film thickness versus the
logarithm of spin rate was constructed in ordeint@stigate whether thickness follows a

power law.
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Figure 4.17:log-log plot of spin rate versus thickness for P&ided thin films.
The linear fit appears to be good, and has a sdb@gproximately -0.5, indicating that
thickness varies with the negative square roothef $pin rate. Such a dependence
suggests that the effect a high solvent evaporaiten dominates over viscous flow to
control the final film thickness [169], which ismsistent with our previous observations.
Figure 4.18 shows the transmission spectra of paoppe derived films deposited at

varying spin speeds.
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Figure 4.18:Variation of PA-derived film transmission with spgpeed.

It can be seen that the size and spacing of therféménce fringes increases with
increasing spin speed, which can be related taeedse of the thickness, and an increase
of refractive index or homogeneity. Figure 4.19pthys the thickness and roughness of

propylamine-derived AgSss and GesShySyo film as a function of spin speed.
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Figure 4.19: Surface roughness and film thickness as a funatfapin timefor films deposited from

0.5g/ml Ag,Ssg (a) and GgSh;S;o (b) deposited on microscope slides (1s wait @) RPM spin rate).

It can be seen that the thickness initially de@samitil ~10 seconds. After this time film
thickness appears to remain unchanged. Due theelvigphoration rate, this likely shows
that the solvent has evaporated sufficiently tad#glthe film within the first 10 seconds

of spinning. For this reason, longer spinning timmesnot needed.

Thickness and roughness dependence of the otleartmine solutions has also
been investigated. The addition of a pre-spin hoite was not found to significantly
affect the film thickness or roughness, probablg da their lower evaporation rates
(higher boiling points). The figure below presethts roughness and thickness of,/ss
(left column) and GgSb;S;,o (right column) in ethylenediamine (upper row) and

ethanolamine (lower row).
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Figure 4.20: Surface roughness and film thickness as a funatf@pin ratefor films deposited from
0.5g/ml As,Ssg (@, €) and GgSk;S;q (b, d) in ethylenediamine (a, b) and ethanolan(inel) deposited on

microscope slides (1s wait time and 10s spin time).

As with propylamine, the films become thinner aghar spin rates, with AsSsg films
being slightly thicker, and Gg5b;Syo films having lower roughness. Log-log plots give
slopes of -3/4 and -1 for ethylenediamine and eilzanine respectively, showing
decreasing effects of evaporation which may be &egdefrom their boiling points.

Ethanolamine films are slightly thicker due to heghviscosity of the solvent. The
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evolution of film thickness and roughness with spime for ethylenediamine and

ethanolamine solvents are shown in Figure 4.21
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Figure 4.21:Surface roughness and film thickness as a funatf@apin timefor films deposited from
0.5g/ml As,,Ssg (a, €) and GgSb;S;q (b, d) in ethylenediamine (a, b) and ethanolan(inel) deposited on

microscope slides (1s wait time and 1000 RPM sate)r

It can be seen that film thickness does not becoonstant after a few seconds, as with
propylamine, but continues to decrease. Additigndale ethanolamine films appear to
thin out more over time than do the ethylenedianfiines, which is probably due to the

lack of any significant evaporation of ethanolamiluging spinning.
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Finally, the effect of an additional hold time adde the end of the spinning cycle and
before the start of the heat treatment was examiNedsignificant changes in either
thickness or roughness were found in propylaminestbylenediamine derived films,
however, a significant reduction of RMS roughnessnf 6.3 to 0.5 nm for a 400 nm
ETA-derived thick film was observed. Figure 4.22mbmstrates the difference in surface

profile for a film with and without a 30 second pspin hold before heat treatment.

I +0.03943

Hm

-0.25650 -U.uunds

Figure 4.22: Surface profile of 400nm films ethanolamine-dediVETA) As;,Ssgwith (a) and without (b)

a 30 second post-spin hold.

This effect is attributed to the low volatility dfis solvent, which appears to remain
liquid after the coating process. The smoothing@atfican be monitored and is clearly
apparent to the unaided eye. This added redudatiooughness makes this solvent highly
attractive for optical applications. As is commonblyserved during spin coating, a small
bead of solution often remains at the edge of thestsate after spinning. Because this
coating remains liquid, the excess at the edge sflbback toward the center of the
substrate during this hold time. This leads to gdaarea of non-uniform thickness

around the outside edge, particularly for smalkkgdriarly shaped substrates such as
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microscope slides. For device applications, thmstétion can be avoided by selecting of
an appropriate substrate (large diameter circleb ag Si wafers).

For propylamine films, the high evaporation rateesl not allow the control of
film thickness using the spin time. Combined witle harrow solubility ranges observed
for this solvent, this requires thickness contreihg spin speed alone. For the other two
solvents, elimination of the edge bead requiresga Bpin speed (> 3000 RPM). This
induces rapid thinning of the film. In order to guze films with thicknesses above 300
nm, short spin times or higher glass loadings aseded. Unfortunately, the low
solubility of Ge-based glasses requires film thesscontrol using spin time alone.

Based on the findings thus far, we have shownlb#t As,Sss and GesShySyo
thin films can be prepared, but ASsg is preferred due to its higher solubility and the
opportunity to use solutions of higher viscosityl three investigated amines were also
shown to be effective in spin coating, however et@mine is preferred due its lower
evaporation rate and higher viscosity. This solvatsto allows fabrication of low

roughness, high uniformity films through additiorf post-spin (pre-bake) hold.

4.4 Optimization of the heat treatment conditions

Heat treatment of the spin-coated films has twmary purposes. The first is the
solidification of the film in order to fix its mohwlogy. ChG’s are known for their high
IR transparency [170], which is our main reasosetecting these materials. The second
purpose is therefore the removal of residual sdjwehich typically has an undesirable

fingerprint within the IR spectral region of intstefor sensing applications. Organic
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molecules tend to have absorptions in the mid-iore which are characteristic of the
different bonds within the molecular structure. S'ts useful for detection and speciation
of organic analytes, but may reduce the transpgrefcthe ChG film in these key
regions. In many ceramic systems, high temperdahesmal treatments above 1000 °C
are used to remove residual organic solvents ardfaters by thermal degradation.
Unfortunately, as shown in chapter three, thesssgls have aglin the range of 200-300
°C, making such treatments impossible. Insteadyivattempt to remove the solvent by
heating the films above their solvent boiling peinallowing it to gradually diffuse
through the film. The use of low pressures duriaguum heat treatments has the added
effect of reducing the boiling point of the solvemthile leaving the § of the glass
unaffected, and keeping the partial pressure ekesblvapors above the film low, through
active pumping.

For these reasons, the heat treatments were bink@®itwo separate steps. The
first is a short, low temperature heat treatmemernided to dry and solidify the film,
making it stable enough to be handled and remoraed the inert environment in which
it was coated (dry N. This was done by placing the film on hot plate@ °C for a
period of 5 minutes to one hour under &dmosphere. After the completion of this “soft
bake”, the films were removed from the glove baxg avere placed into a vacuum oven.
The oven was then purged with Bind evacuated to a pressure ~1 Torr. The filmg wer
heated to the hard-bake temperature (90-250 °@)rate of 2-3 °C/min, and held for a

period of 1-48 hours before being cooled to 60°Ga atite of 1°C/min before being
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removed to the air. All films were stored in a darkd vacuum desiccator (~10 Torr) in
order to prevent any potential reaction with maistwxygen or room light.

