HIGH INDEX GLASS THIN FILM PROCESSING FOR

PHOTONICS AND PHOTOVOLTAIC (PV) APPLICATIONS

by
Okechukwu Anthony Ogbuu

A dissertation submitted to the Faculty of the University of Delaware in partial
fulfillment of the requirements for the degree of Doctor of Philosophy in Materials
Science and Engineering

Spring, 2016

© 2016 Okechukwu Anthony Ogbuu
All Rights Reserved



ProQuest Number: 10157832

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQQuest.
/ \

ProQuest 10157832
Published by ProQuest LLC (2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346



HIGH INDEX GLASS THIN FILM PROCESSING FOR

PHOTONICS AND PHOTOVOLTAIC (PV) APPLICATIONS

by
Okechukwu Anthony Ogbuu

Approved:

Darrin Pochan, Ph.D.
Chair of the Department of Materials Science and Engineering

Approved:

Babatunde Ogunnaike, Ph.D.
Dean of the College of Engineering

Approved:

Ann L. Ardis, Ph.D.
Senior Vice Provost for Graduate and Professional Education



Signed:

Signed:

Signed:

Signed:

I certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Juejun Hu, Ph.D.
Professor in charge of dissertation

| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Robert Birkmire, Ph.D.
Member of dissertation committee

I certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Robert Opila, Ph.D.
Member of dissertation committee

| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Kathleen Richardson, Ph.D.
Member of dissertation committee



ACKNOWLEDGMENTS

It was truly an interesting journey filled with rich experiences that will guide
me through my life. It could not have happened without the positive contributions of
several smart and talented people. | am here to appreciate them.

First I want extend my unalloyed appreciation to University of Delaware and
more importantly to Departmental of Materials Science and Engineering for offering
an opportunity to commence and the necessary support they provided throughout the
program. | must say that | am very privileged to interactive and network with the
smart and diverse faculty and students in MSEG UD. The Faculty and students
contributed in many ways to the completion of my program.

I would like to express my sincere gratitude to my advisor Prof. JJ Hu whose
mentorship and encouragement was super instrumental and handy through the difficult
moments in the program. His smart ideas provided the required additional problem
solving edge to navigate through the challenging problems encountered through this
project. Besides, he doubled as a supervisor and a career mentor who creates time out
of his very busy schedule to listen and make positive contributions.

| would like to thank my group members; Hongtao Lin, Lan Li, Sarah Geiger,
Qingyang Du, June Li and others who contributed immensely to the successful
completion of the project through experimental and research discussions. | want to
specially thank Hongtao Lin and Lan Li for their insightful research ideas during
numerous discussions, June Li for assisting in thermal evaporation of thin films used

in this project, Sarah Geiger for the intellectual research and social discussions and



Qinyang Du for all those Massachusetts-Delaware trips. It was and will always be a
memorable experience spending the past years with you guys. Hu-group rocks!

This piece will not be complete without the mention people who were great
friends and brothers that made graduate school memorable; Mohamed Bah and
Ugochukwu Nsofor. Thank you Mohamed for the endless motivations, thought
provoking discussions during lunch & coffee breaks and being the best running buddy.
He is always there for me both in good and bad days through graduate school. Thank
you Ugochukwu, for those valuable advices and wonderful counsels. I trust | will get
to hear your good stories of graduate school. | would also use this opportunity to
express my immense gratitude to Uchechukwu Obialasor who was the listening ear
and good company at the other end of the line through many lonely days of graduate
school. I will not forget to mention Dr. Mfon Umoren who, without know it,
motivated and supported me in numerous ways and silently pushed me to quickly
finish up this thesis. Thanks Mfon for your great support and encouragements. Similar
appreciation goes to numerous individuals and groups who helped squeeze out the best
in me through graduate school days. In more than a million ways, everyone was
amazing!

| want to thank our collaborators (Richardson group at UCF and Birkmire
group at IEC) who were provided extreme support to ensure smooth completion of the
project. Your reliable support and positive contributions was instrumental to the
progress made in this study. | want to thank Prof. Richardson and her group members
(Dr. Sylvain Danto, Erick Koontz, Rebecca Whitsitt, Spencer Novak, Jacklyn Novak,
Jason Lonergan, Dr. David Musgraves) for providing bulk materials (chalcogenide

and tellurites) used for thin film deposition. Her detailed and insightful discussions



provided a strong guide through the project. | am really grateful. Thanks to Prof.
Birkmire and his group members (Gowri Sriramagiri, Evan Kimberly, Dr. Kevin
Dobson and Hamed Simchi) for providing the solar cells and devices characterization.
In addition, | am grateful to IEC staff and students; Peipei Xin, Uwadiae Obahiagbon,
James Matitu who assisted in terms of the training and usage of IEC’s instruments,
including UV-Vis, Raman, ellipsometry, during my Ph.D. program.

| would also want to thank MTL staff members at Massachusetts Institute of
Technology; Kurt Broderick and Gary Riggott; for their assistance with instruments in
EML.

To all my committee members | say a big thank you for your time and valuable
advices. | will ever remain grateful.

