
University of Alberta

M i c r o p h o t o n i c  d e v i c e  f a b r i c a t i o n  i n  s i l v e r  p h o t o d o p e d

C H A L C O G E N ID E  G L A SS E S A N D  PO LYM ERS

by

Mahesh M. Pai

A thesis submitted to the Faculty o f Graduate Studies and Research in partial ful­
fillment of the requirem ents for the degree o f Master of Science.

Departm ent o f Electrical and Com puter Engineering

Edm onton, Alberta 
Spring 2006

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 * 1
Library and 
Archives Canada

Published Heritage 
Branch

395 Wellington Street 
Ottawa ON K1A 0N4 
Canada

Bibliotheque et 
Archives Canada

Direction du 
Patrimoine de I'edition

395, rue Wellington 
Ottawa ON K1A 0N4 
Canada

Your file Votre reference 
ISBN: 0-494-13868-8 
Our file Notre reference 
ISBN: 0-494-13868-8

NOTICE:
The author has granted a non­
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.

AVIS:
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preter, 
distribuer et vendre des theses partout dans 
le monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats.

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation.

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.

Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.

i * i

Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To
Amma, Appa, M ajukki, Santhamav 

and 
Sarvamam

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

On-chip optical interconnects and microcavity based filters are believed to be criti­

cal enablers for m ultifunctional integrated optics. It is well known that the key for 

realizing high density chip-scale integrated optical components lies in high-index 

contrast material systems. Chalcogenide glasses possess many qualities that make 

them well suited to chip-scale integrated optic systems, and are potentially com pat­

ible with the com m ercial CM OS technology. This work investigates the fabrication 

of high-index contrast structures in chalcogenide glasses by exploiting their ability 

to dissolve silver under illumination. The etch resistivity exhibited by silver doped 

chalcogenide glass is utilized for realizing strip waveguides. H igh-perform ance 

commercial polym er (polyam ide-im ide) was investigated as a core material for 

polym er based high-index contrast waveguides. Another partially realized goal of 

this thesis was to fabricate micro-ring resonators based on chalcogenide glasses and 

com patible polymers. A controllable stress related buckling phenom enon observed 

during silver photodoping of G e3 3 A si2 Ses5 glass is also reported.
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Chapter 1 

Introduction

This chapter gives a brief background and motivation for the work that is described 

in this thesis. An outline o f the thesis is also provided.

1.1 Brief history of Optics in Communication

The 2Qfh century saw the discovery o f semiconductors, and their subsequent use 

as transistors heralded a new era in electronics. Complex electronic circuits could 

now be realized on a small planar substrate using microfabrication technology. Fur­

ther improvements in integrated circuit technology made m icroprocessors afford­

able thereby making powerful com puters accessible to the masses. As the num ber 

of com puters grew around the world, so did the need for information sharing. O f­

fices across continents needed to be interlinked. Copper cables couldn’t support this 

increase in data rates and also the economics of laying cables was overwhelming. 

Not only did optical fibers provide a cost-effective alternative to traditional copper 

telephone lines but they also future-proofed the bandwidth requirem ent for applica­

tions like video conferencing, music streaming etc.

There are two main com ponents in a telecomm unication network: fiber that trans­

mits the data and routers that direct the incom ing data to its appropriate destination. 

In an optical fiber, data is transm itted in specific wavelength bands that are specified 

by the International Telecommunication Union (ITU) (refer to Table 1.1). S, C and 

L wavelength bands are the most com m only used for long haul fiber optic networks.

1
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Table 1.1: ITU classified wavelengths for fiber optic communication!!]
Band D escriptor W avelength Range (nm)

O Original 1260-1360
E Extended 1360-1460
S Short 1460-1530
C Conventional 1530-1565
L Long 1565-1625
U Ultra Long 1625-1675

I A , A.

I B , B, B, lij

I ‘V A  'U

Figure 1.1: Time Division M ultiplexing (TDM)

In a fiber optic network there are two com m on m ultiplexing m ethodologies used 

to increase capacity and utilize the available bandw idth efficiently. These are Time 

Division M ultiplexing (TDM) and W avelength Division M ultiplexing (W DM ). In 

TDM  several slower data streams are com bined into a single high-speed data stream 

to be transmitted over a single fiber link. This is shown in Figure 1.1. By convey­

ing information about the tim e slot that a particular signal occupies the signal can 

be retrieved at the destination. The transm ission order needs to be maintained to 

reassemble the input streams at the destination.

As opposed to allotting a time slot for each signal in TDM , signals are assigned a 

wavelength in W DM. W DM  allows many signals to be sent over a single fiber link, 

each using a different wavelength. Figure 1.2 illustrates the W DM  methodology. 

Hence all the signals coexist at the same time but on separate wavelength. Unlike 

TDM , each o f the signals in W D M  can use com pletely different protocols and bit 

rates on the same fiber.

2

Time Division 
Multiplexing a 1b 1c , a . b , c , a !b , c 3a jb 1c .
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B, B, B- B j

1

W avelength
Division

Multiplexing

A, A, A , A4 

Bj B, B , B4 

'V :C'C,

Figure 1.2: W avelength Division M ultiplexing

1.2 Importance of Wavelength Filtering

In W DM, we can increase the capacity o f a fiber optic link by increasing the us­

able wavelength range or decreasing the spacing betw een two adjacent channels. 

The first method is very m uch dependant on the material properties of the fiber 

that has already been installed. For example, Figure 1.3 shows the fiber attenuation 

and the water peaks (E-band) rendering the band available for long haul com m u­

nication discontinuous. The second method squeezes in more channels and thus 

increasing the capacity. Hence, depending on how m any channels are in a particu­

lar communication band (for example, the C band), W D M  can be termed as Coarse 

Wavelength Division M ultiplexing (CW DM) or Dense Wavelength Divigion M ul­

tiplexing (DW DM).

O-Band
1260-1360

E-Band
1360-1460

W a te r  
; Peak

1200 1300 1400 1500 1600
W avelen g th  (nm )

Figure 1.3: ITU -T G.694.2 CW DM  Grid and fiber loss (dotted line) [2]

3
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CW DM  delivers 17-18 channels spanning all the optical communication bands with 

spacing o f 20 nm between them. This is a big num ber for channel spacing, accom ­

modating the use o f lasers diodes and broadband filters without temperature stabi­

lization. These CW DM  wavelengths are standardized as per the ITU grid specifica­

tions.

DW DM on the other hand delivers hundreds o f channels with a typical channel 

spacing o f about 0.8 nm, thus giving many m ore densely spaced channels than 

CW DM  and increasing the capacity o f the fiber dramatically. DW DM  thus de­

mands higher tolerances on filter responses and temperature-stabilized wavelength 

control of laser diodes to avoid crosstalk. Typically on-off ratios for filter response 

(Figure 1.4) need to be more than 20 dB [7].

Optical Filter Characteristics

9_____  C hannel  >_
S pac ing

(Dv
c
o
v»o)
E

W avelengthcnH

W av e len g th  (nm )

Figure 1.4: Optical filter characteristics

Hence, filters plays a pivotal role in any W DM  system. Optical filters can be 

used for adding or dropping a channel, thus acting as an Optical Add-Drop M ulti­

plexer (OADM). OADM  is a more efficient and cheaper alternative to the optical- 

electrical-optical conversion method. Filters can also be used for wavelength sta­

bilization o f laser diodes [8, 9], Active filters act as optical switches. These are 

some o f the applications of filters in telecomm unications. Outside the fiber optic 

networks realm , optical filters find a huge market in spectroscopy, imaging, high

4
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sensitivity biosensors etc [10].

1.3 Need for high index contrast Integrated Optics

The optical com ponent market faces hurdles sim ilar to those the electronics indus­

try faced before the invention of integrated circuits. M ultifunctional optical com po­

nents are essentially glued and packaged together. They are big and take enormous 

amounts o f skilled labor and time, which in turn m akes them very costly. Ways need 

to be found to mass-produce and lower the capital/operational costs associated with 

optics. This calls for monolithic, m ulti-functional integrated optics [11, 12].

High refractive index contrast is very crucial in m aking tight integrated optic waveg­

uide bends and for achieving high density o f integration and sm aller footprint de­

vices [11]. There are lots of tradeoffs involved with a high index contrast system. 

Even though high-index contrast systems allow lower bend radii while keeping the 

bend-losses tolerable, the losses due to sidewall roughness becomes a m ajor issue. 

Fabricating single-mode waveguides in high-index contrast material systems also 

calls for sub-m icron lithography and sophisticated etching processes. Even cou­

pling light between two high index contrast devices is challenging and can neces­

sitate novel techniques and the use o f index matching and anti-reflecting coatings 

[13].

1.3.1 Optical Interconnects

The shrinking of transistor gate widths and increase in device speeds and density 

has made the task o f on-chip com m unication through metal interconnects extrem ely 

challenging. D ue to the bandwidth lim itation o f copper interconnects,there are now 

bottlenecks associated with on-chip data transfer rates [14]. On-chip interconnect 

delays dom inates system perform ance and signals can take several clock cycles 

to traverse the whole chip. Hence faster o f clocking electronic devices does not 

necessarily translate to overall higher perform ance. The heat generated by metal 

interconnects also compounds the problem  for future high-speed electronic chips. 

On-chip optical interconnects offer a very high capacity communication channel to

5
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alleviate these problems. Optical global clock distribution architectures to reduce 

the electrical clock skew have been proposed [15]. On-chip optical waveguides 

will typically need to be 1 cm long and the fabrication process must be robust and 

com patible with Com plementary M etal-O xide Sem iconductor (CM OS) technology 

to exploit the profitability o f mass production [16].

In the quest for perfect m aterials to be used as on-chip optical interconnects, CM OS 

process com patibility and ability to achieve dim ensions and density o f present day 

metal interconnects are of utm ost importance. To achieve high interconnect density 

the optical waveguides should be able to traverse sharp bends required for intra-chip 

com m unication channels. As m entioned, low loss sharp bends call for high index 

contrast material systems. High index will also allow for low crosstalk between two 

interconnects and improves the signal to noise ratio. However careful fabrication is 

required as scattering losses can be severe in high index contrast systems.

1.3.2 Add drop multiplexers based on micro-rings

Figure 1.5: Commercial m icroring based 16 channel dem ultiplexer [3]

Add-drop multiplexers based on micro-ring resonators are believed to be a unique 

enabler for future integrated optics [17]. The main element is a ring, which is es­

sentially a waveguide wrapped around itself to act as a traveling wave cavity. The 

bending radius determ ines the property o f the m icro-ring and also the w afer real 

estate consumed. As discussed above, the sm aller the ring radius the higher the 

index contrast (and tighter m ode confinement) required to m inimize bend losses.

6
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1.3.3 Photonic Crystals

3D 2D ID

Figure 1.6: 1-D, 2-D and 3-D Photonic Crystal topology

Just as there are sem iconductors that allow us to control electrons in many ways, 

we can also build an optical analog called the photonic crystal [18]. In semicon­

ductors, electrons are forbidden to exist in certain energy bands. Similarly, in a 

photonic crystal, certain wavelengths o f light are not allowed to exist inside the 

structure due to the periodic distribution of high and low index regions. The bands 

of wavelengths that are forbidden to exist are called the photonic band gaps.

Any defect, a discontinuity in the periodicity of the lattice, causes the light in the 

forbidden region to be trapped in the defect. The lattice constant or the periodicity 

is typically on the order o f the wavelength o f the light that is forbidden. Figure 1.6 

shows the different photonic crystal configurations.

The potential applications for photonics crystals are num erous [19]. For example, 

low loss optical interconnects, right-angle bent waveguides [20], high quality fac­

tor (Q) microcavities, low threshold lasers and sensors [21] and highly dispersive 

superprisms [22] have been proposed.

1.4 Outline of the thesis

As discussed, the challenges that integrated optics faces are enormous. The task of 

synchronization, polarization and dispersion com pensation am ong many others in 

future all optical integrated optic circuits is sure to be stimulating and worthwhile. 

M any of the underlying principles are well known, and exotic and complex sys­

tems built on m icro-rings or photonic crystals have been proposed for chip-scale 

integrated optics. However, sophisticated and novel fabrication techniques are still 

required in order to make these a reality.

7
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This goal of this work was to investigate novel fabrication methods and m ateri­

als for high density integrated optics. Chalcogenide glasses and high performance 

polymers were the focus o f the research. Both o f these groups o f m aterials hold 

potential for low tem perature, back-end processing o f integrated optics on chips. 

Further, when com bined they provide high index contrast (5n > 1 ) and can poten­

tially enable m icron-scale bend radius in waveguide circuitry.

Chapter 2 and Appendix A provides the relevant theory and principles involved in 

integrated optics. C hapter 3 discusses the fabrication and characterization o f high 

index contrast structures using A s2 Se3 , G e3 3 A si2 Se5 5  and Ge2 sS b i2 Se6 o chalco­

genide glasses. The silver photodoping technique that was used to realize strip 

waveguides in chalcogenide glasses is also described in Chapter 3. Chapter 4 dis­

cusses a unique stress related buckling phenom enon that was discovered during the 

photo-doping process in Ge3 3 A si2 Se5 5 - Chapter 5 describes robust low loss high 

index contrast polyam ide-im ide (PAI) strip waveguides that were fabricated and 

characterized.

Finally, Chapter 6  gives observations and conclusions m ade in this work. Sugges­

tions for future work are also made.

Appendix B details the m ask made to study the buckling phenom enon described in 

Chapter 4.

8
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Chapter 2 

Background

This chapter describes the theory and basic principles involved in integrated optics 

in relation to the work presented in the subsequent chapters.

2.1 Integrated Optical Wavegudies

8  n i p E m b e d d e d  S t r i p R i b

S t r i p  L o a d e d  I n v e r t e d  R i b  P h o t o n i c  C r y s t a l

Figure 2.1: Different integrated optic waveguides

Some of the typical waveguide geometries used in integrated optics are shown 

in Figure 2.1. All o f these, except the photonic crystal waveguide, guide light based 

on the total internal reflection phenomenon. Two common waveguide geometries 

are the strip and rib waveguide. A strip waveguide allows a tightly confined mode, 

allowing bends with lower losses com pared to the rib waveguide geometry. How-

9
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ever, the sidewall roughness related losses are larger in strip waveguides than in rib 

waveguides.

Solving the M axw ell’s equations analytically is often non-trivial except for a few

X

V

Figure 2.2: A slab waveguide showing the refractive indices (n . f > n s > nc) in each 
region.

simplified situations. The planar slab waveguide is one such structure and is a start­

ing point for understanding light propagation in integrated optic waveguides (refer 

to Figure 2.2). We can solve the wave equation using appropriate boundary condi­

tions. The wave equation that describes light propagation is given by:

v 2 £ - ? ^ = °  <2 1 >

V2« - ^  =  0 (2.2,

Before we analyze a slab waveguide it should be noted that there are two possible 

orientations for the electric field with respect to the interface. W hen the electric 

field is perpendicular to the plane o f incidence it is called a transverse electric (TE) 

wave. Similarly, when the magnetic field is perpendicular to the plane of incidence 

it is called a transverse magnetic (TM) wave.

2.1.1 Slab Waveguide

Let the light propagate along the positive z direction and let tif, ns and nc be the 

film, substrate and cladding refractive indices respectively. Then, without loss of 

generality we can assum e that rif > ns > nc.

10
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(a) TE polarized electrom agnetic wave (b) TM polarized electrom agnetic wave

Figure 2.3: TE and TM  Polarized electrom agnetic wave in a slab waveguide shown 
in Figure 2.2.

For a light wave which is TE polarized (refer to Figure 2.3(a)), the only non-zero 

com ponent o f the electric field can be expressed as:

Ey(x,z) =  Ey(x)exp(- i(3z)  (2.3)

Substituting the general solution given by equation 2.3 into the wave equation 2.1, 

we obtain

^  +  ( k l n j - p 2)Ey = 0 (2.4)

where nt is the refractive index in the region in consideration, ko(=  ^ )  is the free 

space wavenumber and X is the free space wavelength. This equation can be solved 

to get Ey(x) given by

Ey(x) =  Eoexp(±^JI52 -  k^nfx ) (2.5)

Ey(x) can be oscillatory or exponential depending on the sign o f j32 — k^nf.

If  korij > [} then we can define a transverse wavevector K as:

Ki =  ^ k l n f - P 2 (2.6)

As shown in Figure 2.4, j3 and K are the longitudinal and transverse com ponents of 

the wavevector k  respectively.
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Figure 2.4: Components of Wave Vector

If the wave is to be guided in the core, the longitudinal wavevector j3 should satisfy 

the inequality konc <  j3 <  kon/  or else the wave will escape out o f the core into the 

cladding or substrate. Now that we have pinned down a range that /3 can take, it 

turns out that there are only discrete values that it can take.

Let the attenuation coefficient in the three regions be defined as y  =  yjj52 — k^nj.  

Thus transverse com ponents o f the electric field amplitudes in the three regions 

become (refer to Figure 2.6)

{ A e x p ( —ycx) x  >  0
Bcos(Kfx) +Csin(Kfx)  —h < x <  0 (2.7)

Dexp{ys{x +  h)) x  < — h

Applying the boundary conditions and simplifying we get the eigenvalue equation 

for j8. For the TE case under consideration it is:

v )  =  d r r i j j  <2 -8>
Kf

Following the same procedure for the TM  case we get the following characteristic 

equation:

tan(hKf ) =  s7s 4 (2.9)
Kf - ^ Y s

These transcendental equations can be solved num erically or graphically (refer to 

Figure 2.5) to any level of desired accuracy.

Every valid /3 value corresponds to a mode in the slab waveguide [23], Only a finite 

num ber of discrete m odes will be guided but there are is a continuum  of (5 values 

for radiation modes. These modes are unique and orthogonal to each other. One

12
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Figure 2.5: Graphical solution of eigenvalue equation 2.8

can draw an analogy to the Fourier series basis functions. Figure 2.6 shows the slab 

waveguide with different mode field distributions. Figure 2.7 shows the simulation 

result for an As2 Se3 (refractive index 2.7) slab waveguide on a benzocyclobutene 

undercladding (refractive index 1.54). Figure 2.7(a) shows the allowed values of 

j3 for different slab thicknesses. Figure 2.7(b) plots the confinement factors for 

different modes. Figures 2.7(c) and 2.7(d) shows the allowed mode profiles in a 1 

jj.m thick A s2 Se3 slab waveguide.