Figure 4.23 below shows the evolution of the tnaission spectra of a G&S5b;Syo
film with increasing hard-bake temperature. Thisnbmation of glass and solvent was
chosen in this case because the glass has theshigh@05 °C) of those studied while
the solvent has the lowest boiling point (47 °Q)isTcombination should allow the most
effective removal of excess solvent, as it can éedd far above the boiling point of the

solvent, but still below theglof the glass.
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Figure 4.23: Transmission spectra and Tauc band gap plots fed€tved Ge;Sh,S;, films after

treatment at varying hard bake temperatures

One can see that an increase of the hard-bake tatupe causes an increase of the
height and spacing of the interference fringeshim transmission spectra, reflecting an
increase of refractive index and decrease of tlsknas well as a red shift of the
absorption band gap. Figure 4.23b shows the Tasgorption plots derived from the

transmission spectra. From these figures, the filickness, refractive index and band
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gap were calculated [108], and are shown as aimof hard-bake temperature in the

following figure.

a b
175 ———— - 1200 248
1704 i ; % L1100 246 { }
{ 1000 2.44 }
1.65
, ; ;
2 F900 & 2.42-
@ 160 5 3
g ¥ Lsoo ¢ o
® 9 w240
& 1.55 El
2 % k700 3
2.38
1504 % i e {
2.36 1
1.45 500

T T T T T T T T T
40 6IO 8IO 1(IJO 1éO 1;10 1€I30 1;30 2(I)O 2&0 40 60 80 100 120 140 160 180 200 220

Heat Treatment Temperture (°C) Heat Treatment Temp (°C)

Figure 4.24: Variation of refractive index and thickness (a) &aahd gap (b) of GeSh;S;o with films

hard-bake temperature, calculated from transmissgiectra

It is the clear that band gap and film thicknessrelgse and refractive index increases as
the hard-bake temperature increases. While thaatefe index appears to decrease after
180 °C the band gap and thickness both decreasmatcally as the hard-bake
temperature continues to rise. Initial thinningloé film and band gap shift are presumed
to be caused by densification and removal of reimgiaxcess solvent in the film, as it is
linked to an increase in the refractive index aheréfore density. Because the index
begins to decrease above 180 °C, it is likely @ratadditional cause of this further
thinning of the film occurs. This is probably theset evaporation of materials from the
film, which is associated with the refractive indeeduction. The following figure
displays the refractive index, thickness and baapl of As,Sss films as a function of

heat treatment temperature.

’ 110



Refractive Index

2.15+

2.10+

2.05

2.00

1.95 1

1.90 1

1.85+

1.80 1

1.754

f

i

60

T T T T T
80 100 120 140 160

Heat Treatment Temperture (°C)

T
180

1100

1000

900

800

700

600

500

(wu) ssauxoiyl

214

2.12

2.10
2,08+
5 2.06

2.04+

2.02+

}

60

T —T—
80 100

T T T
120

Heat Treatment Temperature ("C)

T T T T
140 160

T
180

Figure 4.25:Variation of refractive index and thickness (a) &athd gap (b) of AsSsg with films hard-

bake temperature, calculated from transmissiontspec

As with the Ge-based films, an increase of theactive index with a decrease of
thickness and band gap are observed. It is alsoriamt to note that data for 210°C heat
treatment is not presented, which is because theias found to have completely
evaporated from the substrate. A yellow colorati@s also observed on the window of
the vacuum oven for high temperature treatmentsitbier composition, which could
indicate a loss of mass from the film, however, significant change in the EDS
composition was observed. By comparing the refracindex of the films to the bulk
glass using the Lorenz-Lorentz relation (equatid?),2he film density is expected to
reach 72% and 88% of the bulk density for{S&,S;o and As,Ssg respectively. It should
be noted that this assumes the void space is filled air (n=1), however it is also
possible that film porosity represents the presefcesidual amine (n=1.3).

total internal reflection Fourteainsform infrared

Attenuated (ATR)

spectroscopy was used to monitor the amount ofluakisolvent in the films. The
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following figure displays the spectra of ~1um thitkns of As,Ssg after 1 hour hard

bake at temperatures between 90 and 180 °C.
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Figure 4.26:FTIR transmission spectra of ETA-derived,&g films with varying hard-bake temperature

Several important features are observed in thetigpachich are also found in the
spectrum of the solvent. In the high wavenumberoregthe sharp doublet peak near
2900 cni' is attributed to the stretch of the two N-H bondhile the broad feature form
3000-3500 cril is attributed to the various C-H bond stretcHesatures in the low
wavenumber region, from 1500 to 1000 tncommonly referred to as the fingerprint
region, are attributed to various stretching anddb®y modes within the carbon
backbone. Finally, the peak at 1600 tim attributed to the C-N bond stretch. Because
the ATR technique relies on absorption the evamesield reflected inside a crystal
which is in contact with the sample, normalizatairabsorbance to the film thickness is

not appropriate. The shape of the spectra in thgeraf 2000-2200 cthis attributed to
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background absorption from the ATR crystal (diamoieak absorbance values for the
features at 1600 and 2900 ¢ras a function of hard-bake temperature are shown i

Figure 4.27 below.
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Figure 4.27:Variation of peak absorbance at 1600 and 2908 ftom transmission spectra of ETA-

derived Ag,Ssg films with varying hard-bake temperature

The absorbance at 2900 C¢ndecreases from 0.87 to 0.015 while that at 1600 cm
decreases from 0.65 to 0.04 with increasing heatrivent temperatures. It is interesting
to note that the peak at 2900 tishows larger rate of decrease than that at 1600 Em
it is assumed that the molar absorprtivity of thavent remains constant with
concentration during heat treatment, this indicthes the relative number of N-H bonds
in the film is decreased more than the number &f Bnds. One possible explanation of
this observation is the formation and subseques#t &6 volatile HS by conversion of N-

H bonds to S-H bonds upon heating, leading to #tention of a small number the
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organic molecules which become bonded into thettra of the film. This may account
for the observation of a yellow discoloration oketbven after high temperature heat
treatments. These results do indicate that is ples$o remove most of the residual

organic during heat treatment, up to 94-98%, dejpgnah which peak is referenced.

4.5 Bulk-film structural comparison

It is well known that deposition of As-S based thims by thermal evaporation
of thin proceeds through the breakup of the netvirmidk molecular units including small
As-S clusters, including ASs as well as AgS, and short $chains [120, 122, 171].
These small molecules have relatively high vapesgures and are easily liberated from
the surface. It is also important to note that haperization of the glass network from
the vapor results in films which have differentustures from the bulk glass. The
dissolution of the bulk glass is also expectedreate small molecular structures, and
film formation does not necessarily recreate thracsiire of the bulk glass. For this
reason, we have compared the structure of the fibntise bulk glass, which is shown for

~1 um thick GgShySy films derived from ethanolamine solutions.
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Figure 4.28: micro-Raman spectra of &8h,S;, films after 150 and 180 °C hard bake, as comptaréide

bulk glass and parent solution.

It is clear that the structure of the film is siamilto that of the bulk glass and quite
different from that of the solution. The bands n@@é cm' and 475 cni attributed to
SbS units and S-S bonds bulk glass are observed isghetrum of the film. The main
band of the films (centered near 350 9nis significantly broader than that of the bulk
glass. This is attributed to the overlap of seveealds corresponding to Gasitslinked

by S-S bridges, corner-shared S atoms isSgelusters at 330 340 and 360 tnand the
broad shoulder from 375 to 425 ¢nis attributed to Ge-S-Ge bridges and.&84
bitetrahedra. The fundamental units comprisingstnecture of the films is found to be
the same as those in the bulk glass (excepb®@hich is observed only in the solution),
however, the greater width of the main band inésa wider distribution of bonding

forms (bond angles) between units. This may bepnééed as a decrease in medium
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range order. In comparing the spectra of the finmat treated at 150 and 180 °C, the only
significant change is a slight narrowing of the maand which, based on the above
interpretation, may be linked to an increase of inmad-ange order.

Figure 4.29 displays the X-Ray diffraction patteffos GesSh;S; films as a
function of heat treatment temperature. The XRBcspa of the glasses were recorded
using a Shimadzu XD-3A instrument with a Cu K-ray source at 1.5418 A, scanning
20 from 5° to 80° with a step size of 0.02°. Bulk gles were optically polished and
mounted on an aluminum sample holder for measurenmiénn film patterns were

obtained for films still on the substrate (not peand

Bulk glass
——HT. @ 150°C
——HT.@180°C

Counts (A.U.)