Finally I want to express utmost gratitude to my parents and siblings for their
support, love and patience through these years. Without your amazing support and
care, | would not make it this far. I love you all.

Above all, | say all glory to almighty God for making this journey and dream a

reality. God, you always win.

Vi



TABLE OF CONTENTS

LIST OF TABLES ...ttt X

LIST OF FIGURES ...t Xi

ABSTRACT et bttt bbbt b bbb b XVi
Chapter

1 INTRODUCTION ....ociiiitiiiiiteieeise e 1

1.1 Background and MOTIVALION ..........c.cceiiiiiiiniiiiesieeeee e 1

1.2 Proposed Methodology .........cccceiieiiiiieiieie e 5

1.2.1 Low-Symmetry Grating (LSG) Fabrication ............ccccocoevvninnnnnns 5

2 THIN FILM GLASS MATERIALS ....ooiiiiieiie e 8

2.1 Material SEIECHION.......c..ooiiiiiii s 8

2.1.1 Glass Thin Film Materials for Front Side Thin c-Si Solar Cells...9
2.1.2 Glass Thin Film Materials for Back Side Thin c-Si Solar Cells . 12

LIGHT TRAPPING THEORY AND DESIGN .......ccccoviiiiiiiiiiiiciic 14

3.1 Optics and Device Physics of Low Symmetric Diffraction Grating for
ThIN FIIM C-Si CelIS ..o 14
3.2 Investigation on Impact of Refractive Index in Optical Enhancement ... 19

SPUTTERED TELLURITE GLASS THIN FILMS.......ccoiiiieii s 21
4.1 Introduction to Sputtering of Tellurite Glass Thin Film ...............c.o... 21
4.2 Tellurite Bulk Glass Synthesis and Thin Film Deposition...................... 23
4.3 Optical CharaCterization ...........ccooueierereieie s 26
4.4 Morphological and Structural Characterization ...........cccccccevevevieiiieenen. 30
4.5 Compositional and Chemical Analysis ..........ccoovvriiiiiinenenseas 32
4.6 Impact of Stoichiometry on Thin Film Structure ............ccoceeveiiniieeen. 38
4.7 TeOy-based Materials Potential Applications ............ccoceveriniiicninnnnns 42
AGAROSE HYDROGEL MEDIATED WET STAMPING METHOD.......... 44

vii



Bl MOTIVALION <. 44

5.2 Introduction to Agarose Hydrogel..........cccoovvvviieiieii e 45
5.3 Fabrication ProCess FIOW .........cccccviieiiiiiiiieiieie e 47
5.3.1 Master Mold Fabrication ..........ccccoveveniiiiniininieesee s 49
5.3.2 Agarose Stamp Fabrication ............ccccooiiiiiiiiiiie 51
5.4 Wet Stamping of Sputtered Tellurite glass thin films .............cccccoee. 53
5.4.1 Optical Loss Measurement of Tellurite Waveguides .................. 55
5.5 Wet Stamping of Erbium Doped Tellurites...........ccevevevieiveieciciiee 58

5.5.1 Erbium-Tellurite Thin Film Deposition and Characterization .... 59
5.5.2 Morphological and Chemical Characterization of Erbium-

Tellurite Thin Film ..o 60
5.5.3 Wet Stamping of Sputtered Er-TeO, Thin Films ....................... 61
5.6 Suitability of Wet Stamping Methods ............ccocoviiiiiiniiieienccses 63
5.7 CONCIUSION ...ttt bbb 64
LOW SYMMETRY GRATING (LSG) INTEGRATION ON BACK SIDE
OF THIN CRYSTALLINE SILICON (c-Si) SOLAR CELL ....ccceccvvviininnnne 66
6.1 Motivation for LSG integration on Thin Film c-Si Solar Cells............... 66
6.2 Grating Fabrication on Silicon MaSter ...........ccccccvvevieveiie s 68
6.2.1 Fabrication of Symmetric Grating Master............ccccocererinennnnn. 69
6.2.2 Fabrication of Micro-scale Low Symmetric Grating (LSG)
IMIBSTET .. 70
6.2.3 Sub-micro Low Symmetry Gratings (LSG) v-grooves
Fabrication on Off-cut Silicon Master...........ccccoevviiieninnnnnn 72

6.3 Bi-layer Composite Polydimethylsiloxane (PDMS) Stamp Fabrication. 77
6.4 Thin Film Deposition on Thin c-Si Solar Cells via Thermal

EVAPOTALION ...t 80
6.5 Thermal Nanoimprint of Low Symmetry Grating (LSG) Evaporated
ChalCOGENITES .....ecvveeeecie et 81
PERFORMANCE OF BACKSIDE LOW SYMMETRIC GRATINGS
(LSG) ON THIN FILM CRYSTALLINE SILICON (c-Si) CELLS................ 84
% Y, 0] €A Z: L1 o] o SR PRTSSR 84

viii



7.2 Demonstration of Absorption Enhancement on 30 um Thin c-Si

MV TS . et 84

7.3 JV and External Quantum Efficiency (EQE) Measurement
Characterization of Thin c-Si Solar Cell ... 87
8 SUMMARY & FUTURE WORK ... .ottt eeeee e eeiee e e s eneee e 90
8.1 SUMIMAIY ...ciiiiiiiiie ittt bn e e 90
8.2 FULUIE WOTK oo, 92
REFERENGCES ...ttt e e e e e e et eeeeeeeaaan 93