In practice, rigorous num erical solutions to M axw ell’s equations in many planar

integrated waveguides (refer to Figure 2.1) tend to be computationally intensive. 

The effective index m ethod (EIM) is an accurate and powerful alternative technique 

that is widely used to analyze such structures.

z

Figure 2.6: M odes in a slab waveguide
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Figure 2.7: A s2 Se3 slab waveguide m ode simulations at 1500 nm

2.1.2 Effective Index Method

The effective-index method (EIM ) is the m ost popular method for analyzing inte­

grated optical devices. This method reduces the 2D wave equation for a rib ge­

ometry, where there are no analytical solutions, into two ID  problems [24, 25], 

by converting the rib waveguide problem  to two equivalent one-dimensional slab 

waveguide problems. Figure 2.8 shows this concept [26],

To find the TE m odes in the waveguide shown in Figure 2.8 we first analyze the 

structure from  the top view, i.e. in the Z-Y plane. The three regions: I, II and III, 

are treated as slab waveguides of thickness I, h and I respectively. TE propagation 

constants are found using standard slab waveguide analysis described in Section 

2.1.1. Effective indices for each o f the region, N f  and N[ can be found from the 

propagation constants using equation 2.10

ne f f  —
/3A 
2 n

(2 . 10)
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Figure 2.8: Schematic illustration of the EIM

Now, using the equivalent symmetric waveguide in the Z-Y plane having core index 

N f  and cladding indices A) we find the TM  modes that exist. Com bining the field 

profiles in both views we get the actual m ode field distribution. For example, if the 

field profile in region II is given by F( X)  and the field distribution in the N f  region 

is given by F( Y)  then the overall field distribution is described as:

VF ( Y , 7 )  ~  F ( X ) * F ( Y )  (2.11)

If upper and lower cladding are different m aterials, and the thickness o f the outer 

slab is very small such that it cannot support a mode, the effective index m ethod will 

fail. Hence modeling a strip waveguide by this method is not trivial and com m ercial 

numerical m ode solvers were used for simulations. Figure 2.9 shows a polyamide- 

imide strip waveguide encapsulated in benzocyclobutene simulated in com m ercial 

OptiBPM  modelling software.

15
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Figure 2.9: M odes simulation in a strip waveguide using OptiBPM  m odeling soft­
ware.

Incident Modê
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(a) Coupling between two dissimilar 
waveguides

j w-j/w2

(b) Coupling efficiency as a function o f  
M FD ratios

Figure 2.10: Dependence o f butt coupling efficiency on M FD m ismatch

2.1.3 Coupling between waveguides

A signal traversing from one waveguide to another incurs a coupling loss in addition 

to practical m isalignm ent losses. Figure 2.10 shows two dissim ilar single-moded 

slab waveguides butt-coupled to each other. W\ and W2 are the mode field diam e­

ters (M FD) of the incident and transm itted mode respectively. Then the coupling 

efficiency, which is the ratio o f the power in the transmitted mode to the incident 

mode, is shown in the Figure 2.10(a) and Figure 2.10(b).

One o f the com m on methods to reduce the coupling loss is by tapering (vertically
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or laterally) one o f the waveguide to convert the incident M FD to m atch that o f the 

second waveguide [27, 28].

Butt-coupling is used to couple light into an integrated optic waveguide while do­

ing loss measurements. Norm al single m ode fibers have too large a M FD to couple 

efficiently into integrated optic waveguides. Specialized small tapered or smaller 

core waveguides were used in our experiments.

Proper cleaving and polishing the samples to get good waveguide end facets is very 

im portant to reduce coupling losses. Especially in high index contrast waveguide 

structures the use of index-m atching com pounds is necessary.

A nother method of coupling pow er between waveguides is through the evanescent 

part o f the guided mode. This is discussed in section 2.4.4.

2.2 Losses in integrated optic waveguides

Light undergoes attenuation as it travels along a waveguide. Losses can be classified 

on the basis o f their origin into material absorption, scattering losses due to rough­

ness etc., and bending losses. Both core materials used in this work (Polyamide- 

imide and chalcogenide glasses) exhibit very low material absorption at the wave­

lengths of interest. The scattering losses are the result of the fabrication process 

and can be reduced by careful optimization o f lithography and etching parameters. 

Waveguide bend losses can be m inim ized by proper design. High-index contrast 

structures allow for lower bend radius while keeping the bend losses tolerable. The 

total attenuation determines the quality of a waveguide. Two of these losses, scatter­

ing losses due to sidewall roughness and bend losses, are analyzed in the following 

sections.

W hile sidewall roughness contributions are higher in high index m aterial systems, 

the bend losses are lower. W aveguides are characterized by m easuring the losses 

that light incurs while propagating through it. Some of the characterization tech­

niques used used to measure waveguide loss are also described in the sections that 

follows.
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2.2.1 Scattering losses due to side-wall roughness

/ ( - )

Figure 2.11: Line edge roughness model[4]

Each of the fabrication steps such as photolithography, lift-off, etching etc. can 

affect the sidewall roughness. It is im portant to quantify the waveguide roughness 

to know how to control the fabrication parameters [4], Equation 2.12 shows the 

dependence of scattering losses due to line-edge roughness with index contrast. 

The propagation loss a st due to sidewall roughness is given by [29]

Cist =
a 2knh

° “ E * A n 2 (2.12)
13 f  E 2dx

where a  is the RMS sidewall roughness, ko is the free space wavenumber, j3 is 

modal propagation constant, An is the difference between the refractive indices of 

the core and cladding, while h is the transverse propagation constant in the core. 

Hence, Equation 2.12 indicates that the scatter loss is proportional to the normalized 

electric field intensity at the core-cladding interface and to the square of interface 

roughness.

It has been shown that knowing only the a  of sidewall roughness (refer to Equation 

2.12) is not sufficient for accurate loss measurement. Along with <y, the correlation 

length (Lc) of the roughness distribution is needed to give a better estimate of the 

scattering loss [30].
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2.2.1.1 Roughness Model

In planar waveguides, only the sidewall walls are considered rough while top and 

bottom walls are considered smooth. In m ost cases the roughness on the sidewalls 

is invariant in the x direction, as shown in Figure 2.11. This reduces the roughness 

modeling to one dimension.

f ( z )  is the roughness distribution, that is the perturbation o f the real edge with 

respect to an idealized straight edge. W ithout o f loss of generality f { z )  can be 

taken to have a zero mean. The nature of the roughness can be described by the 

autocorrelation o f f ( z ) -

/ oo _______

f ( z  +  u ) f ( z ) d z  (2.13)
-o o

W here f ( z )  is the com plex conjugate of f ( z ) .  Autocorrelation detects non-randomness 

in roughness data. This autocorrelation function follows an exponential model in 

most cases.

R(u)  ~  o 2ex p (—j ~ ) (2.14)
L*C

W here a 2 is the variance and L c the correlation length. The scattering losses are 

proportional to o 2 and follows Lc in the range of Lc usually observed.

The spectral density 5(A) of the roughness is obtained by taking the Fourier trans­

form of the autocorrelation function over 2n.

1 r°°____________\u\ 1 (T^ 2 K

i (A )  =  J _ y eXp{T 7 )eXp{- 2KiA" )dU =  2n~jZ Lc( l  +  A2L^) (2 1 5 )

S(A) = ^ Z ^ T T ^ Z f j (216>
where A is the spatial radial frequency.

It should be noted that only those spatial radial frequencies that lie in a specific 

range will affect scattering loss for any given wavelength [4]. Such an effect is 

seen in Section 5.3. One way to extract the roughness distribution is to take a high- 

resolution top view scanning electron micrograph o f the waveguide. After filtering 

out some noise, the edge is detected to obtain the line-edge roughness distribution 

f ( z ) .  Autocorrelation o f f ( z )  is done and fitted to the exponential model derived 

above. This gives us an estim ate of the variance, cr2 and the correlation length, Lc.
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Reference [4] uses a m ore refined statistical method to estimate the spectral density 

of the roughness distribution. This is then fitted to the Lorentzian spectral density 

to obtain cr2 and Lc.

The quality of the photolithography process and etching process defines the side­

wall roughness in the final device. Some of the m ethods for reducing roughness 

includes oxidation smoothening in S i /S iO 2  waveguides [31]. In this case the Si 

waveguides were oxidized first followed by anisotropic etching which is shown to 

have reduced the sidewall roughness. A nother technique especially suitable for 

polym er based waveguides is the reflow technique [32].

2.2.2 Bend Losses

Bends are very important in integrated optics for changing the optical path direc­

tion. Tighter bends m eans sm aller bending radii, which cause the guided m ode to 

leak out into the cladding (refer to Figure 2.12). For a given material system and 

waveguide dim ensions there is a lim it to which the bending radius can be reduced 

before bend losses become significant [33],

I

R adiation

Figure 2.12: Bend losses in a waveguide

The m ode profile of a guided m ode in a straight waveguide and in a curved waveg­

uide o f same dimension is very different. We can visualize this by the method of 

conform al mapping to treat waveguide bends [34]. In this, a bent waveguide prob­

lem is transform ed into straight waveguide problem. The rest of the analysis o f the 

guided m ode is done in the traditional way, for example, by effective index method.
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Figure 2.13: Conformal m apping o f a curved waveguide to straight waveguide

Figure 2.13 shows the a curved waveguide that is transformed into a straight waveg­

uide by conformal mapping technique [35], The equivalent effective index distribu­

tion for the transform ed waveguide depends on the radius of the curved waveguide. 

The possible effective index space for a guided mode reduces due to the the curva­

ture (refer to Figure 2.13). From Figure 2.13 we also can get an idea about how the 

center o f gravity o f the guided m ode will be leaning towards the ’higher effective 

index’ region in the curved waveguide case and hence leak out. Outside the core, 

the m ode decays with a large evanescent tail in the direction of the radius.

The bending losses decrease exponentially with increasing radius except for small 

radius [36], The bending loss in a channel waveguide can be approxim ated by [37]

abend ~  C \exp (—C2R)  (2.17)

where C\ and C2 are constants dependent on the waveguide dimensions.

Bent waveguide mapped to an 
equivalent straight waveguide

2.3 Loss Measurement

In simple terms, the waveguide losses at a particular wavelength can be estim ated 

by m easuring the input and the output power for a known length of the waveguide.

10 lo g { ^ fL)
a  = ---------—:- s -  (d B /cm )  (2.18)
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where a  is the attenuation coefficient, P\n and Pout are the optical powers at the 

input and the output o f  the waveguide and L is the length o f the waveguide in 

centimeters. Figure 2.15 shows the setup used for the measurem ent o f losses in an 

integrated optic waveguide.

2.3.1 Cut-Back Method

This is a straightforward m ethod to m easure the attenuation in an integrated optical 

waveguide. In this m ethod the sam ple is cut into different lengths and the transm it­

ted powers are measured to estim ate the loss per unit length. It is assum ed that the 

coupling efficiency in all cases would remain the same. The above equation is used 

to calculate the waveguide losses [38].

2.3.2 Fabry-Perot Interferometer Method

A waveguide can be visualized as a cavity with the two end facets acting as partially 

reflecting mirrors. The losses inside the cavity can be estimated from the peaks and 

valleys, Tm ax and Tmin, o f its transm ission spectrum [39]. A typical transmission 

spectrum for a single-moded waveguide is shown in Figure 2.14.

There are two ways to m easure the peaks and valleys: by using narrow linewidth 

tunable lasers or by heating the sample to change its length or refractive index.

Fabry-perot fringe pattern of a  single m ode waveguide

Figure 2.14: P icture o f fringe pattern for single mode waveguide 

If  R, the geometric mean of the reflection coefficients of the two end facets, is
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known then we can use the following expression to estim ate the loss

1 V T m ax ~~ V Tm in  w n , \ /o 1 r>\«  =  - — l o g { - - = = - — = ) { d B / c m )  (2.19)
^  K  V  1m a x + V  imin

In practice the same equation written in the following way is used to plot the left 

hand side versus different lengths of samples. The slope o f the straight line fit gives 

the propagation loss. This entirely avoids prior knowledge o f R.

l Wflf( > P _ S p )  =  lOlogW -  a h  (2.20)
V *max i v  i-min

This method leads to accurate results for very low loss waveguides (< 0 .2  dB/cm). 

Since the reflectivity of the end faces needs to be high, this m ethod is very appropri­

ate for waveguides in high index materials. For lower index m aterials the end faces 

o f the waveguides can be coated with high-reflection films. It should be noted that 

this method works only for single m ode waveguides. The Fabry-Perot interference 

pattern of a multimoded waveguide is not uniform and shows a large apparent loss.

2.3.3 Scatter Loss measurement

T o p  V ie w

O b je c t iv e

S a m p le

L a ser  a o iu

SMF 28
P o l  L o u tr o lle i

C o u p lin g  S ta g e
P o l  B e a m  s p lit te r  c u b e

Figure 2.15: Experim ental setup for loss measurem ent

In an optical waveguide the guided mode loses part o f its power while traveling 

along the waveguide due to Rayleigh scattering. This scattered light is proportional
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Figure 2.16: Streak for loss measurement

to total guided power. Hence a plot of scattered light with distance will be an 

exponential function [40],

There are two methods that we have em ployed to collect the scattered data. One

Pick up fiber
Computer

Power meter

End Camera
ChG waveguide

Input fibei
Objective

Experimental Setup

Figure 2.17: Experimental setup using a pickup fiber for loss measurem ent

uses a video camera to capture the scattered light from the top of the waveguide. 

The pixel value of the light streak is m apped to intensity of the scattered light. In 

this case we assume that the video camera is linear for the wavelength range we are 

interested in. A nother image of a known distance is taken at the same magnification
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to m ap the pixel spacing and the real length needed to calculate the loss per cm 

(refer to Figure 2.16). In the other method, a pickup fiber is used to collect the 

scattered light and the power is m easured using a photodetector (refer to Figure 

2.17). A m icrom eter translates the pickup fiber along the light streak, m aximizing 

the pow er collected at each point. The loss is estim ated from the slope of a log plot 

of intensity measured with distance m easured in centimeters.

2.4 Ring Resonator

A ring resonator is a waveguide wrapped around to form a ring. The resonator 

need not be annular, other geometries like the racetrack resonator also falls into this 

category. Racetrack resonator includes two straight sections in the ring to aid in 

coupling light in and out of the cavity. As in any other cavity, the geometry of the 

ring defines its transm ission at a given frequency.

Unlike the Fabry-Perot resonators, ring resonators are a traveling wave cavities.

(a) Ring Resonator in Drop configuration (b) Ring Resonator in Add configuration

Figure 2.18: Ring resonator as an add-drop multiplexer

Hence, if only unidirectional propagation is allowed there will be no standing waves 

created. This is very im portant for lasing purposes, since in the traveling wave 

cavity there is no spatial hole burning effects ([41]). A ring resonator in an add- 

drop configuration consists of a ring and two waveguides that couples light in and 

out of the ring (resonator). It is a four-port device as shown in the Figure 2.18.

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C o u p l i n g

Region

Region

2.4.1

Figure 2.19: Ring Resonator model 

Modeling Ring Resonator Add-drop multiplexer

In this section some of the im portant expressions for a single ring resonator in 

add-drop m ultiplexer configuration are derived [8, 42, 43]. It is assum ed that the 

waveguides and the ring are single moded. The back reflections and any nonlinear­

ity are completely ignored. The coupling regions are assumed to be symmetric and 

lossless. In Figure 2.19, A ± , B ± , C ± , D ±  and a ± , b ± , c ± , d ±  denote the amplitude 

of the guided modes traveling in the positive/negative z direction in the bus waveg­

uides and the cavity respectively, p , x  are the self-coupling coefficients and k , %, 

the cross coupling coefficients. The coupling coefficients are com plex numbers. L 

is the circumference of the ring. I f  the ring radius is r, L  — 2nr.

A -  — p B - + x b -  B + = p A + + x a +  
a -  =  kB -  +  xb_ b+ =  kA + +  xa+ 
C+ — pD+  +  xd +  D -  =  pC _  + X C-  
c+ =  kD+ +  x d+ d -  — kC -  +  XC—

(2.21)

The ring is excited only from one o f the ports at a time. In the drop configuration, 

the ring is excited through the input port A. W hereas, in the add configuration, ring 

excitation is from the add port C. For the derivation below, we will consider the 

device in the drop configuration. These expressions can be extended for the add 

configuration easily by viewing C as the input port instead of A.
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Ring Resonator add-drop multiplexer characteristics

4...
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1545 1550 1555
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Figure 2.20: Plot of add and through port powers with /3

Let the com plex propagation constant in the ring be given by:

Y — p - a i  (2.22)

where j3 =  27C"/1J is the wave propagation constant and a  the intensity attenuation 

coefficient in the ring. Then,

a+ = d~exp( ~lj?L)exp(^=r±) 
b -  — c+ exp(z ^ ) e x p ( = ^ )  
c -  =  b+exp(ZY ^ ) e x p ( = j ^ )  
d+ =  a -exp (~l2 L)exp(=j^)

(2.23)

In the drop configuration the ring is excited only from port A and all back reflections 

are assum ed to be zero. Using Equations 2.21 and 2.23, the power in the drop and 

through ports is given by:

\x\2\K\2exp(-ocL)
Pdrp  =  \ D - \  = 1 +  \x\4exp(—2aL) — 2\x\2exp(—aL)cos((5L — 2$) [ inp (2.24)

Pthr = \B+ \2 =  \p\
2 1 +  \x\2d2exp(—2aL) — 2\-c\dexp(—aL)cos(PL(j) — y/)

1 +  \x\4exp(—2aL) — 2\x\2exp(—aL)cos(PL — 2<j>) inp
(2.25)

W here, d, <j>, yr are real quantities defined by:

x =  \x\exp(i<f>)

X — ^  =  dexp(iyf)
(2.26)
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If we assum e that the coupler is symmetric and lossless the two cross coupling coef­

ficients are equal and so are the two self-coupling coefficients. Hence the following 

relations hold:
P  ~  T

K ^ X

|p  |2 +  | k |2 ~  1 (2.27)

|t |2 +  |^ |2 «  1

M2 ~ \x\2 ~ i -  M2

2.4.2 The resonance condition

N o n ic s m i a n t  ) n i t e r  I d  
r o u n d  t r ip s

2 7tr = m X ,  m  -  1 , 2 , 3 ........