10 20 30 40 50 60 70 80
20

Figure 4.29: X-Ray diffraction pattern of GgSh,S;, films after 150 and 180 °C hard-bake, as comptred

the bulk glass.

The diffraction pattern of the bulk glass showséhvery broad features, often described
as an amorphous halo. This is caused by the rétyutdithe types of molecular units in

the glass, also known as short range order. Thieackion patterns of the films show a
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similar shape for this halo, but small sharp fesdusegin to be apparent in the film heat
treated at 180 °C. This can be viewed as the lrotiget of crystallization in the film,
indicating subtle organization of the structureraWe intermediate range, as observed in
the Raman spectra. For this reason, as well asnceat thinning of the film, heat
treatments above 150 °C are not recommended.

The X-Ray diffraction patterns of the ASsg films, compared to that of the parent

bulk glass, are shown in Figure 4.30.

Bulk Glass
—H.T @ 150°C
—— H.T @ 180°C

WW —

10 20 30 40 50 60 70 80
26

Counts (A.U.)

Figure 4.30: X-Ray diffraction pattern of AsSsg films after 150 and 180 °C hard-bake, as comptrdde

bulk glass.

As observed for the Ge-based films, the diffracipatterns of the As-based films
are similar to that of the bulk glass, indicatingimilar short range order. Upon heat
treatment at 180 °C two sharp peaks appear whiotesmond to the two largest peaks
found in the pattern of the mineral Realgar, whiclcomprised of A&, clusters [121].

We can therefore conclude that the formation ofdifrom solutions of AsSsg results in
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the repolymerization of dissolved units to formedwork of AsS, units with a relatively
large number of As-As and S-S bonding defects amel medium range order compared
to the bulk glass. Heat treatments above 150° Gecthe crystallization of AS, clusters
from the network, also inducing the formation gfchains. These small units, having a
relatively high vapor pressure can then rapidlypevate from the surface of the film at
still higher temperatures (210 °C) leading to a plate evaporation of the film from the
substrate when under vacuum. As with,45&S;o, heat treatments of As&Ssg films
above 150 °C are not recommended due to the orfsetrystallization at higher

temperatures.

The following figure compares the Raman spectraetbfanolamine-derived

As,:Ssg films after heat treatment at 150 and 180 °C fog bour with those of the parent

bulk glass and solution.
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Figure 4.31:micro-Raman spectra of @8h,S;, films after 150 and 180 °C hard bake, as comptardide

bulk glass and parent solution.

As observed for the Ge-based film, the structurthisffilm is similar to that of the bulk
glass, indicating that the network structure of gfk@ss is mostly restored during heat
treatment. The main band in the region of 300-400" és attributed to vibrations of
AsS;, units. The spectra of both films show sharp festunear 220 and 365 &m
attributed to AsS; molecules and a band near 23S5cattributed to As-As bonds in
SoAsS-AsS), network units. The intensity of these bands imisicantly higher in the
spectra of the films as compared to that obsereedtfe bulk glass, indicate these
features a relatively larger concentration of Asbamds. As discussed in chapter 3, this
should be balanced by an increase of S-S bonduusecggnificant variation of the

composition of the films from that of the bulk gtasas not observed.
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This is demonstrated the appearance to two bands 480 and 490 cth

respectively in the Raman spectrum (Figure 4.3hjclvare attributed to the presence of

S-S bonds in $chains and §xings. In comparing the Raman spectra of thesfitreated

at 150 and 180 °C, the intensity of the bands r&&, 365 and 470 chmincrease

dramatically. This indicates an increase in thatre® number of AgS, clusters and S

chains and &rings with higher temperatures.

As the heat treatment temperature range is limitaday be difficult to achieve

low residual solvent levels, particularly for filngerived from high boiling solvents like

ethanolamine. Longer duration treatments may peow@dsolution to this problem. The

figure below shows the FTIR absorbance spectrurfreshly deposited ethanolamine-

derived Ag,Ssg film (deposited on a silicon wafer) and that of #ame film after 8 hours

at 150 °C under vacuum.
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Figure 4.32: FTIR transmission spectra fas-deposited and heat treated (150°C for 8 houdrayderived

AS4Sg film.
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The spectrum of the as-deposited film shows sevarge absorption features, these
appear to have a relatively constant absorptionevdlie to saturation of the detector of
spectrometer. It can be seen that the amine contagtbe dramatically reduced even
without treatment at higher temperatures. The gibieor spectrum of the heat treated

film with an expanded y-axis from Figure 4.32 i®wh in Figure 4.32 below.
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Figure 4.33: Enlargement of long-term hard-baked ETA-deriveg,3g film spectrum from figure 4.32

The features at 3.4 and 6.5 um (2900 and 1608 can again be attributed to N-H and
C-N bond vibrations. The reduction of the absorkaffom ~1.9 to 0.03 indicates a
reduction of the organic content of at least 98%c grobably more due to the
observation of saturation in the absorbance spectofl the as-deposited film. It is
therefore possible to replace higher temperatuag theatments with treatments at lower
temperatures and longer durations. It is importamote that no significant thinning or

crystallization of the films was observed aftestlung duration heat treatment.
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Based on a summary of the above results it isilplesto define an optimized
method for the deposition of chalcogenide thin §illBulk glasses may be dissolved in
pure primary or secondary amine solutions by stirthe powdered glass in the solvent
for a period of up to 48 hours. The ratio of glessolvent must be chosen based on the
chemistry of the particular glass and solvent. $akection of glasses with high Ge or
excess S content or solvents of low polarity afggeeted to result in decreased solubility.
Once a precipitate-free solution is obtained, finmesy be deposited by spin coating.

Coating thicknesses for films derived from solgeof high vapor pressure are
best controlled by varying spin speed, while filasrived from low vapor pressure
solvents are best if coated using a relatively agim speed (3000 rpm) and short times
(< 10 seconds) may be used to prevent excess tigirafithe film. The use of solvents
which do not appreciably evaporate (ethanolaminthis case) allow the relaxation of
spinning-induced thickness variations and surfameghness giving better then 1nm
surface roughness by incorporating a post-spin befidre heat treatment. Bulk glass
should be dissolved in dry (water-free) solventd afl dissolution and coating steps
should be performed under a dry inert atmospheset@\prevent the formation of oxides
in the solution.

Heat treatment after coating is necessary to remesidual solvent from the film.
Because of their sensitivity to moisture, films glibbe solidified by the use of a low
temperature heat treatment (soft-bake) before raimibem the inert atmosphere. A 5

minute exposure to 90°C on a hot plate was fouretsufficient for this purpose, but it
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is important to note the moisture sensitivity o tfiim is only reduced by this step and
exposure to air should be kept short (5-10 minitigdarly if humidity is high. In order
to fully remove the solvent and provide a stable fia second high temperature (hard-
bake) treatment should be performed. Crystalliraiod slow evaporation of the films
was noted for hard-bake temperatures above 15hé€ating that this is the maximum
useful temperature for this treatment. If full rarabof the residual organics is desired,
long treatment time (24-48 hours are preferredj. dedvents which have boiling points
above 150 °C, such as ethanolamine, the hard-bake Ime performed under vacuum (<
1 Torr), but vacuum is preferred to inert atmospher all hard-bake treatments due to
high solvent removal rates. If the solvent is alldwed diffuse slowly thought the film,
cracking or bubbling of the film will result, thdxe reducing the film’s optical quality.
For this reason, the 2-stage heat treatment protleszribed above is preferred to single
stage (hard-bake only) heat treatment schedules,skow temperature ramp rates of
2°/min are desired. Film structure and propertiesesfound to correspond well to those
of the parent bulk glasses, but with broader warddt structural units comprising the

network.

4.6 Summary of findings
In this chapter, examination of the mechanism fssalution of chalcogenide glasses
in basic solvents and optimization of the processameters for spin-coating of films

from dissolved bulk solutions has shown:
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1) The glass dissolution mechanism has been intethreésed on the Pearson
“hard-soft” acid base concept. Aminolysis throughbcleophilic substitution
identified as the dissolution mechanism, requirthgt solvent have a labile
hydrogen (N-H bond). Chemical softness (high pa&bility) and polarity (high
dielectric constant) solvents are more importargt thasicity in determining

dissolution rate and solubility limits.