Table 1.1:

Table 2.1:
Table 4.1:

Table 4.3:

Table 4.4a:;

Table 4.4b:
Table 4.5;

Table 5.1;

Table 6.1:

Table 7.1;

LIST OF TABLES

Comparison between Low Symmetry Gratings (LSG) and Convectional

gratings/PhC light trapping StruCtUIeS .........cccooviiririiieieee e 5
Challenges of novel glass for light trapping applications ..............c.ccc.c...... 9
Deposition parameters for reactive sputtering of tellurite films ............... 26

Atomic composition of sputtered tellurite films measured using
wavelength dispersive spectroscopy. The average measurement error

1S 0.6 Q0. 1.ttt bbb 33
Core level binding energies of tellurium, bismuth, and zinc in bulk and
sputtered tellurite thin filMS. ..., 35
Details of the Curve Fitting of Te3d Core Level Spectra .............c.cccu..e. 35
Raman Peak Positions and ASSIGNMENTS..........ccceiieeieeieiie e e 41
EDX composition analysis of Co- sputtered Er-TeO, oo, 61
The parameters of multiplexed anisotropic Si etching............cccccoeveenennee. 69
JV data MC1575 cell measurementS........cccooerererineninieeiese e 88



Figure 1.1:

Figure 1.2:

Figure 2.1:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 4.1:

Figure 4.2:

LIST OF FIGURES

Construction of 2-D LSG; the low structural symmetry distinguishes
the proposed design from prior work and is the key to ultimate light
trapping enhancement exceeding the 4n” Lambertian limit. Note that
the skewed pyramidal shape of the structural unit is only an example
to illustrate low structural symmetry; the optimized LSG structural

unit may be of completely different geometry .........cccccevveviviieiieieenenn,

Schematic tilted view (top) and cross-sectional (bottom) illustrations

of LSG integrated solar cells with a substrate configuration (left) and a
superstrate configuration (right). Figures are not drawn to scale.............

Structural model for (a) TeO, trigonal bipyramid structural unit which
is formed by two dissimilar pair of oxygen atoms; (b) two equivalent

oxygen (O ¢q) and (c) two axial oxygen (O a). The arrow indicates the
position of the electron lone pair of Te™ [50]. ......ccovevvevevererreecisreniens

Graphic solution of the number of optical leakage pathways N. kg is
the free space wave vector, and G1 and G2 are bases of the LSG
reciprocal lattice. The lattice points inside the shaded circle gives the

possible values of kj 4. In this specific example, N = 7.....c.cccocevervnnnnn.

(Left) Absorption of a-Si thin film cells with and w/o backside
structures; note that only the band edge regime is shown for clarity;
(center) schematics of cell structures with a backside grating

configuration; 1-D gratings with respect to single-pass absorption. .......

Normal incidence optical path length enhancement factors of 1-D
gratings as functions of grating material refractive indices; the open
and filled dots correspond to front and backside structures,

respectively; the blue line represents the 1-D Lambertian limit .............

Process flow for synthesizing bulk tellurite target for thin film

SPULTEIING vttt bbbttt

Tellurite target for sputtering (a) as-quenched (b) polished in order to

fit on the sputter target older. ...

Xi

T

12

18

24



Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

Figure 4.7:

Figure 4.8

Figure 5.1:

(a) Photograph of TBZ4 (left) and TBZ1 (right) on University of
Delaware logo for films on sodalime silicate glass substrates deposited
under oxygen-rich (L) and deficient (R) conditions; (b)UV-Vis
transmission spectrum of sputtered TBZ thin films superimposed on

that of glass substrate with varying interference peaks showing

thickness change; (c) Refractive index n and extinction coefficient k

of sputtered thin films measured by ellipsometry ..........ccociiiiiiinnnnn. 28

(a) Flow chart for comparing the transmission spectrum fitted
ellipsometry model and UV-Vis data; (b) Transmission spectrum
comparing fitted ellipsometry model and UV-Vis data. .............cccuenee. 30

SEM Cross-sectional view of sputtered (a) TBZ4 & (b) TBZ1 on

Silicon wafer; High resolution TEM images and selected area electron
diffraction patterns (inset)of (c) oxygen-rich (TBZ4) (d) oxygen-poor
(TBZ1) tellurite films;( €) Schematics of Focused lon Beam TEM

sample prep; (f) Glancing incident angle X-ray diffraction spectra of
TBZ thin FilM. ..o 32

XPS spectra showing (a) survey scan of all samples showing only the
peaks belonging Te, O, Zn, and Bi orbitals; (b) deconvoluted high
resolution scan of Bi4f orbital (c) deconvoluted high resolution scan

of Zn2p orbital (d) deconvoluted high resolution scan of O1s orbital.