7. —> w a v e l e n g t h  o f  l i g h t  in  r i n g  

r  —» r ing radius

Figure 2.21: Illustration of Resonance in a Ring Resonator

From  Figure 2.20 that power dropped is m axim ized (power transm itted is m in­

imum) the following relation holds:

cos(j5L — 20) =  1

or  (2.28)

A ^  2mJt+2<t>
P m ~  L

where m  is an integer and /3m corresponds to the m th resonance. The peaks in Figure 

2.20 represent the ring resonances. Figure 2.21 illustrates the resonance condition
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in a ring. The pow er in the drop port is m axim ized at resonance, i.e.

Pa ( B - B ) -  \x\2\K\2exP ( ~ a L ) P (2 20)
P d r p ( P  -  P « )  -  (1  _  \x \2e x p ^ a L ) ) 2  lnp ( 2 2 9 )

2.4.3 Figures of merit for Ring Resonator Add-Drop Multiplexer

The im portant param eters that represent the quality of a ring resonator are given 

below. As in any resonator, the quality o f response of the ring resonator is repre­

sented by it’s on-off ratio, full width half maxim um, free spectral range, finesse and 

quality factor.

2.4.3.1 On-off ratio

O n-off ratio is the ratio between dropped pow er at resonance and at anti-resonance. 

Consider the pow er dropped at resonance wavelength and half resonance wave­

lengths. At anti-resonance

cos(PL-2<fr) = - \  (2.30)

Now from equation 2.24

, ,  Pdrp(resonance) (1 +  \r\2e x p ( - a L ) ) 2
(Jn — O JJ  =  —-----------------------— ;------ -----------  =   ----—p;  -—r- (2.31)

Pdrp^anti — resonance)  (1 — |t | Aexp{—a L ) ) A

2.4.3.2 Full width half maximum

Full width half m aximum (FW HM ) or 3dB bandw idth is the measure o f the wave­

length region in which power dropped reduces to half the resonance value.

F W H M  =  2\X3ldB- X m\ =  2\8X\  (2.32)

This can be equivalently expressed in terms o f /3 as:

I * , ,  l 28P\bA\ = — -----  (2.33)
2,7ttlgj-p

W here 5/3 and ngrp, the group refractive index, is given by:

SPm =  [ h d B - P m  (2.34)

^nef]
8 k

„ 8 n ef f
n grp — nef f  — k  —— (2.35)
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W ithout loss of generality, we can assum e that the resonance to be corresponding 

to m  =  0 case. Then j3o =  ^ .  can be found from its definition:

Pdrp(kdB) = Pdrp(J52 /jm) (2.36)

M aking the assum ption that j3 ^ #  is very close to the resonance value /3o, 5/3 is 

found to be:

1 1 (yj__________ _(y T
Si3 =  Pm b  -  A) =  7 ( TT{e x p ( ^ - )  -  K le x p ( - — )) (2.37)L  | T |  L Z

Hence using Equations 2.37 and 2.33 in Equation 2.32, FW HM  is given by:

1 2 i yy r _
F W H M  =   ------- ( — ex p {— ) -  | t | ex p{ -— )) (2.38)

TCflgppl-/ | 'VI 2* 2

2.4.3.3 Free spectral range

Free spectral range (FSR) is the wavelength spacing between two resonance peaks 

and is given by:
X 2

F S R  =  |AA| =  -  Xm « -------  (2.39)
ftgrpF

W here ngrp is defined in equation 2.35. It can be seen from Equation 2.39 that 

reducing the radius o f the ring resonator translates to an increase in the FSR. Hence 

high-index contrast integrated optics not only reduces the overall footprint of the 

ring resonator devices but also increases the FSR.

2.4.3.4 Finesse

Finesse is the ratio between FSR and FW HM . It is a measure of the transmission 

characteristic of a filter. Using 2.38 and 2.39, Finesse can be expressed as

F S R  | t |  e x p ( - ^ X )
Finesse = ------------ =  71-—p;  ----------  (2.40)

F W H M  1 — \z\2exp (—aL )

2.4.3.5 Quality factor

Q factor is the ratio of the stored energy to the power lost per power cycle. It is 

given by the ratio of the operational wavelength to the FW HM . Using 2.38 we have

X _ nngrpL  \ r \ e x p ( - f )
F W H M  X 1 — \r\2exp (—aL )
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2A 3.6 Critical coupling

Apart from the parameters described above, for a ring resonator based add-drop 

multiplexer to perform efficiently, further optimizations needs to be done. We can 

see that to m axim ize the on-off ratio given by equation 2.31, we need:

i.e. the losses in the ring should be equal to the coupling losses. This is called 

the critical coupling condition [44]. This merely means that for a given material 

system and fabrication process, we can always m axim ize the on-off ratio (to the 

extent possible) by tw eaking the coupling constant [45]. This kind o f tuning or 

trim ming the wavelength o f ring is done is several ways for example, using platinum 

electrodes to thermal tuning [8] or by a UV sensitive polym er overlay [46], A ring 

resonator straight from the m icrofab might exhibit little or no resonance. An on- 

off ratio of 20 dB or more is required for practical devices while the restriction on 

FW HM  depends on the application.

Figure 2.22: Com mercial cascaded ring structure with box-like filter response [3]

The physical parameters can be tweaked to achieve desired filter response. The 

Lorentzian transm ission characteristic of a single ring resonator can be made more 

flat or ’box-like’ (refer to Figure 2.22(b)) by cascading multiple rings [3],

1 — \x\2exp (—a L )  —»• 0 

| t | 2 =  exp(aL)
(2.42)

D ashed - M easured 
Solid - ideal Max. F lat

T : Order 

2 ^  O rder 

3rJ O rder

4 'h O rder 

5tft O rder 

6'* O rder

(a) Cascaded 3rd order microrings (b) Response o f  cascaded ring resonator
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2.4.4 Coupler region

Coupling between bus and ring waveguides can be accomplished by the use a of 

directional coupler or a multi-m ode interference (M M I) coupler.

2.4.4.1 Directional coupler

V
C o u p l in g  |

R e g io n  I

Figure 2.23: Picture o f directional coupler

P o w e r  d i s t r ib u t io n  in  b o t h  w a v e g u i d e s  a s  a  f u n c t io n  o f  z1
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Figure 2.24: Power transfer in a directional coupler

In a directional coupler, two waveguides are placed adjacent to each other so 

that the evanescent fields o f both can interact with each other (refer to Figure 2.23). 

This interaction causes the optical power to transfer back and forth as a function 

of the interaction length [47], This power transfer between the two waveguides is 

plotted in Figure 2.24.

Consider identical waveguides separated by a distance o f d,  called the coupling gap. 

From coupled m ode theory [33], the power in each waveguides after an interaction
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(a) Laterally coupled ring resonator (b) Vertically coupled ring resonator

Figure 2.25: Two ways o f using directional coupler in m icro-ring devices

length z  is given by:
Po(z) — c o s 2 ( K z ) e x p ( - a z )

(2.43)
P\(z) =  sin2(Kz)exp(—a z )

W here a  is the attenuation coefficient and K  is called the coupling coefficient. K 

decreases exponentially with the coupling gap, d  and is given by:

K =  C \exp (—qd)  (2.44)

W here q is the y  com ponent o f the extinction coefficient in the coupling region. 

Since the whole aim is to reduce the footprint of the device, the interaction length 

needs to be kept smallest possible. Sm aller coupling gap means there is coupling 

between the evanescent fields o f the two waveguides and this in turn translates to 

shorter coupler length for same splitting ratio. However in reality reducing the 

coupling gap is essentially the lim iting factor for choosing the lithography system. 

Coupling gaps are a fraction o f the waveguide width and tolerances are very tight to 

get efficient coupler regions. As will be seen, in Chapter 3, this has been the biggest 

factor for Ag doped rings that were fabricated.

From Section 2.2.2, we know that the mode profiles in the bent and straight waveg­

uides are very different. Hence actual analysis of coupling between curved and 

straight waveguide sections is complicated.

Using a directional coupler to couple light in and out o f a ring resonator allows us 

two different geometries as shown in Figure 2.25.

In laterally coupled structure, the waveguides and the ring are placed side by side
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in the same plane (refer to Figure 2.25(a)). Laterally coupled structure requires that 

the gap between the ring and the bus waveguide be very small in order to obtain 

good coupling. This is especially true for high index contrast systems. Thus we 

would need to turn to high-resolution electron beam lithography and other tech­

niques [48].

In vertically coupled structure (refer to Figure 2.25(b)) the ring sits on top or below 

the waveguides. In vertically coupled configuration evanescent coupling is achieved 

vertically. High coupling efficiency can be achieved by using an appropriate buffer 

layer between the ring and the waveguide. Vertical coupling o f the ring to the bus 

also reduces the sensitivity to  m isalignm ents between the two. However fabrica­

tion o f this structure requires precise alignm ent o f the ring and the bus waveguides, 

typically involving specialized wafer-bonding techniques [49].

2.4.4.2 Multi-mode interference (MMI) coupler

;» .1 - • . . .

Figure 2.26: M ultim ode principle of operation

An M M I coupler consists o f a broad center waveguide that supports several 

m odes (refer to Figure 2.27). The two input waveguides modes interfere with each
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Figure 2.27: Ring resonator with M M I coupler

other in the w ider section to produce self-images at particular intervals (refer to 

Figure 2.26). The M M I coupler is particularly suited to achieve 3 dB-splitting ratio 

[50].

W hile designing the M M I coupler, the mode field interference pattern in the wider 

section is analyzed to find the 3dB point, i.e. the distance from the input where 

the input power splits into two images with half the power. The fabricated device 

operation will be based on the length of the M M I region and the similarity o f the 

input modes to the simulations. M M I couplers give a polarization independent 

performance as com pared to directional coupler. The 3dB point in a M M I coupler 

is also shorter than in a directional coupler case [50].
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Chapter 3 

Silver doped waveguides in 
Chalcogenide glasses

This chapter describes silver photodoping experim ents in A s2 Se3 , Ge3 3 A si2 Se55  

(IG2) and Ge2 8 Sbi2 Sego (IG5) chalcogenide glasses. First, a brief overview of the 

usefulness o f these glasses for integrated optics is given in the following section.

3.1 Chalcogenide glasses for Integrated Optics

The majority of glasses fall into one o f the oxide (oxygen is a light atomic weight 

chalcogen element), halide and heavier chalcogenide families. Glasses containing 

one or more o f the heavier chalcogen elements S, Se or Te populate the chalco­

genide glass family. Typical binary glasses are form ed from AsS, AsSe, GeS, and 

GeSe alloys. Ternary and quaternary glasses are often realized by combining these 

binary com positions or by addition o f other elem ents such as Ga or Sb. Rare-earth 

elements and other dopants can be incorporated during the bulk glass formation 

process or during thin film deposition.

Chalcogenide glasses have been a subject of research since the 1950’s [51]. The 

optical usefulness of chalcogenide glasses stems from their transparency in the in­

frared, a high linear and non-linear refractive index, ability to incorporate large 

concentration o f rare-earth elements and the w ide variety of photo-induced and 

acousto-optic effects they exhibit [52, 53]. These properties and processing com ­

patibility with back-end CM OS processing give chaclcogenide glasses significant 

promise for integrated optics. This prom ise is described in more detail in Section
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3.1.1 below.

3.1.1 Promise of Chalcogenide Glasses in Integrated Optics

Some o f the interesting properties o f chalcogenide glasses that made them  a sub­

ject of research and technological development over the past several decades are as 

follows:

• Chalcogenide glasses have narrow bandgaps (2  eV) and relatively poor trans­

parency (compared to oxide glasses) in the visible and UV wavelength re­

gions. However, unlike the oxide and halide glasses, which absorb strongly 

in the IR region, chalcogenide glasses are highly transparent in the mid to 

far IR  ( ~  1 - 15 g m  wavelength range). This has made them  attractive for 

com m ercial IR windows, lenses for night vision devices, IR  sensing [54] and 

fibers [55].

• Chalcogenide glasses have high refractive indices which along with their 

processing options allows fabrication o f integrated optical devices [56] with 

small bend radii and small footprint as discussed in Section 1.3. This property 

has also m ade them  attractive for photonic crystal research [57, 58, 59].

• The presence o f heavier chalcogen atoms and weak bond strengths results in 

lower phonon energies ( ~  350 - 450 cm - 1  ), even relative to flouride glasses 

(~  550 cm -1 ). This enables m any m id-IR transitions (by rare earth ions) that 

are otherw ise quenched by non-radiative relaxation in oxide glasses. Together 

with their ability to uniform ly dissolve large concentrations o f rare earths ions 

like E r+3, N d+3, and P r+ 3  etc. in their glass matrix, chalcogenide glasses 

make an attractive option for the use in active devices like amplifiers [60] and 

lasers [52, 61] in the infrared. Waveguide lasers formed by laser patterning 

o f a bulk sample of Nd-doped GaLaS have already been dem onstrated [62].

• Chalcogenide glasses typically have high Kerr nonlinearity ( ~  100 times that 

of silica) and low two-photon absorption coefficient in the near IR wave­

length region, but with sim ilar response times as silica [53]. This makes
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chalcogenide glasses interesting for all-optical switching devices [63]. To­

gether with the ability to m ake small cross-section waveguides (due to the 

high refractive index), this m ight enable all-optical processing o f signals with 

less than 1 W  peak power in planar waveguide structures [63, 64],

• As a consequence o f the the weak bonding arrangements, chalcogenide glasses 

exhibit an array of photoinduced structural changes [52], N ear bandgap light 

(typically wavelengths o f 514 nm or 532 nm at a fluence o f 100 J/cm 2) can 

be used to induce relatively large changes in glass absorption (photodarken- 

ing or photobleaching), refractive index and etch rates in some chemicals. 

These characteristics make chalcogenide glasses useful as inorganic photore­

sists [57] and in the patterning o f integrated optical devices like gratings and 

waveguides. As an example, photodarkening o f As2 Se3  produces typically 

an index change o f ~ 0 .05 .

• Chalcogenide glasses dissolve metals (Ag, Cu, Zn etc) producing a red-shift 

in the band edge along with an increase in refractive index, etch resistance 

etc. The work described in this chapter was a study on exploiting this effect 

for making high-index contrast waveguides [65], It has also been applied to 

the fabrication of infrared diffraction gratings [6 6 , 67], m icrolenses [6 8 ] etc. 

Further discussion can be found in Section 3.1.3.

• Chalcogenide glasses also exhibit reversible phase change (from amorphous 

to crystalline state and vice versa) brought about by pulses o f electric current 

or laser absorption [52], The rewritable CD/DVD is based on this property 

[69, 70] as is Ovonic unified memory (OUM ), which is touted as a replace­

ment for current flash m em ory and has been successfully comm ercialized 

[71].

• Chalcogenide glasses are intrinsically p-type semiconductors and have been 

investigated along with other am orphous semiconductors for potential use 

in photovoltaic cells. Elem ental selenium, sulfides, selenides and tellurides 

of cadmium have found use as photoreceptors and in electro-photographic
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processes [72].

• Some chalcogenide glasses have high acoustooptic figures of m erit and have 

been used for m aking bulk acoustooptic cells operating in the near IR [73], 

The AS2 S 3 chalcogenide glass was first investigated for use as potential acous­

tooptic beam  deflectors [73].

• Chalcogenide glasses such as AS2 S3 have also been investigated as cladding 

materials in thin-film electrooptic waveguide devices [74].

• Chalcogenide glasses have also been investigated in magneto-optic devices 

due to their m oderate Verdet constants, which is a result of the strong disper­

sion they exhibit in the infra-red [75].

• Thin films o f m ost Chalcogenide glasses can be made at room temperature 

by thermal evaporation. In the case o f ternary, quaternary glasses and other 

speciality glasses, where the m elting points of the constituents differ consid­

erably, pulsed laser deposition [76] and chem ical vapor deposition [77] have 

been em ployed for m aking thin films. Furtherm ore, refractive index and other 

properties can be tuned as chalcogenides have a large glass forming region.

• Chalcogenide glasses are not hygroscopic like fluoride-based glasses but are 

m echanically weaker than oxide glasses [78], There are several impediments 

which need to be overcome if chalcogenide glasses are to be successful in 

integrated optics. Processing issues [60], and thermal and chemical stability 

[56, 79] require further study. There are also questions surrounding opera­

tional and environm ental stability [64].

Commercially, chalcogenide glasses for integrated optics were investigated by Texas 

Instruments in the 1970s [80]. W ith the rapid growth of fiber networks in the 

1990s there has been a renewed interest in m aterials for integrated optics. Re­

search groups at Lucent recently investigated chalcogenide glasses for all-optical 

switching devices [63, 63]. To date most patterning has been done using direct 

laser-writing [79, 63, 81], where waveguides are produced using the photosensitiv­

ity of most chalcogenides to light near their band edge. Planar waveguides with
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very low losses (<  0.3 dB/cm) have also been reported [82], Other methods for 

writing waveguides have been explored including helium  implantation and pattern­

ing in standard photolithography mask aligners [52], Table 3.1 summarizes some 

of the best waveguiding results reported in the literature.