2) An optimized film deposition protocol was defindekhanolamine identified as
preferred solvent due to improved solubility limitscreased solution viscosity,
and reduced evaporation rates. As-based compasiti@are shown to provide
high quality fins due to improved solubility. Higpin rates (> 2000 rpm) with
short spin times were shown to be preferred foramalamine and
ethylenediamine solvents, thickness controlled hesé solvents was achieved
using spin time. The high vapor pressure of praypyhe was found to necessitate
careful handling to prevent excess evaporation,thiakness control using spin

speed.

3) A heat treatment procedure which provides filmshwhigh density and
amorphous bulk-like glass network structure wasitified. A preliminary soft-
bake at 60-90 °C for 5 minutes under inert atmosphemediately after spinning
may be used to solidify film, stabilize it agaimsbisture and oxidation, and to fix

the morphology. A long hard-bake at 150 °C in wanuor at least 8 hours may
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4)

then be used to remove residual solvent in ordegite the highest possible
density and IR transparency. Hard-bake temperatipese 150 °C resulted in
crystallization and gradual evaporation of chalcode material, particularly for

As-based glass.

Solution-derived films possess a similar structior¢hat of the parent bulk glass
after the hard-bake treatment, but containing atikaly larger number of As-As
and S-S wrong bonds. It is important to note thaditional deposition methods
such as thermal evaporation, follow a similar patténcluding the break-up of
the network into small molecules which finally rafo a glassy network upon

annealing [172].

125



CHAPTER FIVE

Novel Chalcogenide Materials

5.1 Chalcogenide glass / polymer hybrid coatings

By taking advantage of the solution phase, nowehhlunations of materials
become available. One material system which has begreat interest in recent years is
glass-polymer hybrids [84-90, 94-97, 173, 174]. fmenary advantage in combining
these two materials into a composite or hybrid esystis the combination of high
hardness from the glass phase with ductility frdm polymer phase for increased
mechanical durability. One of the limiting factans the application of these materials is
low transparency due to phase separation [88].sChtering of light by inhomogeneities

is described by Mie theory [175], and is definedHos a characteristic dimension (x):
X=— (5.1)

Where r is the radius of the particle an the wavelength of light. When x is small, the
generalized form reduces to the case Rayleighestagt The Rayleigh scattering cross

section for a spherical particle in a matrix isegivby:

5 46 n2_n2 2
2z o~ 5.2
9T T3 g npz+2nm2 (6-2)

Where d is the diameter of the particle apdsthe refractive index of the matrix angl n

is the refractive index of the particle. This shothat there are two ways to reduce
scattering and increase transparency in a phasgrateg material. The first is by

reducing the index mismatch between the particteraatrix (1 — n»), and the second is
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by decreasing the ratio of particle size to wavglenAs we have shown, the refractive
index of chalcogenide glasses is generally abo® Rowever, the index of most
polymers is 1.4-1.5 which makes index matching issfide in this material system.
Because scattering scales withadA™, decreasing the size of a particle framthe
target wavelength of use, 182 or A/4 will reduce the scattering by 98% and 99.98%
respectively. As optical loss is important for sarspplications, we can use this to define
to types of inhomogeneous materials: “compositesiere the characteristic size of the
microstructure, d, is large enough to induce sigaift scattering and the wavelength of
operation (d 3/2) and “hybrids”, where the microstructure is dneamlough to make the
sample transparent (d#4). Thus, hybrid materials may be seen as esdigragatically
homogenous materials, whereas composites are lptichomogeneous. Because the
wavelength of interest for chalcogenide glasses the near- and mid-IRA(=1-8 pum),
where the optical absorption of the glass itse#ls® low, this gives a maximum size for
phase separation or inclusions on the order of +260While many attempts to create
such materials have previously been made [84-9®794.73, 174], none to date have
combined polymers with IR transparent materials iway which is homogenous over
these length scales.

The primary goal in this effort therefore, wasdentify a polymer which can be
dissolved into the glass solution and which caritieer deposited homogenously or in a
form in which phase separation may exist over keisgales below 250 nm. As a starting
point, polymethylmethacrylate (PMMA) was selectadtlde polymer, as it is commonly

used in optical fibers and ASss was selected at the glass because of its bettdyilgy.

127



It was however found that solid PMMA (M.W. = 1000)@vould not dissolve into glass-
containing solutions, due to the formation of doxlprecipitate at the polymer surface
which inhibited dissolution. Instead, solutionsdigsolved PMMA and dissolved ASss
were mixed. Solutions which used a mixed solvestesy such as PMMA/Acetone and
AsSsg/ethylenediamine (EDA) were found to induce preeifion of the glass upon
mixing, even if the two solvents are miscible. Hiait was found that two solutions
could be mixed together to produce a stable cdtisalif the same solvent was used to
dissolve both the glass and polymer and these wexed together. In the case of
PMMA, the only appropriate solvent was EDA, duehe low solubility’s of PMMA in
ethanolamine (ETA) and glass in propylamine (PA)oAr-step procedure was defined
for producing stable EDA co-solutions:

1) Solution A: Dissolve 200mg/ml AsSsg in EDA heated to 80 °C

2) Solution B: Dissolve 5-20mg/ml PMMA in EDA hedt® 80 °C

3) Add solution A to solution B while at 80°C artd sintil clear

4) Add to equal volume room temperature EDA to g0eng As,Sss + 5mg

PMMA per ml solution and allow to cool.
These solutions were found to be stable for up taekk without precipitation or
separation of either component form the solutiart,dver longer times, PMMA slowly
precipitated from solution. Films were preparedrfrthese solutions by spin coating, as
described above, but all films were found to beqojea The microstructure of the film
was investigated using scanning electron microscapyg an image of the film surface

taken at 500x magnification.
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Figure 5.1: SEM micrograph EDA-derived 25% PMMA/Sss film at 500x magnification

As can be seen, darker drops or spots 2-10 pnzén are present within a light matrix.
These drops were found to be C-based (probably PM\#Ale the matrix was found be
almost C-free (AsSsg), which likely indicates that the polymer sepadafeom the
solution during spinning and evaporation of thevent. Similar phase separation was
observed for all AsSsgPMMA films.

In order to find a more stable co-solution, polysnaere investigated which
contained N-H bonds, as it was found that theseecoutéds were good solvents for the
glass. Polyallylamine (PAA) was chosen as a stamiaint in this case because of the
simple structure of the repeat unit [-&8H(CH,NH,)-], which is similar to PA (Ckt
CH,-CHx-NHy) and EDA (HN-CH,-CHx-NH>). It was found that PAA (M.W. = 50,000)
was soluble in ethanolamine and thai8s/PAA co-solutions were stable for periods of
at least 1 year (if protected for air/moisture)oluBions in this system were derived as

explained above using solutions of 20mg/mL PAA ihAEand 200mg/ml A$Ssg; with
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the exception that simple mixing of two solutiong@m temperature was found to be
sufficient to achieve a stable co-solution.
SEM micrographs for 2 films with 5 and 50% (V/\Qlpmer loading are shown

in Figure 5.2 below.

Figure 5.2: SEM micrograph ETA-derived 5% and 50% (V/V)48¢/PAA films at 500x magnification.

As with the PMMA films described above, the PAAT8 show 1-20 um dark drops
within a matrix indicating a phase separation &f plolymer from the glass. It should be
noted however, that in the 95/5 film the drops aatgount for ~1% of the total area of
the film, while in the 50/50 film the drops accoedtfor only 10-15% of the film, and the
matrix was found to be completely homogeneous. Bhggests that the matrix may
contain a significant quantity of polymer. Additally, the polymer regions were found
to react to the electron beam, even at relativ@lydcceleration (5kV) necessitating short
exposures. Despite the presence of some phasasepan the AgsSsg/PAA films, they

nonetheless appeared to be transparent. Figurddddv displays the transmissions

spectra of 95/5 and 50/50 ASsg/PAA films.
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Figure 5.3: Transmission spectra of ETA-derived 5% and 50% (MPYAA/AS,,Ssfilms.