(e) deconvoluted high resolution scan of Te3d orbital for bulk (f)
deconvoluted high resolution scan of Te3d orbital for TBZ1 (g)
deconvoluted high resolution scan of Te3d orbital for TBZ4. ................ 38

Ball and stick representation of the structural units present in tellurite
glass. Left: Trigonal bipyramidal TeO,. Center: Distorted trigonal
bipyramidal TeOs.;. Right: Trigonal pyramidal TeOs. Dots represent
nonbonding electrons. Bond lengths (in nm) are taken from [120] ........ 39

. (a) Raman spectra of tellurite thin films sputtered in varying argon and

oxygen working gas; (b) Raman spectra decomposition into the
respective vibrational modes. The corresponding peak assignments are
lISted IN TADIE 4. ... 42

Chemical structure of AQar0Se........ccccveviiiiieiiie e 47

xii



Figure 5.2:

Figure 5.3:

Figure 5.4: ..

Figure 5.5:

Figure 5.6:

Figure 5.7:

Figure 5.8:

Figure 5.9:

Figure 5.10:

Figure 6.1:

Key steps in wet stamping (a) Agarose hydrogel is prepared and

poured on a photo-lithographically structured master (PDMS), (b) the
hydrogel stamp is cured and peeled off the master, (c) the stamp is cut

in smaller pieces, (d) the high porous stamp is soaked into etchant
solution, (e) the stamp containing etchant solution is removed and

placed in contact with a suitable surface, (f) a patterned substrate is

(0] 01 1= [T S USSR 49

SEM images: (a) top and (b) cross-section view of SU8 master mold;
(c) Optical microscope image of 50 um bending waveguides. ............... 51

Optical image of Agarose hydrogel replica with micropatterned after
release from SUS MASHEN. ......cccveuiiieiieiecieseee e 53

(a) Schematics of the experimental flow of wet stamping the arrows
indicate two-way pumping mechanism in wet stamping Optical

Images of (b) bending waveguides pattern on 12-13 % w/v Agarose

gel; (c) Agarose etched bending waveguides (linewidth 1um) on
sputtered TBZ glass using dilute HF; (d) Agarose etched bending
waveguides (linewidth 50 pum) on sputtered TBZ glass using dilute HF
indicating the ability of wet stamping to pattern complex geometries.... 55

SEM images of (a) as-deposited TBZ thin film on 3 um SiO, cladding;

(b & ¢) micro patterned TBZ rib waveguide via wet stamping process;

(d) Optical image of agarose etched micro patterned TBZ rib

waveguide (e) Optical transmission measurement to determine

material loss at 1550 nm wavelength; (f) Simulation TBZ rib

waveguide result; (g) Optical measurement SEt UP. .....cccvevvvvveieerieineennn. 58

SEM image of as-deposited Er-TeO, on Silicon substrate. ..................... 60

Optical Image of Agarose etched waveguides on sputtered Er-TeO2

using HCI + HF+ IPA SOIULION. ........coveiiiiicecece e 62

Loss Spectrum for 5 um waveguide showing the high erbium

absorption dip at 1540 NM. .....ooiiiiiciece e 63
SEM images of (a) GeO2-SiO, (b) AZ-resist (c) Optical image &

AFM images of agarose etched GeO,-SiO, (d) AFM images of
agaroSe etChEd AZ IESISt.......cciveiieieseeie e 64

Bar chart showing the production cost of making a module of silicon
SOIAI CEILL .o 68

Xiii



Figure 6.2:

Figure 6.3:

Figure 6.4:

Figure 6.5:

Figure 6.6:

Figure 6.7:

Figure 6.8:

Figure 6.9:

Figure 6.10:

Figure 6.11:

Figure 7.1:

Schematic showing the process-flow of LSG integration on thin c-Si
SOIAN CEIIS. .. 68

(@) Top-view & (b) cross-sectional SEM image of ICP etched Si
grating master MOId. .........ccocveiieiiicce e 70

SEM cross-sectional images of: (Left) Symmetric VV-grooves etched
on (100) Si wafers; (Right) shark fin-shape asymmetric grooves
etched on (211) off-cut Si Wafers. .......cccccvveiieiiiieseee e 71

Photo of laser diffraction patterns from the etched (211) wafer surface. 72

SEM images: Top view grating patterns (a) pattern at centre (b)

patterns at edge; obtained using optimized e-beam parameters without
proximity effect correction on ZEP resist spun on Si (112) wafer &
patterned via e-beam lithography. ...........ccccevveiiiiiiici e 74

SEM images: Top view grating patterns (a) pattern at centre (b)

patterns at edge (c) final Si master with desired grating parameters

used for replica molding (d) RIE etching showing that ZEP optimized
thickness offered good resistance to etch silica layer (e) full view;
obtained using optimized e-beam parameters after proximity effect
correction on ZEP resist spun on Si (112) wafer & patterned via e-

beam [ItNOGrapny. ..o 75

SEM images: (a) Tilt view of asymmetric gratings on Si (112) after
KOH etching; (b) AFM scan of asymmetric gratings on Si (112) after
SiO; hard mask removal. ... 76