Table 3.1: Low-loss chalcogenide glass waveguides reported in the literature

ChG Alloy Waveguide
Type

Core size 
(jum)

A (nm) Loss
(dB/cm)

R ef

AS2 S3 Slab 0.7 1064 2 [80]

GeioAs4oSeioS4o Slab 1 1060 0.4 [83]

AS2 S3 /
AS24Se3gS38

Shallow Rib 1.25 x 5 1300 1 [56]

GeioAs4oSe25S25 Laser written 1 x 5 1566 0.3 [79]

Ge2 Se3 Laser written 1 . 7 x 3 1550 1 . 6 [63]

AS2 S3 Laser written 2.5 x 3.5 1550 0 . 2 [81]

As2 Se3 Shallow Rib 1 x 4 1530 0.26 [82]

3.1.2 Arsenic Triselenide glass system

Most integrated optics work reported in the literature has been in sulfide glasses. 

Arsenic triselenide (As2 Se3 ) chalcogenide glass, chosen for much of this work is a 

brown colored material with a refractive index ~  2.7 at 1550 nm and is soluble in 

bases and hot water. It is commercially available in bulk form and conventional ther­

mal evaporation can be used to produce high-quality thin films chemically identical 

to the bulk sample. The transparency window of selenide glasses is approximately 

in the 0.8 - 15 jum wavelength range, while that of sulfide glasses is approximately 

in the 0.5 - 10 g m  wavelength range. However sulfide glasses typically have a 

wider bandgap, higher glass transition temperature, lower density, greater hardness, 

and higher therm al conductivity [84], Selenium based chalcogenide glasses like
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As2 Se3 typically have a high nonlinear figure o f merit and a nonlinear Kerr coeffi­

cient approxim ately three orders o f m agnitude higher than silica glass at 1550 nm 

wavelength [85].

Arsenic and Selenium are highly toxic elem ents necessitating proper safety consid­

erations. The therm al evaporator needs to be properly ventilated and m asks with 

appropriate particulate filters should be used. Gloves need to be worn to protect the 

sample as well as oneself while handling. Annealing, chemical treatm ent (etching) 

etc. should be carried out in a fumehood. The glass is also attacked by acids, alka­

lies and amines. As2 Se3 is also soluble in hot water and prolonged exposure to any 

chemical should be avoided.

We have found that A s2 Se3  glass exhibits excellent thermal, m echanical and chem ­

ical com patibility with commercial polym ers like polyam ide-im ide or PAI (Torlon, 

Solvay Advanced Polym ers) [8 6 ] and benzocyclobutene (BCB) (Cyclotene, Dow 

Polymers). This allows great versatility in fabrication processes based on chalco­

genide glass core layers and polymers claddings.

3.1.3 Photo-Doping of Chalcogenide glasses

Metal doping of chalcogenide glasses has been the subject of m uch research and 

technological development over the past several decades [87, 53].

There are variety o f ways to dope a film uniform ly with silver. For example, thin 

films can be m ade by direct evaporation o f bulk alloys of Ag doped glass synthe­

sized from elem ents or compounds in evacuated ampoules [8 8 ], However, for selec­

tively doping silver this method is not appropriate. In a typical photodoping process, 

a metal film (such as silver, copper, zinc etc.) is deposited on a chalcogenide glass 

and light near the bandgap wavelength of the chalcogenide glass causes dissolution 

of the metal by the chalcogenide glass.

Silver is the m ost common metal used for photodoping studies [53, 89] and is the 

subject o f this work. Silver dissolution in the glass can also be induced by irra­

diation with an ion beam [90] or electron beam  [91] or by heating [92]. Thermal 

doping o f silver is particulary important as it proceeds at all tem peratures to some 

degree. In m ost silver doping experiments the doping is a result o f both therm ally
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Transmission Specta for different Ag Thicknesses

it  Ag

900 1100 1300500 700
Wavelength (nm)

(a) Transmission curve for A s2 S e 3 undoped (b) Refractive index dispersion curve for un- 
and doped film s doped and doped A s2 Se 3 films

Figure 3.1: Transmission spectra and refractive indices for different Ag concentra­
tions

activated and light-activated processes [93, 94], The dissolution can proceed even 

in dark although the rates are much lower without illumination. We have observed 

this dissolution in our our work using A s2 Se3 . The rate of Ag dissolution depends 

greatly on com position o f chalcogenide and an excess of chalcogen atoms (over the 

stoichiometric num ber) is known to affect the reaction [53],

Depending on the amount of silver that is doped into the glass, optical transm ittance 

of doped parts is reduced by some amount (Figure 3.1(a)) and the optical absorp­

tion edge (band edge) underdoes a red shift [87], Associated with this red shift is an 

increase in refractive index, which can be as high as 0.3 (Figure 3.1(b)) or greater 

in A s2 Se3  and in many other chalcogenide alloys [95] at a wavelength of 1550 nm. 

This is a high index change as com pared to that produced by photodarkening (typ­

ically Sn  = 0.05 at A = 1550 nm) in A s2 Se3 [53], The non-linear refractive index 

of the glass has also been shown to increase [96] with Ag doping. Reference [97] 

reports up to 28 atomic % of silver can be dissolved in GeSe3 and reference [98] 

reports that up to 40 atomic % can be dissolved in some chalcogenide glasses. 

Compared to photodarkening [82], metal doping o f A s2 Se3 films not only gives a 

higher index change but also results in lower solubility o f Ag doped parts in alkaline 

solvents (as com pared to the undoped regions). The silver concentration profile in 

the glass is typically step-like and follows the gradient of the illumination intensity 

with a sharp diffusion front [92, 53]. This property enables realizing high-index
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contrast, fully etched waveguides in A s2 Se3  [99, 65],

One other phenom enon that goes hand-in-hand with silver dissolution in the verti­

cal direction is the lateral diffusion. This is largely an undesirable process which 

restricts accurate dim ensional control of the microphotonic structures fabricated. It 

has also been reported that the lateral diffusion is much quicker when a conductive 

film covers the dielectric substrate [100]. This process is described in Section 3.2.5. 

The etch resistivity shown by silver doped glass regions has been investigated for 

resists for lithography [ 1 0 1 ], ion selective membranes for chemical sensors [ 1 0 2 ] 

and for making integrated optic devices [92, 103, 65]. Photodoped chalcogenide 

glasses exhibit reduced tendency for photo-oxidation and photodarkening [104], 

thereby improving their operational and processing stability.

Silver dissolved in chalcogenide glasses also tends to form nanoparticles (silver 

dots), which can be used for ultrafast optical switching [53]. These silver nanoclus­

ters are also investigated as potential broadband sensitizers to increase the pumping 

efficiency o f rare-earth ions for active application [105],

Pursuing Ag doping for m aking integrated optic devices was a natural extension 

to the ongoing chalcogenide glass research at TRLabs-Edmonton. Photodarkened 

shallow etched waveguides have been demonstrated in a previous work [82]. A l­

though waveguides have been dem onstrated using photodarkening, these induced 

changes can relax, rendering the stability o f the devices questionable over a long pe­

riod o f operation. As a result, alternative m ethod to realize high-index contrast strip 

waveguides using Ag doping and subsequent etching are considered more prom is­

ing and were investigated in this work.

3.2 Silver doping experiments with As2Se3

3.2.1 Process Development

To realize the potential of chalcogenides for integrated optics, a key task is to de­

velop techniques for patterning them into micron-sized low loss optical devices. A 

typical waveguide fabrication starts with depositing a suitable undercladding, hav­

ing lower index than the chalcogenide glass, on a silicon substrate by spin coating.
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The polym er undercladdings used in this work needed to have excellent chem i­

cal, thermal, and m echanical com patibility with A s2 Se3 and Ge3 3 A si2 Se5 5 . It is 

also important that the polym er is resistant to the wet chemicals used in the fab­

rication process. These chemicals include acetone needed to perform  the lift-off 

process, photoresist developer, IPA and water used to clean the sample and mo- 

noethanolamine (M EA) used in etching the As2 Se3  glass. Moreover, a reasonably 

good coefficient of thermal expansion (CTE) match between materials was neces­

sary to avoid film cracking and delam ination [59].

Dry etch grade benzocyclobutene or BCB (Cyclotene 3022-63, Dow Polym ers) was 

used as a robust undercladding. It is used in the m icroelectronics industry as a low- 

k dielectric, for planarizing, and as a passivating and protective layer [106]. BCB 

is a high glass transition tem perature therm o-setting polymer. A s2 Se3 films were 

found to adhere very well to BCB undercladdings [59]. The CTE is approximately 

2 1 x l0 - 6  °C ~ ' and 5 2 x l0 -6  °C _ 1  for As2 Se3  and BCB, respectively. The refractive 

index o f BCB is approxim ately 1.5 as com pared to 2.8 for As2 Se3 at 1550 nm.

Spin curve - Cyclotene 3022-63

30

25

U .

5

0
2000 3000 40000 1000

Spin sp e ed  (rpm)

Figure 3.2: M easured spin curve for BCB polymer. The line denotes an exponential 
curve fit to the measured values.

After the silicon wafer was cleaned using the process described in Appendix A, 

an adhesion prom oter was spin coated onto the silicon wafer so as to improve the 

adhesion of BCB to the silicon surface. BCB is then spin coated, typically at 5000 

rpm. The measured spin curve for BCB is shown in Figure 3.2. Edge bead removal
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BCB :

(a) Silver strips on top o f  the glass (b) Silver strips below  the glass

Figure 3.3: Two ways o f patterning silver lines for making waveguides.

is important since its presence adversely affects the resolution o f the subsequent 

lithography step. The BCB film is then cured in a nitrogen ambient at 160°C for 1 

hour to get a uniform  undercladding layer about 10 g m  thick. The processing rec­

ommendations from the m anufacturer em phasize curing the polym er in the absence 

of oxygen for tem peratures above 150°C [106], The film is allowed to cool slowly 

to room tem perature to avoid thermal shocks.

Typically, a 1 gtm film o f As2 Se3 glass was therm ally evaporated onto the BCB 

undercladding. The starting point for thermal evaporation was a com mercially ob­

tained bulk glass w hich was evaporated by resistive heating in molybdenum boats 

under a pressure o f 2 x l0 - 6  Torr with a deposition rate of about 2 nm/s.

It should be noted that there are two ways to go about photodoping the glass, as 

shown in Figure 3.3. Each has its own advantages and disadvantages.

The first method (Figure 3.3(a)) is to pattern silver (99.99% pure sourced from Kurt 

J. Lesker Company, Clairton, Pennsylvania) on top o f the glass. This has the advan­

tage that the undissolved silver, if any, can be removed at a later time. Removal of 

any remaining silver will help in reducing the waveguide losses. The disadvantage 

would be that the high illumination intensity is needed to dissolve the metal into the 

glass as the light m ust penetrate the top metal layer and also reach the deepening 

Ag dissolution front into the glass for process com pletion. Note that the chemicals 

used to pattern silver on top of glass should not affect the glass.
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The second m ethod (Figure 3.3(b)) is to pattern silver below the glass, before the 

glass is deposited. This does not allow the removal o f undissolved Ag layer after 

the photodoping process. However, the incident radiation can more easily pene­

trate the undoped glass and reach the metal dissolution front. This method was also 

found to lower the adhesion between the glass and the polym er under-cladding. A 

potential usefulness o f this reduction in adhesion is discussed in Chapter 4. Since 

undercladding polym ers chosen for this study showed good chemical resistance, 

the choice o f Ag etchants is wider when patterning A g on polym er versus on the 

chalcogenide glasses.

3.2.1.1 Etching Chalcogenide glasses

W hen it com es to wet etch recipes for chalcogenide glasses, very few papers m en­

tion the exact recipe they used. Further, there is considerable variation in the etching 

chemicals reported. Some o f the information regarding etchants mentioned in the 

literature is sum m arized below.

• AsGeSeS glass etched with 0.6N NaOH at 22°C produced 1.57 nm/s etch rate 

for as-deposited films [ 1 0 2 ],

• Reference [107] reported 0.2N NaOH for etching AS2 S3

• For photodarkened As-S-Se films, com m ercial alkaline organic solutions pro­

duced by Hologram m a were used as a negative developer, while aqueous 

NaOH solution doped by alkyl sulfonate, a surfactant, was used for amor­

phous AS2 S3 films as a positive developer [108],

• There also have been conflicting reports on the etching properties o f NaOH. 

For example, [109] reports that the undoped regions of GaLaS resisted NaOH 

etch.

• Reference [110] reports the inability of non polar hydrocarbons to apprecia­

bly dissolve AS2 S3 at room  temperatures. However, they report that polar 

etchants dissolved both as-deposited and annealed samples.
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• Potassium cyanide has been reported to etch the Ag photo-doped region while 

NaOH etches the doped region 1.

• It has also been reported that AgAsS 2  and AgGeS2  glasses were found to be 

stable in alkaline non-oxidizing solution, but dissolved in a 0.1M  NAOH + 

0.9M  N aN 0 3  solution at higher tem peratures [53].

For AS2 S3 , it has been found that m ono-substituted am ine like m onoethanolam ine 

is more reactive than di-substituted amines, such as di-ethyl am ine [111]. In the 

most relevant literature for our work, an alkaline am ine based solution was reported 

in the etching of Ag-A s2 Se3  [ 1 1 2 ].

3.2.1.2 Silver Etchant

An appropriate silver etchant is needed for patterning silver without attacking the 

glass or the photoresist. Acids are known to attack A s2 Se3  so HNO 3 was avoided 

[113]. Reference [109] used a solution o f Fe(NO ) 3  to remove silver from GaLaS 

glass.

The silver etchant that was used in this work was a m ixture of CH 3 OH : H 2 O2  : 

NH 4 OH :: 4  : 1 : 1 by volume [114]. The solution was then aged for 3 hours before 

performing the silver etch. It was found to be a good choice, as it did not cause 

noticeable dam age to the chalcogenide glasses. Samples were typically immersed 

in this etchant for 10 seconds to remove Ag films on the order o f 30 nm thick.

3.2.2 Ag doped strip waveguides by direct patterning

It is desirable that a fabrication process be simple and use commonly available 

equipment. In all the experim ents described in this work, unless otherw ise m en­

tioned, the starting point was cleaning o f a prim e grade 4  inch silicon wafer using 

pirahna clean (refer to Section A.2.1). This was followed by spin coating a 10 jum 

thick BCB undercladding.

Approximately 1 g m  of A s2 Se3 was then therm ally evaporated onto polym er BCB 

undercladding. Then, approxim ately 30 nm o f silver was directly sputtered on top 

'Prof. Tomas W agner’s, University o f  Pardubice, presentation to TRLabs photonics group
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Figure 3.4: Process steps for making Ag doped strip waveguides by direct pattern­
ing

of As2 Se3 film. Up to 40 atomic % can be dissolved in some chalcogenide glasses 

[98]. However, to m inim ize the absorption losses we chose to keep the silver con­

centration to ~ 4  atomic % which corresponds to dissolving 30 nm of silver in 1 g m  

of A s2 Se3 .

This was followed by UY exposure through a m ask for photodoping for 30 mins. 

A 30 minute UV exposure, with intensity of 17 m W /cm 2  and 41 m W /cm 2  at wave­

lengths o f 365 nm and 400 nm, respectively, was found to be sufficient for complete 

dissolution o f 30 nm of Silver on top of a m icron thick As2 Se3  film [115]. After 

the photodoping process, the excess silver was removed and undoped As2 Se3 glass 

was etched away in M EA  to get strip waveguides. The process steps are described 

in Figure 3.4.

After the photodoping process, the silver layer was etched away using the etchant 

described in Section 3.2.1.2. The etching o f A s2 Se3 was largely unsuccessful in 

these initial experiments, with no apparent selectivity between the nom inally doped 

and undoped regions. Neither M EA nor 0.6 N NaOH showed any etching action on 

the glass. Prolonged exposure to NAOH resulted in cracking o f the glass film.

The inability to see any etch selectivity was attributed to the very fast reaction be­

tween silver and A s2 Se3 . As2 Se3 samples coated with Ag and subsequently kept
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in the dark visibly dissolved all the silver within 24 hours. Hence, any part o f the 

As2 Se3 film that came in contact with Ag at any point in time during processing 

seems to show high etch resistance to the etchants tested. The im portance o f pro­

tecting the unwanted A s2 Se3 regions from com ing in contact with Ag during any 

part of the process step was very clear. Silver dissolution in A s2 Se3  is reported to 

be one o f the fastest among chalcogenide glasses [116].

3.2.3 Modified ’Lift-Off’ process for Ag doped strip waveguides

P h o t o d o p e

o y

Silicon

I I A s2Se3

r '1  B C B  B U S  A g

[ j P h o to re s is t H  A g-doped  A s2Se3

Figure 3.5: M odified L ift-off process used for Ag doped waveguide fabrication.

A more successful process for m aking Ag doped strip waveguides was found 

after the observations described in Section 3.2.2. A liftoff process was used to se­

lectively dope Ag in the regions desired. Figure 3.5 shows the com plete fabrication 

steps used for making Ag doped strip waveguides in chalcogenide glass. 

Approxim ately 1 jum of A s2 Se3  was evaporated on a 10 jim  thick BCB under­

cladding layer. Photolithography was perform ed using HPR504 positive photoresist 

and 354 developer to define the waveguides o f varying widths on the glass. About 

30 nm o f silver was sputtered followed by photo-doping with UV light on a stan­

dard photolithography exposure equipm ent (ABM ) through a m ask for 30 mins.

It should be noted that the silver dissolution com m ences at the time of Ag sputtering 

on the glass. The sputter glow discharge aids in this process. The m ost successful 

fabrication was achieved when a step by step Ag deposition was performed. About
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2.5 nm o f silver was deposited each time and this process repeated until the desired 

thickness of silver is deposited (typically 30 nm). Silver dissolution occurs due to 

the thermal and glow discharge exposure while sputtering.

The photoresist was subsequently washed off with acetone followed by a short dip 

in a silver etchant, to remove the excess silver on the glass. We had success with 

M EA as a negative etchant. M EA at 50-65 °C was used to etch the undoped glass 

and produced good quality features. The etching time for 1 micron of glass was 

about 90 seconds when M EA was kept at 60°C. Proper cleaning of the sam ple af­

ter etching was very important as residual M EA was observed to degrade stored 

samples. A  short dip (5-10sec) in the silver etchant was seen to improve the sur­

face quality of the structures as it acts as cleaning agent for organic compounds. It 

should be noted that the silver etchant recipe is essentially an RCA clean at room 

tem perature described in Section A.2.2.