The spectrum of both films display a maximum traission of 88-90%, however the
fringe height and spacing of the 50% polymer filssignificantly smaller. This is
attributed to the larger thickness and non-unifoyrm this film. The thickness the 5%
and 50% films was found to be 2 and 20 um respagtiusing interferometric
microscopy, the thickness difference being attedub the higher viscosity of the higher
polymer containing solution. The value of the smmssion maxima in the films, is
predicted to be approximately equal to that of thnizoated substrate [108] (given
insignificant scattering). The transmission of gwbstrate may be estimated using the
refractive index of the substrate (1.54) using Finesnel equation for normal incidence
(equations 2.5 and 2.6) as 91%. Thus, there is @iy8% loss of transmission induced
by the film showing that, despite the minor phasgasation noted using SEM, the films

are largely free of scattering.
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A third polymer, polyacrylamide (PAM) was also falito produce stable co-
solutions with Ag,Ssg when dissolved in ethanolamine. SEM micrographdfilofs
derived from PAM/Ag$,Ssg co-solutions in ETA, prepared as described abawe f

PAA/As,;Ssg films, are shown in the figure below.

Figure 5.4: SEM micrographs of PAM/AgSsg hybrid films with 0% (a), 5% (b), 20% (c), and 5@el

PAM by volume at 25,000x magnification
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One can see from the figure, that the polymer-filee displays porosity on the scale of
~50nm, as described in the previous chapter. Withihcorporation of polymer, the
morphology of the films and microstructure becoraeger. It is important to note that
these images were acquired at significantly highagnification (25,000x) that those of
the PMMA and PAA films (500x) shown above. The stawe of PAM films appears
completely homogenous at lower magnifications. Al. \6% PAM loading, larger
structures are observed (200-300 nm). These stasctappear darker than the
surrounding material, and appear to be porosityyihghe polymer-free films; however
it may also be that the films are phase separadtmbthe surface, which leads to this
surface non-uniformity. As the polymer content ease from 5-50%, the size of the non-
uniformities decreases slightly and their relatarea increases. The size is the most
important factor in this case, because inhomoggr@itphase separation over length
scales below one quarter of the wavelength is rpe@ed to induce strong scattering,

and these features are well below the needed®iZR fapplications.

AFM 10pum and 1pm size surface topography imagesyorid films with 5%

and 10% polymer content heat treated at 150 °Glaven in figure 5.5 below.
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Figure 5.5: AFM surface topography images of 5% (a) and 10Y8#@&M/As,,Ssg hybrid films heat treated

at 150 °C.

The AFM scans confirm the existence of phase s#@parasuggested in SEM
observations. As the polymer content increases fs8mto 10% a number of small
(50nm-100nm) roughly spherical particles can benseethe surface of the film. It is

unknown whether these form only at the surfacénefflm or are present throughout the
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thickness. 10um x 10um and 1pm x 1pm AFM surfapedmphy images for hybrid

films with 20% and 50% polymer loadings are showfigure 5.6.
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Figure 5.6: AFM surface topography images of 20% (a) and 5098#AM/As,,Ssg hybrid films heat

treated at 150 °C.

As the polymer content continuous to increase fdhto 20%, the number of 20-50nm
inclusions also continues to increase. Based antténd and that approximately 10 and

20% of the image area is covered by these paftcl&0% and 20% polymer films, this
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suggests that the particles account for the mygjofithe polymer present in the films. At
50% polymer loading, these particles are no lorggam, and the film appears to be
smooth and uniform. At high resolutions, the filppaars to be comprised of small, 5-10
nm domains, possibly particles, but no appearahcemarate phases is seen. For all of
the studied films, the size of the structures olerusing AFM are well below the
critical dimension (~250 nm) for scattering at wawgths longer than 1um. This
confirms that the films are homogeneous over olyicaportant length scales, and may
be expected to be transparent for use in devic#iseimear infrared and beyond (longer
wavelengths).

One significant difference in this system is thegégamolecular weight of the
polymer (1,000,000) compared with the previousesyst Because of the high molecular
weight of this polymer, relatively low concentraifowere necessary as concentration
above 30mg/ml were found to form solid gels, anesaloitions. Stress-strain curves
obtained using a Brookfield (model DV-III Ultra) 86ometer for PAM-ETA solutions of

varying concentration are shown in figure 5.7 below
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Figure 5.7: Shear stress-shear strain viscosity plots for PAMxEolutions.

It can be seen from the figure that the stress doéwvary linearly with the shear rate,
which indicates that the viscosity of the polymelusons in non-Newtonian. As this can
have a significant impact on the optimization aohsmating parameters [176, 177], the

data was fit using a generalized power law [178hefform:
7=Ky" (5.3)
Wherer is the sear stresg,is the shear rate, K is a pre-exponential fa@od n is the

dimensionality constant. In order to determine thkie of n, log-log plots were fit by

linear regression. This is shown in Figure 5.8 Belo
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Figure 5.8:log-log plot of shear stress versus strain rafAM-ETA solutions.

The slope of the log-log plots for all three sadas is found to be ~0.5, showing that the
shear stress increases with square root of the sai@. Values of n less than one indicate
that the fluid displays shear thinning, or a deseeaf the viscosity with increasing strain
rate. This phenomenon is commonly observed in petyend sol-gel solutions where the
solution contains relatively monodisperse sphenpzaticles which are not entangled or
cross-linked [169, 179]. It was found that the spoating of these solutions showed a
higher tendency toward “fingering”, or uneven splieg of the liquid front at the start of
spinning [177]. By ensuring complete coverage @& #Holution on the substrate, the
moving solvent front is eliminated and polymer-@ning films can be deposited with
uniformity similar to the polymer free films of therevious section. Finally, it should be
also noted that the solutions showed clear visstielaehavior. As droplets are thrown

out from outer edge of the substrate during spmniilaments are formed. These

) 138



filaments tend to break and then fall back ovefager of the spinning film, which leads
to very large surface non-uniformities. Maintainiagninimum spin speed of 3000 rpm
was found to prevent this behavior.

In order to prevent large variations in the visgosf the solutions, requiring
significant effort to optimize the coating condit® for films with different polymer
loadings, the glass-polymer ratio was controllectmbining different volumes on stock
solutions of glass and polymer with high concerdrat, and diluting to the required
volume with pure solvent. The table below showsadrix of solution compositions used
to achieve varying polymer/glass ratios with apprately constant viscosity used in this
study. The densities of AfSss and polyacrylamide are 3.20 and 1.17, and thekstoc

solution concentrations were 200 and 20 mg/m| reispady.

Table 5.1: Matrix of glass-polymer solutions for spin coatiaigconstant viscosity, and respective total

solids content in volume %.

Polymer Stock solution volume Solids
loading (Vol. (ml) content
%) Glass Polymer Solvent  (Vol. %)

0 16 0 4 5.0

5 12 3 5 4.0

10 8 4 8 2.8

20 6 7 7 2.5

33 4 9 7 2.0

50 2 9 9 1.4

All of the above 20mL total volume solutions weceiiid to have viscosities in the rage
of 150-200 cP, which allowed spin-coating of filmgh RMS surface roughness below 5

nm using the optimized parameters for ETA-derivé®&@ilms discussed in the previous
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chapter. Figure 5.9 presents the UV-Vis transmisspectra of PAM/AsSsg hybrid

films.
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Figure 5.9: Transmission spectra of PAM/ASsg films coated at 3000 rpm for 5 seconds with vagyin

solvent ratio.