SEM images (a) Cross-Section view of asymmetric nano-gratings Si
master after PDMS cast; (b) Top view of PDMS stamp after release
from Si master; (c) AFM scan of the nano-gratings PDMS stamp. ....... 79

SEM image tilted and cross-section view of LSG imprinted on

thermal evaporated AsyoSego deposited Siwafer..........cccovevieiiienennne 82
SEM cross-section view image of low index polymer material spun

on the backside integrated LSG on 30 pum solar cell..........ccccocoeiiniene 82

(a) A schematic illustration of an integrating sphere measuring the

total transmittance spectral by placing a sample in front and a

reflectance white standard on the back. (b) A sample was placed in the
front of an integrating sphere for the transmittance measurement. ......... 86

Xiv



Figure 7.2: (a) A schematic illustration of an integrating sphere measuring the
total reflectance spectral by placing a sample on the back. (b) A
sample was placed on the back of an integrating sphere for the
reflectance MeasUrEMENT. ........cccvviiiriiiee s 86

Figure 7.3: Optical absorption measured in a 30-pum c-Si wafer showing optical
absorption enhancement in samples with backside gratings. .................. 87

Figure 7.4: (a) Thin bifacial Silicon hetero-junction architecture in substrate
configuration (n-i-p) (b) Optical images of bifacial c-Si solar cell
before and after Low symmetric grating integration. .............c.ccoccecvruene. 88

Figure 7.5: Quantum Efficiency measurement comparing thin solar cells with
LSG to and thin solar cells without LSG. .........ccccoocviviiiiieiienieie e 89

XV



ABSTRACT

To favorably compete with fossil-fuel technology, the greatest challenge for
thin film solar-cells is to improve efficiency and reduce material cost. Thickness
scaling to thin film reduces material cost but affects the light absorption in the cells;
therefore a concept that traps incident photons and increases its optical path length is
needed to boost absorption in thin film solar cells. One approach is the integration of
low symmetric gratings (LSG), using high index material, on either the front-side or
backside of 30 um thin c-Si cells.

In this study, Multicomponent TeO,—Bi,03—2Zn0O (TBZ) glass thin films were
prepared using RF magnetron sputtering under different oxygen flow rates. The
influences of oxygen flow rate on the structural and optical properties of the resulting
thin films were investigated. The structural origin of the optical property variation was
studied using X-ray diffraction, X-ray photoelectron spectroscopy, Raman
Spectroscopy, and transmission electron microscopy. The results indicate that TBZ
glass thin film is a suitable material for front side LSG material photovoltaic and
photonics applications due to their amorphous nature, high refractive index (n > 2),
broad band optical transparency window, low processing temperature.

We developed a simple maskless method to pattern sputtered tellurite based
glass thin films using unconventional agarose hydrogel mediated wet etching.
Conventional wet etching process, while claiming low cost and high throughput,
suffers from reproducibility and pattern fidelity issues due to the isotropic nature of

wet chemical etching when applied to glasses and polymers. This method overcomes

XVi



these challenges by using an agarose hydrogel stamp to mediate a conformal etching
process. In our maskless method, agarose hydrogel stamps are patterned following a
standard soft lithography and replica molding process from micropatterned masters
and soaked in a chemical etchant. The micro-scale features on the stamp are
subsequently transferred into glass and polymer thin films via conformal wet etching.

High refractive index chalcogenide glass (n = 2.6) thin films with composition
AsySegy was selected for backside LSG material due to their attractive properties. We
developed an optimized integration protocol for LSG integration and successfully
integrated these LSG structures at the back side of both 30 pum c-Si solar cells and
standalone 30 um c-Si wafers. Optical and electrical characterization of LSG on thin
c-Si cells shows that LSG structures create higher absorption enhancement and

external quantum efficiency at long wavelengths.
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Chapter 1
INTRODUCTION

1.1 Background and Motivation

Photovoltaics (PV); the conversion of sunlight to electricity, is a promising
technology that may allow generation of electrical power on a very large scale. Over
the past two years, solar cell technology has progressed more rapidly than even the
most optimist forecasts [1]. In May 2011 hundreds of thousands of mainly small,
private photovoltaic systems combined to supply over 20% of Germany's monthly
peak electricity demand as well as 8% of its monthly usage [2]. Presently, most of the
solar-cell market is based on crystalline silicon(c-Si) wafers with thickness between
180 -500 um, and the bulk of the price lies on the costs of silicon materials and
processing. In order to reposition power generated from photovoltaic technology to
effectively compete with fossil-fuel technologies; the cost needs to be reduced by a
factor of 2-5. As a result, there is a profound interest in reducing the thickness of bulk
Photovoltaic cells to thin film solar cells.

Thin c-Si and thin film polycrystalline solar cells are the primary technologies
that are expected to meet the DOE goal of 1$/W photovoltaics. Reducing the c-Si
wafer thickness to less than 50 microns or thin films to less than an absorption length
significantly reduces material cost, and may result in improvements in efficiency by
minimizing bulk recombination and decreasing dark current. For c-Si modules, the

cost of the silicon absorber material currently comprises approximately 1/6 of the



system cost which must be drastically reduced by moving to thin wafers, < 50 um or
less, most likely produced by kerfless wafering techniques to eliminate current kerf
losses of over 50%. In the case of polycrystalline thin film cells, CdTe technology is
the first to demonstrate the “promise of thin film PV”, where high throughput
processing and large-scale facilities significantly reduce its cost.