(a) Top View o f  a silver doped A s2 Se 3 strip (b) End view  o f  a silver doped A s2 Se 3  strip 
waveguide. waveguide. The BCB undercladding layer is

~ 1 0  p m  thick.

Figure 3.6: M icroscope images o f a silver doped A s2 Se3 strip waveguide

Figure 3.6 and 3.7 shows typical Ag doped chalcogenide strip waveguides, fabri­

cated by the liftoff process using the ’step by step’ doping approach. N o upper 

cladding was deposited on these waveguides. Note that the waveguide sidewalls 

are quite vertical, and reasonably smooth.

Both the effect of annealing and variations in photodoping time were investigated, 

in term s o f their effect on waveguide feature quality. In this experim ent, a 4 inch 

silicon wafer was first spun cast with BCB followed by thermal evaporation o f ~  1
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(a) SEM  im age o f  top v iew  o f  a silver doped (b) SEM  im age o f  side v iew  o f  a silver doped 
A s 2 S e 3  strip waveguide A s2 S e 3  strip waveguide showing an etch depth

o f  ~  680 nm.

Figure 3.7: SEM  m icrographs o f the fabricated Ag doped As2 Se3  Strip waveguide

*V

»
'* '■

(a) Typical waveguides fabricated using an- (b) Cracking o f  photodoped, un-annealed 
nealed A s2 Se3  A s2 S e 3 on M EA etching

Figure 3.8: Typical fabrication result from annealed and un-annealed A s2 Se3

/rm  o f As2 Se3 . The sam ple was divided into four parts, A, B, C and D. A and C 

were annealed (and cooled to room  tem perature gradually) at 165°C for 1 hour in 

nitrogen ambient, while B and D were un-annealed. A and B were patterned with 

UV lithography with a positive photoresist, HPR504. Samples C and D were pat­

terned with DUV lithography with a positive DUV resist, UV5. All the samples 

were then coated with ~ 3 0  nm o f silver. Each of the samples were now cleaved 

into 3 pieces (X, where X = A,B,C and i = 1,2,3) to test the effect of exposure time. 

X j ’s were exposed for 10 seconds, X 2 ’s for 5 mins and X 3 ’s for 15 m inutes. Af­

ter exposure, all samples were dipped in the silver etchant followed by removal of 

photoresist.

All the annealed samples (A ,’s and C ,’s), except A i survived the full process. All
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the unannealed samples (B ,’s and D ,’s) cracked during etching the chalcogenide in 

M EA. The results are tabulated in Table 3.2. Figure 3.8 shows typical waveguides 

fabricated using annealed and un-annealed glass.

Ta jle 3.2: Effect o f annealing on waveguide fabrication
Annealed Un-annealed

A C B D
1 0  sec Peeled away Good features Film  cracked Film cracked
5 mins Good features Good features Film  cracked Film cracked
15 mins Good features Good features Film cracked Film cracked

3.2.3.1 Problems with Liftoff Process

(a) W aveguide non-uniformity due to bad lift- (b) M erged Y-splitter region,
off.

Photoresist

Guild I.irt-oil uuh phuhucdisi unthai.nl

(c) Bad liftoff with numerous silver tendrils, (d) Good liftoff produced using a good pho­
toresist undercut.

Figure 3.9: Problems with lift-off process in Ag doped waveguide fabrication, indi­
cating the speed of the reaction between Ag and As2 Se3

Figures 3.9(a) and 3.9(b) show common defects that were observed on the final 

devices. These defects illustrates the need for a clean lift-off process (Figure 3.9(c)
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and 3.9(d)). The occurrence o f such defects was considerably reduced by etching 

off all the silver before removing the photoresist. This step protects the As2 Se3 

from coming in contact with stray silver tendrils after the photo-doping step.

3.2.3.2 Spots on the devices fabricated

•1
I
I

(a) Typical spots observed on an allignment (b) Spots on waveguides
mark

Figure 3.10: These spots were common on the etched structures

Circular spots were observed consistently on m ost o f the waveguides fabricated 

as shown in Figure 3.10. The nature o f these circles was not determined, and re­

mains to be investigated. Form ation o f silver clustering has been reported in the 

literature with plausible advantage in non-linear optical application and as broad 

band sensitizers [105].

3.2.3.3 As2 Se3  strip waveguides with torlon uppercladding

Figure 3.11: Partially etched structures with tapering caused by lithography on rect­
angular sample
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One o f the m ost important, yet mundane, parts o f integrated optics research 

is to obtain well cleaved samples for light coupling experiments. We have found 

that device facets are perhaps the most crucial part in successful characterization of 

m icrophotonic com ponents. In practice, one can’t afford to work with full 4  inch 

wafers all the time. A full wafer would need to be cleaved into sm aller samples 

which might again require fresh cleaves before optical characterization.

To avoid the need for cleaving after waveguide fabrication, small pre-cleaved sub­

strates were used in some experiments. W orking w ith small samples causes other 

fabrication difficulties, especially related to spin coating o f polym er and photo­

resist layers. The tapering of a waveguide, as shown in Figure 3.11, is attributed 

to the non-uniformity (edge bead) that forms while spin coating a small rectangu­

lar sample with a photo-resist. One way to avoid such tapering and still work with 

sm aller samples is to spin cast the full wafer with the required resist and then cleave 

into sm aller samples.

(a) Ysplitters covered with PAI uppercladding (b) Stretching o f  Tori on uppercladding

Figure 3.12: Strip waveguides with PAI uppercladding

One other way to improve cleaves is to spin a robust uppercladding. An upper­

cladding will also reduce the scattering loss and act as a protective layer for packag­

ing the final device. The upper cladding we used in this case was polyam ide-im ide 

(PAI) polymer, TORLON AI-10, sourced from Solvay Advanced Polymers [117]. 

PAI has a refractive index of ~  1.65 at 1550 nm and thin films can be easily made 

using spin casting. Properties o f this polym er are described in Chapter 5.

The Ag doped strip waveguides fabricated in Section 3.2.3 were coated with a 4

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



jUm thick PAI layer. 60 g of AI-10 powder was dissolved in 150 mL N,N-dimethyl 

formamide (DMF). AI-10 powder dissolved in D M F was stirred continually and 

kept at room  tem perature for about 4  hours. The solution was filtered using a 1 jum 

particle retention filter to remove large im purities [8 6 ]. The film was then cured 

at 160°C in a nitrogen environment for 1 hour and allowed to cool down to room 

tem perature slowly.

Figure 3 .12(a) shows the A g doped As2 Se3 strip waveguides with PAI uppercladding, 

Figure 3.12(b) shows the cleaved sam ple indicating that the PAI layer m ight not 

have been cured properly. Upon further investigation it was found that this kind 

of stretching of PAI occurred even after curing according to the processing manual 

from the m anufacturer [117]. Changing the solvent used to spin cast PAI to N,N- 

Dim ethylacetam ide (DM Ac) produced consistent cleaves as described in Section 5. 

SEM  pictures were not feasible because the PAI uppercladding planarizes the m a­

jo r waveguide features. By far the best cleaves (Figure 3.6(b)) were obtained when 

cleaves were made in samples with the cleaved edge longer than ~  4 cm.

3.2.4 Photodoping using white light source

Lamp Spectrum

300 400 500 800 700 800 900 1000 1100
Wavelength (nm)

(a) Photodoping using white light source (b) W hite light lamp spectrum

Figure 3.13: W hite light photodping experimental setup

A conventional UV source in a lithography exposure system was used for photodop­

ing in Section 3.2.3. Using the lithography UV source for extended period o f time, 

as in the case o f photodoping, affects the exposure dosage for its original intended 

lithography purposes. The UV lamps also have a short lifetime and replacements
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are often costly. Hence, white light was used for the photodoping process. As in 

the case o f UV exposure, 30 minutes was also found to be sufficient to dissolve 30 

nm of silver on top o f 1 f im  thick A s2 Se3  film. Figure 3.13(a) shows the setup used 

for the photodoping. The spectrum o f the white light, Figure 3.13(b), is centered 

around 632 nm.

(a) Top view  o f  the channel waveguide. The colour contrast betw een the 
doped and undoped region can be seen

(b) W aveguiding pictures o f  the channel waveguides using white-light photodoping

Figure 3.14: Channel waveguides using white light photodoping

An added advantage in using this longer wavelength source is that that the light 

penetration depth into the chalcogenide is higher. UV light is absorbed in the top 

surface o f the film and prolonged exposure m ight tend to result in lateral diffusion 

near the surface rather than driving the silver vertically into the glass. This point 

is discussed further in Section 3.2.5.3. The end view SEM  pictures o f waveguides 

Figures 3.15(b) and 3.21(e) illustrates the lateral diffusion. W idening of waveguide 

structures is discussed in detail in Section 3.2.5.
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Channel waveguides were fabricated using the procedure described in 3.2.3 but us­

ing white light for photodoping. The photoresist was removed and silver was etched 

to realize a channel waveguide. The chalcogenide glass was not etched in this case. 

Figure 3.14(a) shows the channel waveguide fabricated. The subtle color contrast 

between the silver doped region and the undoped A s2 Se3  region can be seen in Fig­

ure 3.14(a). Light coupling and waveguiding was confirmed at 980 nm wavelength 

and is shown in Figure 3.14(b). These waveguides exhibited good confinement.

3.2.5 Lateral Diffusion in Ag doped As2 Se3

Almost all the waveguides fabricated using A s2 Se3 showed widening o f the fea­

tures relative to the features defined in the photoresist. Lateral diffusion in some 

Ag doped chalcogenide glasses is a well known problem  [87]. The lateral diffusion 

of silver has been m onitored by Rutherford back-scattering (RBS) [118] or by re­

flectance m easurem ents [100], This section describes attempts to predict the lateral 

diffusion from  our experim ental results.

3.2.5.1 Widening of final features

(a) M icroscope picture showing intended and (b) Observed lateral diffusion. Patterned 
final waveguide widths. waveguide dim ension can also be seen here.

Figure 3.15: Lateral diffusion observed in fabricated waveguides.

Figures 3.15(a) and 3.15(b) show typical strip waveguides. A clear demarcation 

between the intended widths and final w idened features is visible. Im proper pho­

tolithography was initially suspected to be the cause of widened features and was 

monitored closely for dimensional accuracy. Patterning waveguides of widths less
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than 4 jum consistently using conventional UV lithography was non-trivial.

(a) Very good dim ension control obtained us­
ing D U V  lithography

(b) W idening o f  features observed in A s2 S e 3 .

Figure 3.16: Com parison o f patterned feature dim ensions to final waveguide di­
mension. The spacings between the lines on the inset corresponds to 10 gm .

Deep UV lithography at 248 nm was em ployed to pattern features accurately as 

shown in Figure 3.16(a). Photodoping was perform ed using the white light source 

and undoped glass was etched away using M EA at 50°C. The widening of waveg­

uides is shown in Figure 3.16(b). This proved the existence of lateral diffusion of 

silver in As2 Se3 .

Lateral spreading in Ag doped waveguides

Expected W idth (pm)

Figure 3.17: Plot of intended and final width

From the plots o f the intended versus final width as shown in Figure 3.17, it might 

be possible to pre-com pensate for the lateral diffusion. To a first order approxim a­

tion the dependence can be considered to be linear. For example, assuming this
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is predictable and repeatable, a 0 . 8  patterned structure in photoresist would 

widen to 1 jum (refer to Figure 3.17). E-beam  lithography was utilized to pattern 

submicron waveguides, bends and ring resonator structures to test this proposition 

and is described in Section 3.2.6. It should be mentioned that the extent o f lateral 

diffusion is expected to depend on many factors, including light intensity and wave­

length, starting thickness of the silver layer, thickness o f the chalcogenide film and 

size o f the m ask feature. A m ore detailed study is required to understand the im pact 

of these various factors.

3.2.5.2 Mechanism of Ag dissolution

Figure 3.18: U pon illumination electron and hole pairs are created at the interface 
between metal and glass.

Chalcogenide glasses are amorphous semiconductors. Exposure o f the interface 

of the m etal-chalcogenide or o f the interface of the doped-undoped part to light of 

energy close to the band gap of chalcogenide glass creates electron-hole pairs (refer 

Figure 3.18). Since the glass is a p-type sem iconductor the electrons are captured 

quickly while holes and mobile silver ions move into the undoped region. The field 

developed by the movem ent and capture o f charge carriers eventually slows down 

the silver doping front until it reaches equilibrium  [53],

In the case of photodoping, the silver dissolution is largely in the direction of illu­

m ination (vertically into the As2 Se3 film) but it also proceeds in the lateral direction 

to some extent. It should be noted there are other means (such as thermal and ion-

ChG

h+ h+ h + h +
-er h+

Silver
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beam) o f creating hole-electron pairs. Thermally activated silver diffusion goes 

hand-in-hand with photodoping even at room  tem perature [92],

3.2.5.3 Possible explanation of observed widening

Figure 3.19: Possible explanation for lateral diffusion observed in this work

Several factors might contribute to the widening of the waveguides at the top 

surface as shown in Figures 3.15(b) and 3.21(e). It is well established that silver 

diffusion follows the intensity gradient o f light. In simple terms, the silver tends to 

accum ulate in regions of highest light intensity [99].

One factor contributing to lateral diffusion m ight be the photoresist m orphology as 

shown in Figure 3.19. The photoresist with 30 nm  silver that is used to block the 

light from  reaching the glass surface outside the intended waveguide area m ight not 

be doing a good job. The slanted side-walls o f the photoresist would not be able 

to block all the light from reaching the Ag doped-undoped chalcogenide interface. 

This results in lateral silver diffusion predominantly in the upper surface of the 

glass.

3.2.6 Ring Resonators using E-beam Lithography

As m entioned in Section 3.2.5.1, pre-com pensating for the lateral diffusion was at­

tem pted using E-beam lithography. The ’lift-off’ process (refer to Section 3.2.3)
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was used to realize Ag doped high index contrast structures in this case. 

Conventional contact lithography cannot give the necessary dim ensional control re­

quired for fabricating high-index contrast ring resonators. The limiting feature size 

in high index contrast ring resonators is the coupling gap and length of the coupling 

region. Hence a Raith 150 Scanning electron beam  lithography (SEBL) system was 

used to pattern these structures. Since accurate control over lateral diffusion was 

not possible, a ring resonator based on M M I couplers was attempted (refer to Sec­

tion 2.4A .2).

Figure 3.20: Two common types o f stitching errors observed during E-beam  lithog­
raphy. (a) shows a gap and (b) shows a misalignm ent

Silicon wafers were first spin-coated with a 10 g m  BCB undercladding. Then, a 1 

gtm thick As2 Se3 film was therm ally evaporated. Polym ethylm ethacrylate (PM M A 

- 950K A2), a positive E-beam resist, was spun cast at 4000 rpm and baked for 

30 mins at 180°C. Then, Aquasave, a water soluble conductive polym er from  M it­

subishi Rayon was used to prevent charging during E-beam lithography [119] 2. 

PM M A was exposed using a Raith 150 SEBL system followed by the removal of 

the Aquasave. The PM M A was developed and 30 nm  o f silver was sputtered fol­

lowed by illumination with white light for 30 mins. A fter the photodoping process,

2  A  thin layer o f  gold on top o f  PM M A also elim inated the charging problem but was found to 
m odify the the E-beam exposure dosage requirements.
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excess Ag was etched using the Ag etchant. The PM M A was removed completely 

and a wet etch was perform ed using M EA at 50°C to obtain Ag doped As2 Se3 strip 

waveguides.

(a) Microring features patterned using E-beam  (b) Microring resonator in Add-drop configu  
lithography. ration w ith M M I coupler regions

(c) Top view  o f  the bus waveguide (d) Oblique view  o f  the bus waveguide

(e) End View  o f  a bus waveguide. (f) Spots on the waveguide

Figure 3.21: Ring Resonators using SEBL

Although high dim ensional control was achieved by E-beam  lithography, almost 

one in every four samples had stitching errors as seen in Figure 3.20.

The fully etched silver doped structures are shown in Figure 3.21. Numerous cir­

cular spots as described in Section 3.2.3.2 are also seen in Figure 3.21(f). These 

waveguides were not of sufficient quality for optical characterization. However, it 

is expected that further process optimization could reduce the roughness and de­

fects. The Ag doping process clearly shows potential for accurate fabrication of
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sub-m icron high index contrast waveguide structures.

3.2.7 Loss measurement

Light guiding was studied in silver doped strip waveguides in A s2 Se3 , with widths 

greater than 8  jLtm, fabricated using the processes described in Section 2.3.3. Fabry- 

Perot loss measurem ent was not possible since the waveguides tested were not sin­

gle m oded at 1550 nm. Reasonably good edges were obtained on cleaving samples 

using a diam ond tip as seen in Figure 3.22(a).

(a) Cleaved waveguide ends (b) W aveguide end burnt by 1480 nm  laser

(c) Top view  with end view  inset at 1480 nm

(d) Top view  with end view  inset at 980 nm

L eng th  [cm ]

(e) A g strip waveguides loss measurement at 1480 nm pickup fiber

Figure 3.22: Light coupling and loss measurem ent o f the strip waveguides

A small core, high numerical fiber aperture (Nufem  part number) was used to butt

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



couple to the sample waveguides. A polarization controller at the input end and a 

polarization beam -splitter cube at the output was used to selectively couple TE or 

TM  modes in the waveguide. An objective lens was used to focus the end facet onto 

a detector or a camera. A well defined spot is indicative of good coupling and well 

confined waveguiding.

Figure 3.22(c) shows the top view o f a light coupling experim ent at a wavelength of 

1480 nm. Due to the presence o f a large am ount o f background light in the image an 

accurate loss measurem ent using the scattered light image could not be performed. 