In the figure, it can be seen that the fringe gjtiellecreases and fringe spacing increases
with increasing polymer content. This may be atiid¢lol to decreases of the refractive
index and thickness of the films with high polymeadings. It may also be noted that
transmission maxima of ~90% are again seen fofilthe, which indicates low scattering
and confirms the high homogeneity over opticallpartant length scales, as noted form
SEM observations. Refractive index was measuretysiism coupling at 633 nm, and
the thickness and surface roughness were verigedunterferometric microscopy, and

are shown in Figure 5.10.
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Figure 5.10: Refractive index (a) and thickness and RMS surfaaghness (b) of PAM/AsSss hybrid

films.

As noted from the transmission spectra, the rafraahdex and thickness decreases with
increasing polymer content. The refractive indefofes the well-known “lever rule”,
varying between the index of the bulk glass (213) the polymer (1.7) as a weighted
average based on the volume fractions of eacheirfiliin. The surface roughness was
also observed to increase slightly for films witighh polymer loadings, but was
acceptably low (<5 nm) in all of the PAM/&Sss hybrid films. The decrease of
thickness with high polymer concentrations is bittred to a decrease in the total volume
of solids in the solution, summarized in table Svihjch was necessitated by the need to
maintain viscosity through dilution. It was notdtht, unlike the polymer free solutions,
the films were not completely re-dissolved by aggtion of additional solution when
attempting to deposit multi-layer films. This prdes the opportunity to achieve greater
thicknesses through sequential depositions. Figutg below shows the film thickness

as a function of the number of layers depositedEfbA-PAM/AS,,Ssg films with varying
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polymer content. In all cases a 5 minute soft-batk@0 °C on a hot plate was used after

each deposition (between layers) in order to dglitiie film.
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Figure 5.11: Thickness versus humber of depositions for mykiteETA-PAM/AS,,Ssg hybrid films.

It is clear from the figure that the thicknessladde films increases with additional layers.
While the thickness of the first layer varies, asaibed above, the rate of increase is
relatively uniform for all 5 polymer loadings. This attributed to a lower re-dissolution
rate with greater polymer content. Thus, while dn@unt of additional material is lower
for solutions with large polymer loadings (the amibaf material removed from lower
layers is also reduced) leading to less variatiorthe rate of thickness increase. The
interplay between re-dissolution amounts and ldfi@kness, also leads to a slightly
faster thickness increase for 10% PAM films as camag to 5% PAM films. This is a
promising result for the potential application bése materials where thicknesses in the

range of 500-1000 nm are required.
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Because the addition of polymer to the film is@oted to induce IR absorption,
the IR transmission of hybrid films was investight€he FTIR transmission spectrum of

a 50% PAM/Ag,Sss film before and after hard bake is shown in fighre2 below.
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Figure 5.12:FTIR transmission spectrum of 50 vol. % PAM}#&; hybrid film before and after hard-

bake.

From the figure, it is clear that absorption feafiirrelated to the organic are present in
the spectrum of the film both before and after Hzake, however, the absorption from

the organic components near 3.5 and 6.5 and 9.arprgreatly reduced after treatment,
probably due to the removal of residual solvent.ndged in Chapter 4, the N-H stretch

near 3.5 um is more strongly reduced as comparéuketother bands. This corresponds
to elimination of N-H bonds, possibly through theleition of a small amount of 43 gas

during heat treatment. While the IR transparencyfishybrid films is reduced (as
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expected) regions of higher transparency may bereéd in near 5-6 and 8 um. It may
possible through the tailoring of the polymer systand glass/polymer loading levels,
that these transparent regions may be selecteartespond to the particular wavelength
of interest for certain applications. Additionaliyyvas observed for glass-only films, that
an N-H bond is needed for the dissolution of thesgl but may it not be needed in the
polymer to stabilize the hybrid film, as the lonarpof a tertiary N atom may still be

donated to form a ligand bond. This suggests tim@ containing N atoms, but not as
amide or amines may be possible as substitute golgystems, allowing the removal of
N-H and its associated absorption near 3 um. Finialis also propose the dissolution of
the polymer from the film after deposition and heattment. While PAM is soluble in

water, the glass in insoluble when pH < 10. At tilie is phase separated, the use of
appropriate aqueous or solvent treatments may dhevetripping of the polymer phase.
The created voids may either be left to producerays glass film, or a second polymer
may then be back-filled into the void space to pomdglass-polymer composites, but
without a change in the microstructure, making eéheew glass-polymer hybrids also
transparent. A full investigation of the potentigllass-polymer systems which are
available using these additional techniques is béybe scope of this work, but serves to
highlight potential for application of solvent-bdserocess for novel ChG-based

materials with high transparency.
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5.2 Novel deposition and fabrication techniques

While spin-coating was used for all of the filmgrdmstrated to this point, there
is no particular reason to limit the investigatitm this one technique. Many other
deposition methods have been developed for solyifocessing, and any of these is
potentially applicable. Dip-coating [180, 181] mag the most widely used technique for
solution-processing outside of lithographic apglmas and, along with capillary coating
[182], allows highly efficient use of the solutiamth minimal waste. Spray coating
[183] and spray pyrolysis [184] are alternate mdghevhich can be applied both to fine
powders and to solutions, and have the advantadpeiof able to coat large areas and
surfaces with complex geometries.

It is also possible to use certain techniquesirectly pattern devices in a single
step. The most common of these are screen-pritectgniques [185] and ink-jet printing
methods [186, 187]. However, these give deviceh vétatively large geometries, and
may not provide devices with adequately precisemggpnes for low-loss optical
applications [187]. Two additional methods, mictarsping (micro-contact printing)
[188] and capillary force lithography [189] may pite a route to direct fabrication and
high resolution uniform device geometries. In mistamping, a piece of elastomeric
material, typically PDMS, is patterned and coatéith e solution. This is then carefully
applied to the substrate, and the pattern is tearexf. This is demonstrated in the

following figure.
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Substrate | | Substrate
. . Stamp removed,
Coating of patterned stamp Stamp pressed against substrate pattern transferred

Figure 5.13: Schematic for PDMS micro-stamping process

Unfortunately, for this application good wettingtbe solution both on the PDMS stamp
and on the substrate are required and the ChGi@wustudied were not found to
adequately wet to PDMS material even after plastohirey. Therefore, the alternate
capillary force lithography (CFL) technique was exaed, as it requires wetting only to

the substrate. This process is depicted in thewviatlg figure.

Siihatrate Siihatrate Siihatrate

Stamp applied to coated substrate Heat treatment allows film to flow  Stamp removed to reveal pattern

Figure 5.14:Process flow for capillary force lithography (CFL)

In this process, the stamp is placed in contadt witoated film and the film is then heat
treated in order to allow the film to flow. As flolegins, capillary force causes flow of
material into cavities in the pattern of the stafipe film is then allowed to cool and re-
solidify before the stamp is removed, leading tbgative imprint of the stamp pattern on
the film.

As a proof-of-concept test, a stamp was creatgabbymerizing a layer of PDMS
over a compact disk (CD), to yield a grating patteith a period of ~2 um and a height

of 200nm. Then, a 500 nm thick ETA-derived /&8s flm was deposited and the
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standard soft and hard-bake treatments performiedll{s a small section of the CD
mask was placed on the film and both were heatetiefmgether for 30 minutes at 210
°C, corresponding to they Df the bulk glass. After heat treatment, the fililas allowed
to cool to room temperature and the mask was ped#le@ihe resulting grating effect was
clearly visible on the sample surface. An AFM soathe CFL grating is shown in figure

5.15 below.
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Figure 5.15: AFM surface topography images for CFL gratingEiA-derived Ag,Ssg film fabricated at

210°C

From the figure, it is clear that the grating pattevas replicated in the surface of the
film. It can also be seen that the top of the gg#iappears to be relatively rough. A

higher resolution scan of the grating surface ashin the figure below.

147



500

20.0 nm

10.0 nm

0.0 nm

0
0 250 500

nm

Figure 5.16:High resolution AFM topography scan of ASsg grating surface produced at 210 °C

In this figure the increase of surface roughnesseiarer. The RMS roughness of the top
surface was found to be ~27 nm, significantly higit@n in the pre-treatment film (~2
nm). As described in Chapter 4, this is attributedpartial crystallization of realgar
(AssSs) from the film. For application of CFL in the fatation waveguide devices, a
roughness below 5 nm is needed to minimize opliosd through scattering. In order to
overcome the problem of crystallization, two adudliil schemes were investigated.