Market leader First Solar has a manufacturing capacity of 1.5 GW/year and has
achieved the lowest manufacturing cost in the PV industry of $0.75/watt with a
module conversion efficiency of 11.7%. CulnSe; based module manufacturing is
following the pathway of CdTe and is expected to meet or exceed the cost achieved by
CdTe as large scale manufacturing facilities come on line [3]. A promising approach
to further reduce cost is to make the absorber thinner which minimizes material cost
and increases manufacturing throughput. This approach appears to be very compatible
with CulnSe; based technologies and less so for CdTe. The fundamental penalty
incurred by reducing wafer thickness is poorer optical absorption. This limitation is
predominant in all thin-film solar-cell technologies because absorption near their
band-gap is small, particularly for indirect band-gap semiconductors (e.g silicon). This
limitation can be addressed using an advanced light trapping [1]. Light trapping
scheme is a technique that allows solar cells to absorb sunlight using an active
material layer designed such that the distance light travels in them is much larger than
their thickness. This technique does not only improve the cell efficiency but also
enables thickness scaling and cost reduction of solar cells. This technology-

transforming attribute forms the core focus of this proposal.

Light trapping in solar cells has been conventionally implemented using

geometric structuring [4, 5] random surface/ Transparent Conducting Oxide (TCO)



texturing [6, 7] or periodic gratings/photonic crystals (PhCs) [8, 9, 10]. Geometric
structuring is not applicable for thin film cells whose thickness becomes comparable
to wavelength. While very encouraging PV efficiency boost has been demonstrated
using the latter two methods, two major challenges present barriers to their practical
applications: (1) limited light trapping enhancement; and (2) high fabrication cost and
solar cell material degradation. The maximum absorption enhancement factor in a thin
film solar cell has been derived by Yablonovitch et al. to be 4n? in the geometric
optics regime where n is the refractive index of the cell material [11, 12]. The 4n?
Lambertian limit corresponds to 40-60x absorption enhancement for semiconductor
solar cells, although in practice the enhancement factor is typically < 10, limited by
low diffraction efficiency [13] and parasitic loss mechanisms such as increased surface
recombination and surface plasmon absorption[14]. Recently significant efforts have
been devoted to closing this large gap between the 4n? limit and practically achieved
enhancement, and it has been theoretically shown that enhancement factor close to or
even exceeding the Lambertian limit is possible in the wave optics regime [15,16].
Nevertheless, few experimental demonstrations have been made to validate these
theoretical predictions, and enhancement close to the Lambertian limit has only been
achieved at few selected wave bands [17, 18].

On the fabrication end, light trapping requires high-index, wavelength-scale
surface corrugation structures on solar cells which are produced either by conventional
lithography and etching, or by cell material deposition on roughened substrates such as
textured TCO. In the former approach, the fine-line lithography steps involved for
wavelength-scale grating or PhC patterning incurs high cost and defeats the cost

reduction purpose of thickness scaling. Variants of the approach such as random



surface sculpting via reactive ion etching eliminate the lithography steps, although
with the penalties of increased surface area and deteriorated surface recombination
result [19]. In comparison, the latter approach of depositing on textured substrates
circumvents high processing cost via simple wet etching [20] or by controlling TCO
deposition conditions [22]. However, thin films grown on textured rather than planar
substrates can suffer from excessive material defects which disrupt solar cell
performance. As an example, micro c-Si and nano c-Si films deposited on textured
high haze TCO are plagued with open circuit voltage (Vo) degradation due to low-
density regions nucleated from valleys on the rough substrates [22, 23]. Finally, all of
these low-cost alternatives to lithography essentially rely on self-assembly for
structure formation and thus lack deterministic control on the structural parameters,
which is critical to effective light management in the wave optics regime. Besides
these two main drawbacks, most of the lights trapping methods demonstrated to date
are only applicable to one or few solar cell systems. Material-specific issues do exist.
For instance, surface roughness on polycrystalline thin film solar cells (e.g. CIGS)
complicates or even prohibits integration of wavelength-scale light trapping
gratings/PhCs [24]. Chemical compatibility and processing thermal budget are also
critical integration challenges that have not been extensively explored.

Table 1.1 summarizes the key challenges faced by current light trapping
schemes. Our proposal of a platform low symmetry grating (LSG) technology
applicable to different solar cell systems at low cost and with light trapping efficiency
exceeding the Lambertian limit is thus highly desirable for achieving the $1/W

strategic goal.