To circumvent these problem s, a m ultim ode pick up fiber was used to collect the 

scattered light (refer to Figure 3.22(e)). This technique, shown in Figure 2.17, also 

necessitated that the lasers used were sufficiently powerful to get appreciable scat­

tered light picked up by the fiber. Hence only 1480 nm  and 980 nm  lasers were 

used for characterizing waveguides in this way. Figure 3.22(b) shows a waveguide 

facet burnt by the high power 1480 nm laser.

Scattered light intensity along the waveguide length was plotted versus distance to 

estimate the propagation losses. Bright spots near the input and output ends were 

neglected to ensure that none o f the light scattered near the facets influenced the 

loss estimation.

As shown in Figure 3.22, the Ag-doped guides show strong guidance o f 980 nm (re­

fer Figure 3.22(e)) and 1480 nm (refer Figure 3.22(c)). Analysis o f scattered light 

at 1480 nm, using pickup fiber (Figure 3.22(c)) produced an estim ate for the propa­

gation loss of ~  9 dB/cm. As2 Se3  exhibits bulk absorption in the 2-4 dB/cm range 

at 980 nm  [116], and A g-doping is known to decrease the bandgap o f the glass. The 

transm ission spectrum undergoes a red-shift leading to an increase in absorption as 

com pared to undoped glass. Thus, some portion o f the measured propagation loss 

can be attributed to m aterial absorption. Side-wall roughness induced scattering 

losses would also be a m ajor contributor to the high losses observed.

3.2.8 Inconsistencies in Etching the glass

There is very little data in the literature regarding etchants specific to chalcogenide 

glasses. A prolonged dip in any wet etchant has generally been found to be undesir-
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(a) Rough sidew alls after M EA etch on an (b) Rough sidewalls after M EA etch on 
bent waveguide patterned using E-beam an straight waveguide patterned using E- 
lithography beam  lithography

(c) Rough sidewall features remaining af- (d) Typical cracking o f  A s2 S e 3 film ob-
ter 90  seconds (900  nm ) o f  M EA etching served during NaOH and NH 4 OH etch
patterned using U V  lithography.

Figure 3.23: Inconsistencies in etching As2 Se3 glass

able in out work. In one of the earlier works, etching A s2 Se3  more than ~  100 nm 

was not possible as the glass was found to crack if left in the etchant for extended 

periods [120]. N aO H  and NH 4 OH, some o f the commonly mentioned etchants in 

the literature (refer to Section 3.2.1.1) were tried. The slow etch rate necessitated 

prolonged dipping in NaOH and N H 4 OH resulting in cracking and peeling o f the 

As2 Se3  film. M EA  diluted with water and a 50-50 mixture of M EA and NaOH 

were also tried without success, as shown in Figure 3.23(d).

By far, M EA at 50°C provided the best results am ong the etch recipes tested. M EA 

diluted with water required longer time in the etchant, causing cracking o f the film 

in many places. NaOH, NH 4 OH and their m ixtures with MEA were the worst in 

terms o f causing cracks in the film (refer to Figure 3.23(d)). It is also known that 

As2 Se3 is attacked by hot water, without any evidence of selectivity between doped 

and undoped regions. Thus, dilution with water only reduces the potency o f the 

M EA etch selectivity. However, it helps in cleaning MEA off the substrate after
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etching due to the reduction in M EA viscosity. Nevertheless, pure M EA  at 55°C 

gave the best results and etched 1 g m  o f A s2 Se3  in about 90 seconds.

It is very important to clean the chalcogenide surface after the M EA etch to avoid 

surface dam age during subsequent storage. On a sample that is not properly cleaned, 

the surface damage can be observed within 24 hours. It was also found that a short 

dip in Ag etchant produces cleaner results. As discussed in Sections A.2.2 and 

3.2.1.2, the Ag etchant used here is essentially a m ild RCA cleaning agent. This 

Ag etchant seemed to assist in the removal o f the viscous M EA. The M EA was 

otherwise difficult to remove com pletely when only DI water was used.

3.3 Silver doping experiments with Ge3 3 Asi2 Se5 5  and 
Ge28Sbi2Se6o

Two other com mercially available glasses were subsequently used for similar Ag 

doped waveguide fabrication. These were Ge3 3 A si2 Se5 5  (IG2) and Ge2 sS b i2 Se6o 

(IG5) or AM TIR-I and AM TIR-II bulk samples were sourced fom Vitron (Ger­

many).

I

I

Figure 3.24: C olour m ap of IG2 film thickness over a 4 inch wafer

Initial IG2 and IG5 film developm ent was perform ed using PLD (refer to Section 

A .3.4). Figure 3.24 shows the typical uniformity achieved by PLD. One of the 

first things observed with IG2 samples deposited by PLD was their robustness on
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cleaving com pared to As2 Se3 . G e-based chalcogenide glasses are well known to be 

m echanically stronger than As-based chalcogenide glasses.

(a) End View o f  the cleave (b) Top View o f  the cleave

Figure 3.25: Better cleaves with IG2 film made by PLD

IG2 glass was therm ally evaporated on to a silicon wafer that had been spin coated 

with a BCB undercladding. The IG2 thickness was measured to be ~  1.3 g m  and 

was annealed at 250°C for 1 hour in a nitrogen ambient. The wafer was patterned 

using HPR504 resist by the process shown in Figure 3.5. It was then coated with 

a 30 nm  layer o f silver. Photodoping was perform ed for 1940 seconds with a UV 

lamp (365 - 400 nm, 20 - 60 m W /cm 2) in a m ask aligner. The excess silver and the 

photoresist were removed. The w afer was then etched for 4 mins in M EA at ~ 6 5 - 

75 °C was used to etch the undoped region and Ag was removed using brief dip in 

Ag etchant. A  profile of the etched edge gave an estim ate for IG 2 thickness of 1.3 

jUm. One o f the regions o f large opening on the m ask and was observed before and 

after photodoping and after etching in M EA and is shown in Figure 3.26. 

Fabrication o f Ag doped waveguides was attem pted using the same process as in 

the case o f A s2 Se3 (Section 3.2.3). The silver etchant described in 3.2.1.2 was used 

and was found not to have any visible dam age to IG2/IG5 surface. Both IG5 and 

IG2 showed higher resistance to M EA com pared to As2 Se3 . The etchant needed to 

be heated to about 60°C or greater in order to obtain an appreciable and observable 

etching of the undoped glass. The results o f a basic waveguiding experim ent in IG5 

glass are shown in Figure 3.27.

A fter the doping and the strip waveguide development, no waveguiding was ob-
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Figure 3.26: Silver dissolution in annealed IG2 glass (a) Before doping, (b) After 
doping, (c) A fter removing excess silver, (d) After 4m in etch in MEA.

(a) Top view  o f  980 nm  light coupled through (b) End view  o f  980 nm light coupled through 
IG5 strip waveguide IG5 strip waveguide

Figure 3.27: IG5 (Ge2 sS b i2 Se6o) - Ag doped and etched (390 nm) waveguide - 980 
nm light coupling in strip loaded waveguiding

served though the strips. However, only a strip-loaded action was seen. The thick­

ness o f the film was m easured to be 390 nm which apparently did not support a 

guided mode. Light propagation experiments using a slab waveguide of IG5 showed 

that the film did not guide light. Once the therm al evaporator was set up, as a con­

tinuation to the A s2 Se3  work, IG2 was chosen for further Ag doping studies.

From what was learnt and inferred from the silver doping experiments in As2 Se3 , 

it made sense to pattern Ag on the undercladding followed by glass deposition to 

ensure better light penetration needed for Ag doping. W hat emerged (Figure 4.6) 

as a result o f this experim ent is what is described in the next chapter. Thin film 

deposition by PLD was abandoned due to the inability to produce reasonable uni­

formity over a 4 inch silicon wafer (refer to Figure 3.24). To obtain better film 

uniformity all the subsequent experiments described in Chapter 4 were done using 

thermal evaporation.
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Chapter 4 

Patterned delamination in silver 
doped chalcogenide glasses

In this chapter a method to fabricate self-assem bled hollow m icro-channels is dis­

cussed. The m echanism  for this self-assembly is also described.

4.1 Introduction

The path from atoms to the stars is believed to be attributable to some kind o f a self 

organization from simpler constituents under appropriate conditions. The beauty 

of such com plex self-arrangements, for example, atoms, crystals, DNA, the human 

brain, has fascinated mankind for ages. Even in real life, societies have usually 

been moving towards a self-consistent, self-organized, stable state. By controlling 

the amount o f stress and adhesion in a chalcogenide thin film layer on top o f a pre- 

pattem ed layer o f silver, uniform buckles can be introduced by photo-illumination. 

Illum ination is the ’suitable condition’ for the self assembled ’w rinkles’ in the thin 

films where the extent and shape of such a ’w rinkled’ structure can be controlled to 

some extent.

4.2 Background on Buckling phenomenon

In this section, an overview of the relevant background on the film buckling phe­

nomenon is given. The work described in this chapter is the manifestation o f con­

trolled stresses in a thin film (refer to Section 4.2.1).
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T ensile  stress in  thin film s C om pressive stress in th in  film s

(a) Tensile stress causes a film to contact (b) Com pressive stress causes a film to expand

Figure 4.1: Failure modes due to stresses in a thin film

4.2.1 Stresses in a thin film

Excellent adhesion and low stress thin films are typically considered a must in any 

sem iconductor processes. Broadly speaking, stresses can be intrinsic (arising dur­

ing film growth) or due to external factors like heat (coefficient of thermal expansion 

mismatch between tw o m aterials), humidity, and pressure. W hile external stresses 

can be avoided by ensuring proper m aterial com patibility and packaging, intrinsic 

stresses are more delicate to control or avoid. Intrinsic stresses caused due to struc­

tural ordering arising during thin film deposition can be reduced by annealing in 

many cases. High intrinsic thin film stress can result in adhesion problems and thus 

compromise long term  reliability of the device [1 2 1 ].

Almost all therm ally evaporated films are either under compressive or tensile stress. 

W hile tensile stress can cause the film to crack, compressive stress causes buckling. 

Figure 4.1 illustrates the two types of stress induced ’defects’ in a thin-film. In 

some applications o f films, compressive stress is desirable. For example in high 

speed tool bit coatings compressive stresses indicate stronger bonds between m ate­

rial constituents which in turn increases the wear resistance [ 1 2 2 ].

4.2.2 Buckling phenomenon

Buckling is caused due to the compressive stresses in a thin film along with weak 

adhesion with the layer underneath. Figure 4.1 shows the effect of stresses in a thin 

film. These stresses are dependent on the substrate on which the film is coated,
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Thiii film  buckle W ide lilm  buckle

(a) Effect o f film thickness on film buckle (b) Effect o f  L ow  adhesion region width on
film buckle

Figure 4.2: Effect o f film thickness and low adhesion region width on buckle struc­
tures

the material itself, the deposition process, tem perature variations etc. Buckling is 

essentially a m eans for the film to attain the lowest energy configuration and release 

the accumulated elastic energy.

Buckling in thin films has been studied in detail in [123] and the related references 

m entioned therein. Depending on the size of the delam inated region and the level 

o f compressive stress, the buckles can be Euler Buckles, telephone cord buckles, or 

varicose buckles. Figure 4.3(a) shows the different buckle topologies.

Preliminary proof o f concept on buckling phenom enon and it’s controllability is 

demonstrated in this work. A nother im portant problem  to be solved is to find out 

a way to consistently create the buckles. This controllability can be achieved by 

tweaking the thickness of the film and the thickness and width o f silver strips pat­

terned underneath the glass. Extreme buckling will lead to fracture o f the thin film. 

Figure 4.2 qualitatively illustrates how the width o f the low adhesion region and the 

thickness o f the film affect buckle structures.

Section 4.2.3 describes a potential use of the Euler buckle morphologies as hollow 

optical waveguides.

4.2.3 Potential use of Buckle structures: Hollow Waveguides

Conventional high index core optical waveguides cannot be used for example, in 

a biological sample analysis. In such a case, light-m atter interaction of light is re-
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(a) Different types o f  Buckle m odes [123]. (b) H ollow  ARROW  waveguide fabricated us­
ing sacrificial aluminium core [124],

Figure 4.3: Buckling modes and a potential application of the Euler buckle mode 
in the literature

quired with the testing m edia which is norm ally in liquid or gaseous form. Refrac­

tive indices o f the tested samples are usually low. For example, aqueous solutions 

typically have a refractive index o f ~  1.3-1.35.

Anti-resonant reflecting optical waveguides (ARROW) with a hollow core can be 

used in such circumstances. ARROW waveguides can be considered as a waveguide 

m ade of periodic thin film stacks acting as m irrors for cladding. They are essen­

tially a hollow/low-index m edia surrounded by a Fabry-Perot reflectors to confine 

light inside the core. Figure 4.3(b) shows a hollow ARROW waveguide [124], 

Hollow waveguides have been realized using wafer bonding[125] and sacrificial 

core [126] techniques. Reported waveguides of this type are typically 5-10/im  in 

width (refer to Figure 4.3(b)).

The buckling structures we have dem onstrated are produced without subjecting the 

samples to any thermal shocks and is essentially a room  tem perature process. Due 

to the natural buckling process to create the hollow core, the inner walls are ex­

pected to be much sm oother than those m ade using a sacrificial layer [124],

Figure 4.4 shows an S-bend buckled in an Euler buckle mode and holds prom ise to 

form large network of channels on a microfluidic chip.
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Figure 4.4: Euler buckles around a s-bend with L i = 250 f im (refer to Appendix B)

Lower 
adhesion 
in the Ag 

region

I I I Ag doped
▼ ▼ ▼ -  Cha

expands

Lower adhesion and the compressive stress generated 
causes tire Ag doped region to buckle in the Ag region

Figure 4.5: Buckling process steps used

4.3 Process Development

The buckling phenom enon described below was initially realized unintentionally 

during an attem pt to fabricate strip waveguides as described in Section 3.2.1.

From the lessons learnt from the silver doping experiments with A s2 Se3 glass in 

Chapter 3, we decided to test fabrication of silver doped structures by patterning Ag 

under the glass film (Figure 3.3(b)). N ot only would the light used in photodoping 

have a better penetration into the glass, the lateral diffusion as described in Section

3.2.5.3 m ight also be reduced. Since only 4 atomic % of silver was intended to 

be dissolved into the glass, it could be safely assumed that all the deposited silver
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would be consum ed by the glass. This means that the issue o f excess undissolved 

silver remaining at the interface should not be a huge concern.

A typical fabrication process started with a spin coating 10 g m  thick BCB under­

cladding on top o f a silicon wafer. Then, 30 nm of silver film was sputtered fol­

lowed by patterning strips o f widths ranging from 1-10 jam. Different thicknesses 

of IG2 glass was thermally evaporated and photodoping perform ed using a white 

light source (refer to Figure 3.13).

Figure 4.5 illustrates the consequence o f the process described above. The follow­

ing sections describe the experiments in detail.

4.3.1 First Buckling Samples

Figure 4.6: Patterned substrate after 1 day

A silver layer of 30 nm  thickness was sputtered on a BCB coated silicon wafer. 

Patterning o f Ag was perform ed using HPR504, a positive resist (illuminated areas 

are dissolved in developer) and a m ask of negative polarity (waveguide is trans­

parent and background is opaque). Developing and etching the silver, using the 

etchant described in Section 3.2.1.2, produced the reverse of what was intended for 

Ag strips. For example, Y-splitters on the negative polarity m ask will becom e ta­

pered waveguides when patterning a A g film using a positive photoresist.
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IG2 was then therm ally evaporated onto the sample. The expected thickness was 

1 .2 - lA  fim .  The sam ple was left in am bient light and buckling was observed after a 

day’s delay. Silver dissolution into the glass is accompanied by a volume expansion 

of the doped region. Such an increase in volume causes a build-up of compressive 

stresses in the silver doped regions. The reduced adhesion in the patterned regions 

aids the stress release in the form of buckles.

(a) Undulating telephone cord patterns (b) Optical profilometer plot

Figure 4.7: Buckles in First sample. The width of each buckled region is 250 (J.m

Figure 4.6 shows the full sample where buckling was first observed. Figure 4.7(a) 

shows the telephone cord buckle modes. Optical profilom eter plot can be seen in 

Figure 4.7(b). The distance between the troughs of the buckles correspond to the 

waveguide separation in the m ask of 250 gm .

Though there are many different ways (modes) in which a film can relieve the 

stresses we are particularly interested in one of them, nam ely the Euler mode. The 

Euler mode is essentially a first order buckle mode am ong the m any other modes in 

which a film can buckle and can be visualized as analogous to  the guided modes in 

an optical waveguide (refer to Section 2.1.1).

Formation of Euler buckles is very m uch dependent on the am ount o f stress devel­

oped and the thickness o f the chalcogenide film as seen in Section 4.2.2. The ta­

pered structures are a good starting point to learn more about the buckle structures. 

W hile the wider areas of silver result in random buckle structures, they evolve Euler 

buckles as the width tapers downwards. This can be seen in Figure 4.8. Studying ta­

pered sections give many m ore details regarding the critical width for the formation
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of Euler buckles. The taper is more effective in this regard than using a m ultitude 

of Ag regions o f varying widths for a given thickness o f IG2 film.

(a) Euler B uckles transforming to Telephone (b) Euler Buckles at the tapered Y-Splitter sec- 
cords tion.

Figure 4.8: Euler buckles seen in te Y-splitter section of First Sample. The width of 
the buckled region is 250 gm .

(a) End view  o f  a cracked buckle (b) End view (rotated) ol the cracked buckle

Figure 4.9: End view o f the cleaved buckle structures. The BCB layer underneath 
the buckle is ~  1 0  p m  thick.