By moving the CFL treatment to an earlier steptha procedure, it may be
possible to take further advantage of the solypioase. Prior to the hard-bake treatment,
significant amounts of solvent are still presenthwi the film (as shown in chapter 4),
allowing the material to flow under capillary foraelower temperatures. For this reason,
the effect of performing the CFL step either durthg soft bake or hard bake steps has

also been investigate. Figure 5.17 below preséet®\FM surface scans of CFL gratings
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created either by placing the stamp onto the serfieenediately before the soft-bake at

90 °C (a), or immediately before the start of thedabake at 150 °C (b).
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0 2.5 5.0 7.5 10.0 0 2.5 5.0 7.5 10.70

Figure 5.17: AFM scans of CFL gratings formed during soft-bé&eand hard-bake (b) of ETA-derived

AS,Ssgfilms.

One can see that both procedures produce gratimgiiges similar to that obtained from
the high temperature heat treatment shown in Fi§urs. High resolution scans of the

grating surfaces are shown in figure 5.18.
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Figure 5.18: AFM scans of CFL gratings surfaces formed durioii-lsake (a) and hard-bake (b) of ETA-
derived Ag,Ssgfilms.
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It can be seen that both procedures offer imprerethce roughness compared to the
high temperature treatment, in fact the RMS roughmeas found to decrease to 1.3 and
0.9 nm for soft-bake and hard-bake CFL respectivBlye to the fact that the ETA-
derived film is still a liquid immediately after isming, we believe soft-bake CFL this
will allow the greatest flexibility in terms of theze of structures which can be fabricated
using the CFL technique, while performing CFL dgrimard-bake appears to give more
uniform and lower roughness structures. These mdsthmay be applied for the
fabrication of ridge waveguides and resonator sires, and may provide a simple and
direct route to the fabrication of integrated plapgtical devices for operation in the

near- and mid-IR.

5.4 Waveguide over-cladding

We have previously shown that the optical lossvaveguide systems fabricated
using lift-off photolithography is dominated by #eaing induced by surface roughness
[70]. Moreover, it is possible to reduce the loEsuch systems either by decreasing the
surface roughness using thermal reflow [190] orirmjuding a graded index (GRIN)
coating over the guide which reduces the index mismat the surface [191]. As shown
in previous section in this chapter, solution-bagextessing both allows the tailoring of
refractive index over a broad range, and provide$ases with low roughness. We
therefore propose that using spin-coating to creaeeguide over-cladding layers may
serve both roles, and allow significant improvenmaraptical loss values.

The waveguide over-cladding process in summaiizéuk following figure.
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Figure 5.19: Process flow for solution over-cladding of liftféébricated waveguides

In this process, the waveguides are first prepé@d thermally evaporated film, and
then a solution of either the same or a differéasgcomposition is coated onto them by
spin coating. Dip-coating may alternately be usaa] could possibly provide better
coating uniformity, through matching the withdrawditection with the propagation
direction of the guides. The final coated wavegsigee then annealed using the
optimized soft-bake/hard-bake procedure outlinetthénchapter 4.

Figure 5.20 presents SEM micrographs for crossesem (cleaved) GeSb;Syo
waveguides before and after over-cladding with @diteonal layer of GgShS;o using
the process described above. The over-claddingpedermed using 25mg/mL solution
prepared in propylamine, due it its lower dissauntrate, which may be expected to
minimize the potential for dissolution of the thetiy evaporated material. Spin-coating

was performed at 9000rpm, in order to minimizedher-cladding layer thickness.
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Figure 5.20: SEM cross-section of 200nm thick waveguide befajeand after (b) over-cladding.

From the image one can observe that the as-fabdaatveguide (left) has a rectangular
shape, and is approximately 500 (x10) nm in widid 200 (£10) nm in height, while
the coated waveguide has a width of ~1000nm arylatlg greater height (400 (x10)
nm). This change in geometry does not represengajarndrawback to the use of this
process, but would need to be accounted for inddsgn of the lift-off pattern if, for
instance, single mode operation were requirechdukl also be noted that the core of the
waveguides did not separate from the cladding assdmple was cleaved, indicating
good adhesion between the two layers. Energy disgeX-Ray spectroscopy (EDS) was
used during imaging to verify the composition o€ tfilm, which was found to be
identical to that of the parent bulk glass, wittie error of the measurement (x2 at%).
Unfortunately, due to the small size of the featuié was not possible perform any
mapping of the composition across the cross-sectiovever, the lack of contrast
between the core and clad suggested a good mattiemistry.

In order to examine the effects of spin-coatingleroughness of the waveguide,

AFM images of the waveguide surface were colletiefdre and after coating. In Figure
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5.21 below is shown a surface profile for arb long waveguide section before and after

coating.

Figure 5.21: AFM profile of 200nm thick waveguide before (adaafter (b) over-cladding.

One can see a similar 500nm width and 200nm hé&iglihe uncoated guide, as observed
in the SEM images. Additionally, a significant ambwf roughness is visible on the
sidewalls of the waveguide. After coating, the waude profile becomes more curved,
and the width is significantly increased. Therals a decrease in the apparent height of
the waveguide (100 nm), though based on the obsemvaf the waveguide height in
Figure 5.20, this is likely only due to the wid@eaed wings created during spin coating.
Shown in figure 5.22 is a typical plot of height dgstance along the line-scan on the side

of the waveguide before and after coating.
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Figure 5.22: AFM line-scans of waveguide sidewalls before after aoating.

The line scans were taken at % of the total hewmhtthe waveguide above the
background. Fewer significant peaks and valleysf@uad for the scan after coating as
compared to before, and those that are presenthacd smaller amplitude. Average
RMS roughness values were found to decrease frorft2Pnm for the as-fabricated
waveguides, to 1.4 (x0.1) nm for the coated guidés larger error in the value before
coating is due to the higher variability betweefiedent waveguides (three waveguides
were scanned for each sample).

In order to examine the influence of the coatiagameters on waveguide loss,
the optical loss of guides coated at varying spies (varying cladding layer thickness),
at heat treated at different temperatures, was umedsOptical loss measurements at a

wavelength of 1550 nm were performed in collaboratvith the Microphotonics Center
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at MIT, using a cut-back based method, outlined previous publication [191]. Figure

5.23 presents the optical loss for waveguides bedad after over-cladding.
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Figure 5.23: Optical loss at 1550 nm for coated waveguidesfas@ion of spin-speed and hard-bake

temperature (speed/temperature).

Overall, the trend shows that the thickness ofctheging has a only a minor effect on the
optical loss, with the loss decreasing slightly wiige spin-speed increases from 6000 to
9000 rpm, with an estimated decrease of the co#hicgness from 250 to 180 nm. The
larger effects appear to be due to the temperafuneat treatment, with an increase of
the loss with increasing temperature, particulatyi80 °C, which may be attributed to
the onset of crystallization with the associatedrease in roughness, as outlined in
chapter 4. For all coating conditions shown, howete loss of the waveguide is reduced
as compared to the uncoated sample, with a maxifoesreduction of approximately
50%. This result is very promising for the futurevdlopment of low-loss waveguide-

based sensor systems, as these experiments arensftimized. It is also likely the
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coating of lower-index glasses or hybrid coatingsrca high-index core, would allow

still lower loss values due to the graded-indercff

5.3 Summary of findings

In this chapter we have demonstrated that solygrmcessing may be used as a

route to fabrication of novel chalcogenide glaseGEpolymer hybrid materials. We

have shown that:

1)

2)

3)

Polymers containing N-H bonds act as good candidateforming stable ChG-
polymer co-solutions. Films formed from the glass,8s with polyallylamine
(PAA) and polyacrylamide (PAM) in ethanolamine (BTgolutions were found
to exhibit a small degree of phase separation, veere found to possess high

transparency in the visible and near-IR.