Table 1.1: Comparison between Low Symmetry Gratings (LSG) and Convectional
gratings/PhC light trapping Structures

Average due to insufficient Low symmetry and high
excitation of guided modes and refractive indices of glass (> 3)
unoptimized optical leakage; bound | lead to strong enhancement

by the 4n” Lambertian limit exceeding the 4n? limit

Surface deterioration due to The semiconductor surface
increased surface area and etch- remains

induced defects; growth defects can | intact and planar during
result in thin film cells on textured processing

substrates

High due to the fine-line lithography | Low; amenable to large-area
steps; single stepimprint/molding for
complicated gray-scale lithography | fabrication of LSG even with
needed for asymmetric structure complex geometries
fabrication

1.2 Proposed Methodology

1.2.1 Low-Symmetry Grating (LSG) Fabrication

In this project we propose to develop novel wavelength-scale low-symmetry
gratings (LSG) fabricated in high refractive-index glass using low-cost
nanoimprint/molding and/or Reaction-diffusion wet etching stamping (RD-WETS)
techniques as the light trapping solution. This approach promises light trapping
enhancement exceeding the conventional Lambertian limit by coupling the out-of-
plane incident solar radiation into guided wave modes in the solar cell slab, which
dramatically increases the effective optical path length. A generic 2-D LSG

configuration consisting of a periodic array of asymmetric structural units (a skewed



pyramid is shown in Figure 1.1 as an example) on a 2-D oblique Bravais lattice is
schematically illustrated in Fig.1. A novel characteristic of LSG distinguishes our
approach from previous gratings/PhC designs and constitutes the key to light trapping
beyond the Lambertian limit: the inherent low symmetry of both the skewed structural
unit and the 2-D oblique Bravais lattice ensures that all guided modes, irrespective of
their symmetry, are excited and contribute to light trapping enhancement. According
to recent theoretical analysis by Yu et al. [15] and Han et al.[16], effective excitation
of guided modes with different symmetric properties is critical to maximizing light
trapping efficacy beyond the Lambertian limit, which motivates the LSG design. In
practice, the versatile LSG structures can be integrated either on frontside of substrate
solar cells or on backside of superstrate solar cells (Figure 1.2) to offer light trapping

enhancement.

(a) Asymmetric
structural unit (b) 2-D oblique Bravais Lattice (c) Low-Symmetry Gratings (LSG)

Figure 1.1: Construction of 2-D LSG; the low structural symmetry distinguishes the
proposed design from prior work and is the key to ultimate light trapping
enhancement exceeding the 4n? Lambertian limit. Note that the skewed
pyramidal shape of the structural unit is only an example to illustrate low
structural symmetry; the optimized LSG structural unit may be of
completely different geometry



[ Sunlight o ll | suniight

Metal grid LSG

Superstrate

xmw

3 TCO >
Substrate \ \ Cell /f "—--.--'.—,-,'-V-—/

LSG

Backside reflector

Metal contact Metal grid

Figure 1.2: Schematic tilted view (top) and cross-sectional (bottom) illustrations of
LSG integrated solar cells with a substrate configuration (left) and a
superstrate configuration (right). Figures are not drawn to scale.

Besides low structural symmetry, several other features are incorporated in the
LSG design to maximize light trapping enhancement. A pyramidal unit shape
generates a gradual grading of effective refractive index when light enters the grating,
which minimizes Fresnel reflection when LSG is used as frontside light trapping
structures. The lattice parameters are chosen to be smaller than the band edge
wavelength in order to suppress phase matched optical back-coupling (i.e. leakage)
from guided modes back to free space. These features combined point to a > 3xoptical
path length increase compared to the Lambertian limit in optimized 2-D LSG [15],

corresponding to a dramatic 160x absorption enhancement in ultra-thin solar cells.



Chapter 2
THIN FILM GLASS MATERIALS

2.1 Material Selection

The proposed effort deals with fabrication of the LSG structures in a layer of
high-index-glass deposited on solar cell surface. The choice of fabrication technique
that maintains the active material surface integrity and possesses low defects to
eliminate recombination center is desired.

The gratings will be comprised of high-index glasses such as chalcogenide
glasses (suitable for backside gratings) and multi-component oxide glasses or their
amorphous alloys (suitable for front side grating). These glass materials possess the
following suitable properties, making them potential candidates for LSG: (1) high
refractive index [25]; (2) Optical transparency in entire visible and near IR spectrum;
(3) they can be deposited uniformly using low-cost techniques compatible with roll-to-
roll processing such as thermal evaporation [26], sputtering [27], sol gel processing
[28, 29]; (4) their amorphous nature enables monolithic integration on virtually any
solar cell substrate/superstrate; (5) gratings with complex asymmetric shapes can be
fabricated in them using low cost techniques such as single step nanoimprint [30,31]
and/or alternatively reaction-diffusion wet stamping techniques [32,33].

There are possible material and processing challenges encountered in selecting
novel glass films for thin c-Si PV application. Table 2.1 present a list of challenges

and proposed solutions. These solutions and other attractive materials properties



explained in this chapter provided the navigation map for materials selecting and

suitable low cost processing techniques.