Figure 4.9 shows the cleaved ends of the buckles fabricated. The ability o f these 

buckles to withstand cleaving and handling is still an area that needs work. How­

ever, to realize a m ultilayer ARROW  structure sim ilar to the one in Figure 4.3(b), 

it m ight be enough to produce compressive stresses in the lower-most layer.
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(a) W aveguides after buckle removal (b) W aveguide after buckle removal. The ruler
insert show s a width o f  1 0  g m

Figure 4.10: W aveguides realized after the removal o f delam inated buckle regions

4.3.1.1 Waveguides from Buckled films

Buckles in the larger regions com pletely peeled off automatically. Blowing nitro­

gen removed most o f the remaining heavily buckled parts o f the film. In some of 

the areas, the buckled film delaminated leaving the un-doped waveguide region. 

The regions with no Ag were found to adhere excellently to BCB. They withstood 

cleaning with DI water, acetone agitation and even scrubbing with a cotton swab 

indicating strong adhesion to the BCB layer underneath. The waveguides thus 

produced had very rough edges, reflecting the buckle pattern of the adjacent de­

lam inated regions. Contact profilometer m easurem ent of height o f the waveguides 

showed a 1.4 fim  thick IG2 layer.

4.3.2 Second buckling samples

Subsequent experiments were devised to repeat the buckling on thinner IG2 film. 

BCB polym er produced the most consistently good results. This was partly due to 

the fact that it stood up well to the chemicals used in patterning o f the Ag strips. 

Tests on different polymers are described in the next Section 4.3.3. 4 quarters of 

BCB coated silicon were patterned using the same mask as shown in the result of 

Figure 4.6.

200 nm thick IG2 was therm ally evaporated onto all 4 samples. Sample 1 was kept 

in the dark. Sample 2 was left in ambient light. Sample 3 was exposed with white-
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light for 1 hour. Sample 4 was first cooled on a thermo-electric cooler for 2 hours. 

No noticeable buckling was observed in Sample 1.

(a) Telephone cord buckles in Sam ple 2  left in (b) Telephone cord buckles transforming into
ambient light and coated with SU -8 Euler buckles in Sam ple 2 left in ambient light

and coated with SU -8

Figure 4.11: Buckles in a 200 nm  thick IG2 film coated with SU - 8  uppercladding.

Sample 2 buckled in many regions and was spin coated with a top layer of SU - 8  

polymer. It was found to survive the spinning and curing of SU - 8  and is shown in 

Figure 4.11.

(a) Sam ple 3: After 1 hr o f  white-light expo- (b) Sample 3: Meandering buckle m odes 
sure

Figure 4.12: Sample 3 buckling

In Sample 3, the buckle formation was observed in real time while doing the white- 

light exposure. Film  buckling started almost immediately on white light exposure 

indicating that the process is photo-induced.

Sample 4 (refer to Figure 4.13(a)) buckling was very slow and condensation on the
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(a) Sam ple 4: Kept on thermo-electric cooler (b) Sam ple 4: Kept on thermo-electric cooler
and illuminated with white light

Figure 4.13: Sample 4 buckling

sample was observed due to cooling. Once the buckling was seen to saturate with 

the thermo-electric cooler, white light was exposure was done while the sample 

was cooled. Figure 4.13(b) shows an increase in the buckles observed on white 

light exposure o f Sample 4.

4.3.3 Third buckling samples

A third set o f experim ents was done for two reasons. The first goal was to see how 

different polym er underlayers affected buckling. The second was to test a buckling 

after an upper cladding was spun on top o f the unbuckled glass. Sample 1 and 2 

had BCB and PAI respectively as undercladding while 3 and 4 had SU-8 .

About 700 nm o f IG2 was therm ally evaporated onto the 4 samples (A, B, C, D). 

Sample A and B did not buckle even after extended exposure. Sample C was coated 

with SU - 8  and buckling was observed during the heat curing SU - 8  upper cladding. 

Subsequent exposure and heat/cool treatment did not produce any more buckling. 

M ost patterned regions on Sam ple D readily buckled on cleaving. The unbuckled 

region did not buckle even after 22 hours of w hite light exposure. Depositing a 

layer of Tungsten which typically suffers from high compressive stress on top of 

the unbuckled samples was tried but was not successful [127]. The Tungsten layer 

showed large scale ’shattering’ into fine strands which ’stood up ’ when near a elec­

trostatically charged surface like lid of a plastic Petri dish, hand etc.
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(a) Sam ple D: Telephone cord buckles chang- (b) Sam ple D: Euler buckle m odes
ing to Euler buckle m ode

(c) Sam ple D: A nom alous termination o f  the (d) Sam ple D: Telephone cord nuckles 
Euler buckles

Figure 4.14: Sample D buckling structures.

Figure 4.14 shows the Euler buckles observed. The tapering from m eandering 

modes to uniform  Euler mode is clearly seen in Figure 4.14(a). Buckles were also 

seen to be transm itted around a bend in a sim ilar process and is shown in Figure 

4.4.
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Chapter 5 

Polyamide-imide Polymer Based 
High-index Contrast Waveguides

This chapter describes high index contrast polym er waveguide structures that were 

studied in parallel with the main work described in Chapter 4. Ring resonator struc­

tures that were fabricated are also discussed. A  polyam ide-im ide (PAI) polymer, 

Torlon AI-10 (sourced from Solvay Advanced Polym ers) was studied as a potential 

core m aterial for integrated optics.

5.1 Background on Polymers

5.1.1 Polymers in Telecommunications

Polymers have been explored as alternative materials for planar lightwave circuits 

in fiber systems for over 15 years. Some o f the key requirements for the use of 

polym ers in long haul fiber optic systems are:

• Extrem ely low loss (<0.1  dB/cm) at 1550 nm.

• Low birefringence and polarization dependent loss.

• Excellent therm al and environmental stability under standard in-use condi­

tions.

• Low index contrast waveguides with good im pedance m atch to standard fiber.

To date, fluoro-acrylate and silicone polym ers probably have achieved the most 

commercial success [128].
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5.1.2 Polymers for Integrated optics

Recently, polymers have been identified as a promising class o f m aterials for pho­

tonic interconnects in com puting systems (chip-to-chip, and on-chip) [129]. Some 

requirem ents on polymers for integrated optics are relaxed and some tightened rel­

ative to the polymers for telecom  applications:

• Slightly higher loss can be tolerated, and there is more flexibility in choice of 

operating wavelength.

• Birefringence and polarization dependent losses are less critical since pre­

defined polarization states are feasible.

• Stability at even higher tem peratures is important; materials must survive 

during packaging-related tem perature excursions (soldering at ~ 300°C ) and 

in-use temperatures >100°C .

• High index contrast waveguides are needed to enable com pact optical circuits 

and high density optical circuits.

Polym ers also offer potential for alternative fabrication techniques such as hot em ­

bossing, nano-im print lithography [130, 131] and soft lithography [132]. M ost of 

the works reported employed relatively low temperature polymers like polystyrene 

(Tg = 150°C), SU - 8  epoxy, polycarbonate, PM M A etc [132],

Arom atic polyimides have the tem perature stability for integration with electronics 

and are widely used in m icroelectronics [133], Hence, they are an obvious starting 

point for integrated optics developm ent in computing systems.

Nevertheless, polyimides suffer from  some drawbacks. Polyim ides are not tradi­

tionally melt- or solution-processable. Typically, thin films o f polyim ides are made 

from two or more precursors that are mixed and spun cast on a substrate. This is 

followed by imidization reaction during thermal curing [133], Such a procedure 

limits the processing options for m any polyimides. Another problem  is that, during 

im idization the polym er typically undergoes molecular ordering o f some sort result­

ing in very large intrinsic birefringence (~ 0 .01 ) and optical scattering loss [133].
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T ransm ission  s c a n  through MOO urn of Torlon s tack
Transmission scan of TORLON in DMAC
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(a) Transmission through quartz cuvet o f  1 mm (b) Transmission scan o f  a stack o f  10 films 
path length filled with pure D M A c and A I-10 each o f  10 /im  thickness 
dissolved in DM Ac

Figure 5.1: A qualitative transm ission characteristics of PAI polym er in solution 
and film form showing usable wavelength regions

Hence, much work has been directed at improving the processability of polyimides 

while m aintaining their outstanding thermal stability [129, 133],

5.1.3 Promise of Polyamide-imide

Polyam ide-im ides or PAIs are high perform ance thermoplastics. One commercial 

PAI (Torlon, solvay advanced polym ers) is widely used as an industrial m aterial for 

wire enamels, automotive and aerospace parts, protective coatings on tools, and as 

a high tem perature adhesive [117].

PAI polym ers have several outstanding attributes:

• Excellent stability and m echanical properties from cryogenic tem peratures up 

to >260°C . They have been tested in extreme M artian conditions where the 

mean surface tem peratures is ~60°C .

• They are amongst the toughest and strongest of all polym ers [117],

• They offer exceptional resistance to most organic solvents and acids. Such 

outstanding chemical durability allows a wide variety o f processing options.

• PAI is solution and melt processable. In our work AI-10 power was dissolved 

in N ,N-dimethyl form am ide (DM F) or N ,N-dim ethylacetam ide (DM Ac) sol­

vents and spin coated onto a wafer. Curing processes typically consists of
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only solvent removal and lengthening o f polym er chains unlike the im idiza­

tion reaction necessary with conventional polyimides.

• They are considered to be true amorphous therm oplastics and shows low bire­

fringence as com pared to many polyimides.

• PAI has the the highest glass transition tem p am ongst thermoplastics (~295°C ).

• Am ong polymers, PAI has one of the highest refractive indices at 1550nm 

(n ~  1.65), making it especially suited for research in high-index contrast poly­

m er structures.

• They have excellent dielectric properties and radiation resistance [117].

A qualitative spectral transm ission scan (using a Perkin Elm er Lam bda 900 spec­

trophotometer) o f pure DM Ac and AI-10 polym er dissolved in DM Ac were taken 

to look for absorption lines and determ ine their transparent wavelength bands. The 

plot of norm alized transm ission versus wavelength is shown in Figure 5.1(a). The 

mixture was then used for spin casting a 10 jum PAI polym er thin film. After curing 

the film a 100 jUm thick PAI bulk sample was form ed by stacking ten 10 g m  films. 

The plot o f norm alized spectral transmission versus wavelength of the bulk sample 

is shown in Figure 5.1(b). It is clear from Figure 5.1 that PAI has sim ilar low ab­

sorption losses at the 980 nm  and 1550 nm wavelengths. Thus PAI polymers show 

promise as an integrated optics polym er for photonic interconnects.

5.2 PAI strip waveguides fabrication

A Si wafer was cleaned in piranha 2:1 sulfuric acid: hydrogen peroxide for 30 m in­

utes, then rinsed in DI water. The adhesion prom oter for BCB AP3000 (Dow) was 

spun on for 30 seconds at 3000 rpm  followed by spin casting BCB 3022-63 (Dow) 

for 30 seconds at 5000 rpm. This produces a BCB film thickness o f ~ 1 0  jum. BCB 

film was then hard baked at 160°C in oven under nitrogen for 1 hr.

Thin films of PAI were spun cast on the benzocyclobutene (BCB) undercladding. 

25 grams of Torlon (AI-10 from Solvay) was dissolved in 100ml of DM Ac for 2
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(a) PAI strip waveguides using RIE (b) PAI strip waveguides using ICPRIE

Figure 5.2: Com parison o f RIE and ICPRIE sidewall verticality for the same 
amount of etch. Both Figures have are on the sam e scale. The scale insert cor­
responds to 1 0 0  nm.

hours and filtered through a 1 micron retention filter paper. The PAI solution was 

then spin cast on BCB substrate at 2500 rpm  to give ~  1.5 jum thick PAI film. A 

soft bake for 5 min at 80°C on a hot plate was followed by hard baking in nitrogen 

atmosphere for 1 hour at 160°C.

Gold was patterned on PAI by a Liftoff process to act as the etch mask. A liftoff pro­

cess was used since only a negative polarity m ask and positive resist was available 

for UV lithography. Structures fabricated using E-beam  lithography are described 

in Section 5.4.

Once the gold was patterned on top of the PAI layer, conventional Reactive Ion 

etching (RIE) or ICPRIE were used to etch it. The plasm a etch process is described 

in Section A.5.2. It should be noted that the plasm a needed for etching can also 

cause the back sputtering o f the metal used as etch mask. Gold is particularly no­

torious for this effect but was used because it worked well as an etch mask in our 

case. Back sputtering is a problem  since it interacts with the etch o f polym er caus­

ing undesirable surface roughness.

After gold removal, BCB uppercladdings were spun on the samples and they were 

characterized as described in Section 5.3 below. Figure 5.2 shows the sidewall ver­

ticality achieved using RIE and ICPRIE. ICPRIE gave much more vertical sidewalls 

as seen in Figure 5.2(b).
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(a) PAI top view 1 (b) PAI end view 1

Figure 5.3: Top and End View of light streak through PAI strip Waveguide

1550 nm 3um waveguides 1550 nm 10um waveguides

0 0 5  1 1 5 2 2.5 3 3.5 0 0 5 1 1.5 2 2.5 3 3 5

y = -2.7* - 2.4

---'

7MLength (cms)Length (cms)

(a) PAI 3um loss 980 (b) PAI 3um  loss 1550

Figure 5.4: Com parison o f total insertion loss for 3 jum wide waveguide

5.3 Waveguide Loss Measurement

Very good light confinement was observed at 980 nm and 1550 nm wavelengths. 

The top and end views of 980 nm  light coupled into the waveguide are shown in 

Figure 5.3.

The cut-back method was used for waveguide loss measurem ent (refer to Section 

2.3.1). Total insertion loss was measured for non-polarized input and for TE and 

TM polarizations. In each o f the three cases the input and output power was m axi­

mized and measured.

Two waveguides of widths 3 g m  and 10 g m  were characterized. The starting sam­

ple was 3.3 cm long and once the loss measurements were done, it was cleaved into

1.1 cm and 2.2 cm lengths. The cleaving was done in liquid nitrogen, since the 

Torlon end facet was found to be o f better quality under those conditions. The sam­

ples were dipped in liquid nitrogen for 30 seconds before cleaving using a diamond
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980 nm 10um waveguides 1550 nm iOum waveguides
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Figure 5.5: Com parison o f total insertion loss for 10 jiim wide waveguide

tipped cleaver. The long (3.3 cm) sample was first characterized followed by the 

cut samples ( 1 .1  cm and 2 . 2  cm) to get an estim ate of the upper lim it o f propagation 

losses in the waveguide.

Figure 5.4 shows the losses m easured in a 3 jum wide waveguide at 980 nm  and 

1550 nm  wavelengths. The loss m easurem ents are summarized in Table 5.1.

___________ Table 5.1: PAI loss summary___________
1550 nm  (dB/cm) 980 nm  (dB/cm)
TE TM TE TM

3 jj. m 4.2 3.0 4.8 3.2
1 0  /im 3.2 2.7 3.1 2 . 2

The losses at 980nm seem to be considerably higher than 1550nm for TE mode 

while the discrepancy in losses m easured for TM  m ode is much lower. At each of 

the wavelengths the TE m ode shows higher loss than TM . Figure 5.8 shows typical 

sidewall roughness observed in PAI strip waveguides.

This makes sense since the TE modes suffer more scattering losses due to sidewall 

roughness than TM  modes due to the way electric field is oriented [134]. Since TE 

modes are also less confined laterally than the TM  modes, the TE fields ’interact’ 

m ore with the rougher sidewalls than the TM  fields (refer Section 2.2.1). This is 

illustrated in Figures 5.8(b).

Since there is no reason to believe that PAI has higher absorption loss at 980 nm  than 

1550 nm  from the spectral scans (refer to Figure 5.1) it is inferred that the dominant 

contribution to the propagation loss is sidewall roughness (refer to Section 2.2.1).

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The liftoff process for defining the RIE metal etch masks onto the polym er intro­

duce great deal of sidewall roughness as seen in Figure 5.8(a). As expected from 

the basic scattering theory, shorter wavelength light is more strongly scattered. 

Characterization of 10 jum wide waveguides also strengthened this proposition. 

Two 10 jum w ide waveguides were used for loss measurements. The results o f the 

loss measurem ents are shown in Figure 5.5. TE modes also suffered higher losses 

in these w ider waveguides too. The losses at 980 nm were higher than those at 1550 

nm. As expected, if  sidewall scattering loss m akes the dominant contribution then 

the w ider 10 g m  waveguides were less lossy than 3 jum wide ones.

5.4 PAI Ring Resonators using E-Beam lithography

Having realized reasonably low-loss strip waveguides in PAI, we attem pted to fab­

ricate ring resonators using E-beam  lithography.

Figure 5.6: PAI strip waveguides fabricated by E-beam lithography

A PAI film was spun cast on BCB undercladding as described in Section 5.2. E- 

beam  HSQ negative resist was spun cast at 4000 rpm for 40s and baked at 180°C 

for 2 minutes followed by 2 more minutes at 220°C. HSQ forms a glass-like layer 

on hard baking which served as the etch m ask for PAI plasma etch. Polym ers, like 

glasses (refer to Section 3.2.6), are not norm ally conductive enough to allow one to
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Figure 5.7: M icroscope picture o f the ring resonator fabricated in PAI by E-beam 
lithography.

focus the E-beam  onto the sample properly. There is a charge build-up hindering 

accurate co-ordinate setting for exposure. Hence AquaSave, an antistatic layer from 

M itsubishi Chem icals, was spun cast at 4000 rpm for 40s and baked at 100°C for 

2 mins. E-beam  exposure was used to pattern m icrorings and waveguides on to the 

sample and the exposed HSQ was developed in tetra methyl am m onium  hydroxide 

(TM AH) for lm in.

After hard-baking on a hotplate for 5 mins at 250°C the sample was etched using 

ICPRIE (at 20°C) under a pressure o f 1.5 m torr and an ICP power o f 150 W  with 

forward pow er of 20 W. The helium backing was 10 seem and oxygen gas set to 20 

seem.). Figure 5.6 shows the fabricated waveguides after 16 minutes of ICPRIE. 

HSQ form s a glass-like layer which could not be removed by any known means 

that would leave the PAI intact. Therefore HSQ was left on top o f the waveguides 

in the hope that it would not cause extra loss. Stitching errors were also com m only 

seen while patterning long ( ~  2 cm) samples using Raith 150 SEBL system (refer 

to Figure 5.7).