PAM /As,Sss films were found to be particularly promising ftR optical
applications due to the small size of the phasarségd regions (< 250 nm), and
the refractive index of these films was found émywover a wide range (1.7 - 2.3)

in accordance with the well-known lever rule.

IR transparency of the hybrid system is reducedpawed to glass-only films;
however significant transmission was observed Be@rand 8 pm wavelengths.
Further substitution of the polymer system, eithéhin the solution or post-

deposition by stripping and back-filling of the pwler phase may allow the
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4)

5)

possible expansion of these hybrid material systamd expansion of the

transparent regions.

ETA-derived ChG films were demonstrated to be seited for the fabrication of
planar optical structures using the capillary foliteography (CFL) technique.
PDMS masks derived from compact disks were showna groof-of-concept
demonstration, to allow the fabrication of ~2 pnniqe gratings in A$Ssg films.

By combining the CFL step with the post-spin heaatment procedure, surface
roughness of the CFL-derived structures was foonbet reduced. These results
are promising for the future application of thighrique for the fabrication of

ChG thin film devices in a single step.

The over-cladding of lift-off fabricated waveguideas shown the both allow for
reduction of surface roughness, and the decreasptiofil loss. By tailoring the
refractive index of the over-cladding layer, eithbough changing the glass
composition or by using hybrid coatings, a gradedex effect may also be
created which is expected to further decrease piieab loss. This technique is
promising for the improvement of sensitivity andei#ion limits in waveguide-

based optical sensor systems.
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CONCLUSIONS

In this work, we have demonstrated the use of mwitiased processing
techniques for the fabrication of chalcogenide glasd glass-polymer hybrid thin film
and structures. Bulk glasses in the As-Ge-Sb-Ssystere prepared and characterized.
These glasses were shown to have high IR transparend linear and nonlinear
refractive indices. The physical, thermal, and agtproperties of the glass were related
the molecular structure of the glass network, aad #ound to be influence primary by
the density of lone electron pairs, and the averagedination of bond strength of the
various network units. Assessment of bond stasistierived from Raman spectra, and
the associated bond energies and lone electrordeasities, was developed and used as
a predictive tool to estimate linear and nonlineatical properties, glass transition
temperatures and microhardness in the investigasss system.

Bulk glasses were shown to be resistant to acigtisak, unless highly oxidizing,
but were susceptible to attack in high pH aquealstisn, and inorganic amines. The
dissolution was found to proceed through a firsieomucleophillic attack of the N atom
in the amine group, resulting in aminolysis and sh#ide network, and the dissolved
glass species were found to vary depending on #talle species involved (As, Ge or
Sb). Dissolution kinetics were found to be consisteith an interpretation based on the
Pearson hard-soft acid base concept, and is cleurdly stabilization of reaction
products by the solvent.

Subsequent spin-coating of the amine solution wasvs to allow the formation

of this films and optimization of glass loading dading on specific glass-solvent
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combination allowed the formation of thin films tvitomposition identical the bulk glass
but with a somewhat different molecular structa®,demonstrated using micro-Raman
spectroscopy. Optimization of the deposition caadg allowed the formation of thin
films with thickness of 500-1000 nm and RMS surfameghness below 1 nm, which is
promising for IR optical sensing applications. Bsmdemonstrated that residual organics
may be largely eliminated through supvBcuum heat treatment.

By incorporating compatible polymers into the glessution, polymer-glass
hybrid films may be deposited which show opticaangparency, due to their
homogeneity over lengths scales (<200 um) impofftaninfrared applications. Due the
wide range of glass-polymer ratios which may beodépd (100 glass — 100% polymer),
the refractive index of the films may be varied owgde range (1.5 to 2.2), making these
attractive of IR multilayer coatings. Additionally micro-stamping based technique
known as capillary force lithography was shown asamising route to the fabrication of

ChG planar optical devices in a single step.
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FUTURE WORK

Many opportunities for extending the researcistein terms of glass science, the
composition space examined in this study couldx{pamded to include sulfide, telluride
and mixed-anion systems. Initial results indictat tAsSe; is amenable to this form of
processing, but with significantly lower dissoluticates. The cationic glass formers may
also be changed. Of particular interest in thisecae gallium and indium, which are
commonly used both in chalcogenide glasses andnmicenductors. Initial examinations
in this area suggest that these elements, whidlilygarm tetrahedral anionic species
([GaS] and [Ing] respectively) even within the glass network, regtiire use of highly
polar solvent systems such as dimethylsulfoxide SN or propylene carbonate in
addition to the amine to facilitate the stabilimatiof the dissolution products. The
combination of diethylamine and DMSO has shown s@munise. An alternate base,
tris(dimethylamino)phosphine (HMPT) is particulaihyteresting as it is a very strong
base, is chemically soft and highly polar, and$wtable boiling point (150°C).

The questions of residual solvent concentratiothéfilms and the nature of the
solution have both proven difficult to fully addsesWhile the viscosity, and Raman
analysis both suggest true solutions are formgtit Bcattering studies were not able to
produce conclusive results, leaving this questidhwanswered. One possible way to
examine the solutions is through gel-permeatiommatography, where the mobility of
the solute through a gel of known porosity can gnfermation regarding its size and/or
molecular weight. Electrochemical impedance spscbpy, may also give information

both about the nature of the glass solution anthermquestion of residual solvent within
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the heat treated films. As the frequency-dependeotion of molecules and patrticles
under an AC electrical field is dependant both @e @and on polarization, particles
would be expected be move more slowly in a soluti@m molecules, and films with air
or nitrogen in their pore space would behave dfidy if that space was filled with
solvent molecules.

Within the topic of hybrid films, most interesgirperhaps is expansion of the
investigated polymer systems. The choice of amased polymers was made only to
improve glass-polymer compatibility over PMMA. Itay be found other polymers
would be acceptable in terms of their phase sdpardtehavior, but with better
properties. It is also probable that the inclusidnvater-soluble polymers such as PAM
in the films will reduce their long-term stabilitin humid conditions or aqueous
environments. This should be investigated in mag&i and it may be found that
alternate polymer chemistry may be necessary taigeadequate stability. N-isopropyl
polyacrylamide (NIPAM) is known to change its salityp behavior as a function of
temperature, becoming water soluble at high tentpes and insoluble at low
temperatures, which may allow the preparation oé tto-solution at elevated
temperatures but with lower moisture sensitivityoaim temperature.

Another important issue in relation to the hybilth§ is their IR transparency. By
replacing PAM with a polysulfone or a fluorinatedlymer, the IR transparency may be
improved. While the solubility of fluorinated polyrs is low in the polar of solvents
used to dissolve the glass, it may be possibleaoh the polymer phase out of the hybrid

films in a third solvent such as ethanol, which dlo®t attack the ChG phase. The
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resulting porous film may then be back-filled usiagmore suitable polymer for IR
applications, while retaining the small dimensiayabf the PAM phase and remaining
transparent.

The novel processing methods discussed in this veoabillary force lithography
(CFL), and waveguide over-cladding have both béenva to produce features with low
surface roughness. While the optical loss of ther-olad waveguides was shown to be
reduced as compared to lift-off waveguides, it waspossible to measure a propagation
loss in the CFL grating, as they are designed &&r perpendicular to the propagation
direction. In order verify whether this techniquancbe used to produce low-loss
waveguides, a suitable mold must first be prepddshlly, this would be fabricated by
lift-off of a photo-resist rather than ChG or bylehg of an oxidized wafer. A PDMS
mold prepared from this master, and used in CFLIgvoesult in the duplication of the
pattern of the master in the ChG film. As a resaity surface roughness on the master
would be duplicated in the CFL device, but this ldoailow many duplicate molds to be
prepared at low cost. Furthermore, by using theespattern as that used to fabricate the
lift-off waveguides, both types of waveguide cobkldirectly compared. For the study of
waveguide over-cladding, GRIN-type structures stialso be examined to determine
whether it is possible to further reduce the oplizss by tailoring the refractive index of

the cladding layer.
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