The fabricated strip waveguides were coated with BCB uppercladding layer to get 

an encapsulated strip waveguide structure. Light coupling experiments were per­

formed at 980 nm which did not result in appreciable power output. It was spec-
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(a) Sidewall roughness in a typical PAI strip (b) M ode confinem ent and sidewall roughness 
waveguide. problem.

Figure 5.8: Sidewall roughness in PAI strip waveguides

ulated that the unremoved HSQ on top of the waveguides contributed to the large 

losses observed. Further work needs to be done to confirm this proposition.
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Chapter 6 

Conclusion and Future Work

The main goal o f this work was to realize filters based on microring resonators 

using silver doped chalcogenide glasses. A lthough a working microring device 

was not dem onstrated, several fabrication challenges were identified and partially 

addressed. A unique stress related phenom enon was accidently realized and pre­

liminary studies to control and reproduce the resultant structures is reported. Ro­

bust low-loss polym er (polyamide-imide) waveguides were fabricated and charac­

terized.

The following sections describe the key observations made in this work and suggest 

areas for future work.

6.1 Ag doped Chalcogenide waveguides

Silver doping o f A s2 Se3  was investigated to realize fully etched high index con­

trast strip waveguides. D irect patterning o f silver doped waveguides in A s2 Se3 was 

found to be infeasible. It was observed that the A s2 Se3  and Ag react very rapidly, 

even at room  tem perature and in agreement with the findings mentioned in refer­

ences [112, 86],

A modified lift-off process was proposed and M EA at 50°C was found to produce 

the best results for selectively etching undoped A s2 Se3 - Strip waveguides in A s2 Se3 

were fabricated for the first time to our knowledge. Both white light and UV ex­

posure was found to be suitable for photodoping and produced sim ilar results. Fur­

thermore, annealing the As2 Se3 glass was seen to produce better results than un-
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annealed glass. Characterization of Ag doped strip guides showed strong guidance 

o f 980 nm and 1480 nm light. Analysis o f scattered light at 1480 nm, using pickup 

fiber produced an estim ate for the propagation loss o f ~  9 dB/cm.

Lateral diffusion o f silver during photodoping was found to be a limiting factor in 

successful dim ensional control of the structures fabricated. This agrees with the 

observation m ade in reference [99]. A nother possible explanation (refer to Figure 

3.19) for this widening, is also suggested. It is believed that the slanted sidewalls of 

the photoresist and the thin silver layer m ight not be sufficient to block all the light 

from reaching the Ag doped-undoped chalcogenide interface resulting in lateral dif­

fusion in the upper surface of the glass. A ttem pts to predict and pre-com pensate for 

lateral diffusion were not successful.

E-beam lithography was used to fabricate m icroring resonator filters in A s2 Se3 . E- 

beam focussing problem  due to charge accum ulation on non-conductive substrates 

were observed. This was successfully resolved by using a com mercially available 

water soluble anti-static layer (Aquasave).

Prelim inary results indicate that M EA etchant was also suitable for selectively etch­

ing Ag doped IG2 and IG5 glasses.

Investigating the cause and control o f lateral diffusion needs further study. N um er­

ous spots were observed (refer to Section 3.2.3.2) on top of fabricated waveguides, 

and this problem  also requires further study.

6.2 Buckling

Patterning o f the silver layer underneath the G e3 3 A si2 Se5 5  glass, originally in­

tended to allow light to penetrate the Ag-ChG  interface for better Ag dissolution, 

resulted in the discovery of buckled delam ination structures. These buckle struc­

tures were explored with the goal of assessing their potential in making hollow 

waveguides. The dependence of m orphology o f such buckles on film thickness and 

width of the Ag regions was observed.

Conventional strip waveguides were also fabricated by mechanically rem oving the 

buckled regions (refer to Section 4.3.1.1). However, only short lengths o f such strip
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waveguides were fabricated.

Further experiments were devised with the intent o f realizing microchannels from 

the Euler buckle modes observed. The controllability and reproducibility of these 

structures was attem pted before and after a single upper polym er (SU-8) layer was 

spun cast, as described in Sections 4.3.2 and 4.3.3. Euler buckles were found to 

withstand the process o f spin coating an upper cladding (refer to Figure 4.11).

The control o f buckle m orphology is not fully understood at this point and is a 

subject for future work.

6.3 Polymer Integrated Optics

Polyam ide-im ide strip waveguides encapsulated in benzocyclobutene claddings were 

fabricated and characterized. Cut-back loss measurements indicated higher loss at 

980 nm  than at 1550 nm. Also, TE m odes exhibited higher losses than TM  indicat­

ing that the sidewall roughness induced scattering losses were dominant (refer to 

Table 5.1).

E-beam lithography was used to realize strip waveguides. HSQ, a negative e-beam 

resist, was used as etch mask. The H SQ etch mask was not removable without dam ­

aging the PAI layer and hence it was left on top of the waveguides. The waveguides 

fabricated were very lossy and it is speculated that the unremoved HSQ contributed 

to losses.

Further work is required to address the issue of sidewall roughness due to pho­

tolithography and RIE processes. For good quality waveguides by E-beam  lithog­

raphy, alternative E-beam  etch masks need to be studied.
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Appendix A 

Microfabrication Principles

This chapter provides a brief overview o f microfabrication techniques used in this 

work. M icrofabrication, as the term suggests, is a m anufacturing technology used 

to make integrated circuits. Over the years, the m eaning of this term has extended 

to cover a vast spectrum of techniques used to m ake a variety o f m icro-scale devices 

like electronic, photonic, M icro-Electro-M echanical Systems (M EM S), and micro- 

fluidic devices to name a few. A more detailed treatm ent can be found in [135].

A.l Substrate selection

Currently, there is a great deal of interest in silicon-based photonics, for optical in­

terconnects on and between integrated circuits [136]. This makes silicon a natural 

choice as an experimental platform for glass and polym er based photonics. Silicon 

serves as a mechanical support for the subsequent layers of material that we would 

use for fabricating our devices. Hence all that we are typically concerned with is 

the orientation o f the silicon wafer and not its am ount or type o f doping. The sil­

icon substrates used for this work were prim e grade p-type <  1 0 0  >  orientation 

wafers having an rms surface roughness on the polished side o f about 2 0  A. Sin­

gle crystal silicon wafers with <  1 0 0  >  orientation cleave along two perpendicular 

lines. A good cleave is of crucial im portance in light coupling and Fabry-Perot loss 

m easurem ent experiments.
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A.2 Wafer Cleaning

The first step in any fabrication process is to clean the substrate o f any dirt, grease 

from handling and other organic contam inants on the wafer surface. Typically, an 

acid Piranha etch is used for substrate cleaning. Another cleaning procedure, RCA 

clean, was also used in this work.

A.2.1 Piranha Clean

Acid Piranha is the trade nam e for a m ixture o f sulfuric acid and hydrogen peroxide. 

We use a 3:1 m ixture by volume o f sulfuric acid and hydrogen peroxide. This 

reaction is extremely exothermic and acid piranha reaches a tem perature o f about 

120°C and increases its cleaning properties.

A.2.2 RCA clean

There are other cleaning procedures like RCA-1 clean. The name comes from the 

RCA laboratories where the recipe was developed. It is a 1:1:5 m ixture by vol­

ume of am m onium  hydroxide (NH 4 OH), hydrogen peroxide (H 2 O 2 ), and DI water 

(H2 O) respectively. This mixture is heated to about 75°C while cleaning the sub­

strates. RCA-1 cleaning is revisited in Section 3.2.3.

A.3 Thin film deposition

Just as the starting point in hedge trim m ing is the growth of a hedge, in integrated 

device fabrication the first task is to deposit or grow the required material. Some 

crystalline m aterials can be grown through a m ethod called epitaxy. However, this 

thesis is concerned with amorphous glass and polym er films. Typical deposition 

techniques are described in the following sections.

A.3.1 Spin coating

As the name suggests, this technique involves dissolving the desired material in an 

appropriate solvent and dispensing the solution onto a spinning substrate to obtain 

a thin film. This process norm ally requires an additional curing to get rid o f the

105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



solvent [137]. This is a cheap and simple method. We start by dispensing the 

solution on to the substrate carefully to get a bubble free puddle. After this, the 

substrate is spun at a slow speed to spread the solution over the entire substrate. 

The substrate is then accelerated to the desired final spin speed that corresponds to 

the film thickness desired.

The final stage is to drive away the solvent by heat-treating the substrate. This can

be done in a controlled atm osphere or on an open hot plate. Final spin speed and 

the solvent evaporation rate are the crucial steps in determ ining the film thickness. 

Thicker films need careful curing procedures so as to avoid thermal shocks. Bubbles 

and sudden thermal shocks w hile curing can lead to pinholes and film peeling. 

Edge beads are typically seen at the outer perim eter o f top and bottom  faces of the 

substrate. These can create problem s especially in contact photolithography. They 

can easily be removed by an additional slow spin with a bead remover solution 

dispensed carefully at the edge o f the substrate. Figure A .l shows these basic steps. 

Some common problem s associated with spin coating are shown in figure A.2

A.3.2 Thermal Evaporation

In this method the bulk m aterial, called the target, is loaded in a suitable crucible, 

like a m olybdenum boat, and evaporated using a resistance heater. There are other

Figure A. 1: Typical steps in Spin coating
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Figure A.2: Common problems observed in spin coating [5]

techniques for heating the target such as inductive and electron-beam  heating. The 

evaporation is done in an evacuated cham ber to increase the mean free path of the 

atoms/molecules coming off the target. The substrate to be coated is placed in the 

path of the vapor that emanates to obtain a thin film o f the bulk material. Substrate 

rotation is used to increase the uniform ity of the evaporated film while adhesion can 

be improved by substrate heating. A film thickness gauge is also incorporated to 

monitor the in-situ film thickness [137],

Thermal evaporation is a very good choice for the deposition o f metals. Preserv­

ing the stoichiometry of a m ulti-com ponent target tends to be difficult task. The 

target components need to have identical vapor pressures to conserve the com posi­

tion in the film. M aintaining stoichiometry also requires well-controlled deposition 

rates. Sometimes co-evaporation [137](evaporating two m aterials at the same time) 

is used for m ulti-com ponent films. Substrate heating during therm al evaporation 

can be used to improve the film density and adhesion to the substrate.
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Figure A .3: Thermal evaporation [6 ]

A i f v u

(a) Volatilization by sputtering (b) Sputter evaporation

Figure A.4: Sputtering Illustration

A.3.3 Sputtering

Sputtering is different from thermal methods in that there is no melting of the tar­

get material. Ionizing a gas like Argon produces high-energy ions that strike the 

bulk target that ejects target atoms with enough energy to reach the substrate. Any 

material can be volatilized stoichiometrically by this method. Subsequent sputtered 

atoms that reach the film ideally have just enough energy to displace the surface 

atoms and bond nicely without causing sub-surface damage. Some of the surface 

atoms m ight be re-sputtered to produce films o f good density. This reduced porosity 

means the atoms are tightly packed producing a compressive stress. These stresses 

will be revisited in Section 4.2.2 and a possible application will be discussed.
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A.3.4 Pulsed Laser deposition (PLD)

This method uses laser pulses to volatilize a bulk target and typically produces 

films with the same stoichiometry as the target. This plume is collected onto the 

substrate kept at a short distance from the target. It is generally easier to obtain the 

desired film stoichiometry for multi-elem ent materials using PLD than with sputter­

ing. Unlike sputtering, PLD does not require a constant glow discharge, which can 

limit independent control o f process parameters. The vacuum requirem ent is also 

relaxed for PLD. However depositing films on large-area substrates is a challenging 

task.

In the current work, both thermal evaporation and PLD were used to deposit thin 

films o f chalcogenide glass. Sputtering was m ainly used to deposit silver and gold 

films. Spin coating was used for obtaining this films o f photo-resists and polymers.

Lithography is a m ethod of transferring desired patterns into a thin film. Tradition­

ally, this is accom plished by selectively exposing a radiation sensitive m aterial (i.e. 

a photo-resist) that has been spun on the desired substrate through a m ask kept in 

close contact with the substrate. The photo-resist is then etched in an appropriate 

developer solution to obtain a replica of the m ask pattern [6 ],

Depending on the exposure radiation source that is used there are a variety of

(a) Schem atic o f  pulsed laser deposition setup (b) Pulsed laser deposition process

Figure A.5: Pulsed laser deposition

A.4 Lithography
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Figure A .6 : Steps in Lithography

methods including photo (UV), deep ultraviolet (DUV), E-beam and X-ray lithog­

raphy. However for the current work only the first three were employed. Novel 

lithography techniques like nano-im print lithography have also been dem onstrated 

recently [130]. Photolithography systems are also classified as contact, proximity 

and projection printing. As the nam es suggest, the classification is based on where 

the m ask is placed with respect to the substrate and how the mask pattern is imaged 

on the resist. Contact photolithography was used in all cases for this work. The 

first step in lithography is spin coating the resist on to the desired sample. The sub­

strate is then brought into intimate contact with a m ask and aligned to the substrate. 

After UV or DUV exposure the exposed resist is developed. UV5 DUV resist was 

used for DUV lithography. The process involved spinning UV5 resist and baking 

at 135°C follwed by 2 seconds of DUV exposure though a mask. About 120 sec­

onds developing in DUV resist developer produced very good features. In the UV 

lithography case which had bad contact, the resist used was HPR 504 which was 

baked at 120°C after spinning followed by 4 seconds UV exposure through a mask. 

The developing time was about 15 seconds.
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Figure A.7: Contact Lithography 

A.4.1 Contact photolithography

The light source is normally a high intensity m ercury arc lamp that produces sev­

eral spectral lines; for example, the g-line and i-line have wavelength o f 436 nm 

and 365 nm respectively. A filter is used to pass only the desired wavelength line. 

To obtain good transfer of dim ensions from the m ask to the resist, the light should 

not spread much when it passes through the features in the mask. But diffraction 

effects necessitate the use o f lower wavelengths for smaller the m ask features to be 

transferred accurately.

Hence, DUV sources at a wavelengths of 248 nm and lower allow for sm aller fea­

ture sizes than norm al UV. Each source required a different resist and developer. 

Alignm ent of the wafer with the m ask and a good contact between the m ask and the 

substrate is very im portant to obtain good features.

A.4.2 E-beam lithography

E-beam  lithography (EBL) uses electron beam and focussing electron optics to pat­

tern appropriate e-beam  resists. In this work, Raith 150 EBL system was used. 

Raith 150 employs a vector scan method for writing sparse patterns while skip­

ping unwritten areas. It allows control of exposure dose. Unlike contact photo­

lithography, EBL is not diffraction limited and can pattern features as small as 20 

nm. EBL limits the speed of fabrication but is an excellent tool for our work due to
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the relative ease of incorporating design changes.

A.4.3 Photo/E-beam resists

Photoresists are radiation sensitive materials whose solubility in certain solvents 

changes drastically with radiation exposure. Photoresists consist o f four ingredi­

ents: light sensitive polymer, solvent, sensitizers and additives. The light sensitive 

polym er undergoes polym erization or depolymerization when exposed to radiation. 

Solvent aids in making thin films of the resist. Sensitizer basically controls or m od­

ifies the chemical reactions during exposure. Additives are chemicals added to help 

in processing, for example, dyes. Resists respond to specific wavelengths. Some re­

sists need to be chemically amplified for use at a different wavelength. Selection of 

a photoresist depends on the intended application. For example, if  resists are later 

used as etch barriers then resist thickness and good adhesion plays a crucial role. 

M etal lift-off process requires resists that produce good under-cut after developing 

to aid in the removal of metal.

Photoresist adhesion is a m ajor issue to consider while processing. A clean sub­

strate is subjected to a dehydration bake. A thin coat o f adhesion prom oter like 

hexamethyldisilazane (HM DS) is applied prior to photoresist coating. After the 

photoresist is spun cast onto a substrate, a soft bake step is necessary to drive off 

the solvent. The solvent is necessary for coating the photoresist but if not removed 

completely by soft bake, it can absorb exposing radiation and thus affect the whole 

process. The tem peratures and times of soft-bake are provided by the manufacturer. 

Over baking may result in the resist not responding to the radiation. The resist 

is exposed through a m ask and a post-exposure bake is performed. This removes 

the standing wave patterns form ed when the radiation reflects off the substrate and 

reaches the resist. Standing waves can affect the resolution and roughness of the 

resist sidewalls after developing. The last step is to develop the exposed resist in 

appropriate developer.
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A.5 Etching

Etching is the term given to removal of material in m icrofabrication process. Two 

different approaches used in this work are described briefly in the sections below.

A.5.1 Wet Etching

Wet etching, as the nam e suggests, is a way to etch m aterials using chemicals in 

liquid form. Etch rate typically depends on the chem icals used and its temperature. 

This is an inexpensive process and does not require any sophisticated equipments. 

Wet etching causes undercutting due to the isotropy of the etch and accurate dim en­

sional control is a tricky affair.

A.5.2 Dry Etching

Dry etching is used to obtain an anisotropic etch. Reactive Ion Etching (RIE) is 

one method of dry etching w e used for etching polym ers (refer to Chapter 5). In 

RIE, RF power is used to create a plasm a from the gases pum ped into the chamber. 

An electric field is applied to accelerate ions toward the surface of the samples that 

need to be etched [138].
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Appendix B 

Buckling Mask

L H

L* -----

Figure B . l : Features on the M ask

Table B. l :  M ask features and dimensions

Section

Waveguides S

W2 him

bend

L,
full

# \V3 HJU/ 
W4 him

Taper

l 2
Hin

I
10. 20. 40, 

60. SO
5

each
10. 20. 40. 

60. 80 1000
5

each

80 / 10 
6c 

80 / 20
5000

5
each

II - do - - do - - do - 500 - do - - do - - do - - do -

III - d o - - do - - do - 250 - do - - do - : - dO - - do -
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Figure B.2: Buckling M ask and a Zoom  in on one of the sections
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