Table 2.1: Challenges of novel glass for light trapping applications

Diffraction efficiency High index (n > 2) grating materials
Gray-scale patterning Thermal Nanoimprint
Surface recombination Use deposited gratings to maintain semiconductor
increase surface integrity
Processing cost Monolithic imprint patterning

2.1.1 Glass Thin Film Materials for Front Side Thin c-Si Solar Cells
Multicomponent metal oxide glasses such as amorphous TeO,-Bi,03-Zn0O
alloy glass system (tellurites) with large optical band gap energies (Eq > 3 eV) [34] is
a suitable candidate for front side low symmetry grating structure on thin film solar
cell. Tellurite glasses (containing TeO, or tellurium dioxide as the main component)
have attracted much attention due to their amorphous nature, high refractive index (n >
2), peculiar non-linear optical properties, excellent infrared transmittance, low phonon
energies, good chemical durability and low melting temperatures [35, 36]. These
glasses are highly transparent from around 400 nm to ~ 6 um in the mid-infrared, have
high acoustic-optic figures of merit (three times that of quartz) [37], large Raman
shifts (up to 1200 cm™ in some compositions) [38] and large Raman coefficients (~ 60

times silica) [27]. Besides, tellurite glasses are relatively thermally and mechanically



stable, glass transition temperature ranging 240-430 °C shown in various compositions
with high tellurite content [37, 39].

It has been shown that tellurite glasses combined with heavy metal oxide
display interesting physical and optical properties [36]. Tellurite glasses are capable of
incorporating large concentration of rare-earth ions such as Er**, Tm**, Ho*, Pr**,
etc., displaying additional transitions not seen in silica for example at 1300nm and
beyond 2000nm which are crucial for future active integrated optics components into
the matrix [40, 41, 42]. Pao et al demonstrated broadband and anisotropic light
emission capability of rare-earth doped tellurite thin films using Er**- TeO, photonic
crystals [42].

As a result of this profound applicability of TeO,-based glasses, it is pertinent
to understand the structure of the parent compound that constitutes these glass systems
to clarify the nature of the relevant glass properties. The structure of tellurite glasses
has been extensively studied starting from the crystalline TeO, [37]. Conventionally,
crystalline TeO, exist in two polymorphs in ambient temperature: tetragonal a-TeO,
(paratellurite) [43] and orthorhombic B-TeO; (tellurite) although in the last years new
crystalline phases have been reported. In both structures, tellurium atoms have four
neighboring oxygen atoms and the basic structural unit is a TeO4 disphenoid, or taking
into account the 5s° lone pair of tellurium atoms, a distorted TeO, bipyramid [44]
shown in Figure 2.1. This unit has the shape of a trigonal-bipyramid (tbp), formed by
two inequivalent pairs of oxygen atoms: two equatorial oxygens (Ogg) at a distance of
1.9 A from the Te atom and two axial oxygens (Oay) at 2.1 A. The tbp is distorted due
to the Te electron lone pair, placed in the equatorial plane. The angle Ogg-Te- Ogq s

102.0° while the angle On-Te-Oq is 168.5° [45]. The crystalline network is built up
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by [TeO4] tbp units with each oxygen atom shared by two units and bonded in the
equatorial position to one Te atom and in the axial position to another (Te-¢Oax-Te
linkages).

Tellurium dioxide (TeO,) is a conditional glass former because it does not
have glass forming ability under normal quenching conditions without the addition of
a secondary component such as alkali oxide, an alkaline-earth oxide, a transition-metal
oxide, or another glass former[ 46, 47]. Addition of a network modifier or an
intermediate oxide, to tellurite glasses modifies its structure and provides several
advantageous properties, such as doping with rare earth elements in a wide range,
modifying the composition by a third, fourth, and even fifth component, enhancing
the chemical stability and devitrification resistance. Studies [48] and numerous
spectroscopic techniques such as infrared [49], Raman [48], and X-ray spectroscopy
[50, 51] have shown that TeO,-based glasses consist of low symmetric structural units
such as TeOg trigonal bipyramid and TeOgstrigonal pyramid. It is also well known that
addition of Bi,O3 and ZnO enhances the glass polymerization by creating chain-like
structures of Te-O-Te increasing the tendency of glass formation [52].

Fabrications of high-quality planar devices such as waveguide from these glass
materials require two approaches. The first involves fabrication on waveguides by
processing a bulk glass substrate modifying the refractive index locally to form the
core or bottom cladding. This has been demonstrated in tellurite using UV direct write
[53], femtosecond laser direct write [54, 55], ion exchange [56, 57] and ion plant [58,
59]. The second approach involves patterning thin films on another substrate either
directly by lift off or by post processing with wet etching [60], sputter etching [61],

reactive ion etching (RIE) [27] or thermal nanoimprint [30,62].
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Figure 2.1: Structural model for (a) TeO, trigonal bipyramid structural unit which is
formed by two dissimilar pair of oxygen atoms; (b) two equivalent
oxygen (O ¢) and (c) two axial oxygen (O ). The arrow indicates the
position of the electron lone pair of Te** [50].

Film formation is clearly a critical part of the process and reactive sputtering is
currently the most mature method for controlling film stoichiometry microstructure
and composition for attaining low-loss high-quality films [27,63].The optical and
structural characteristics of sputtered TeO, based thin films of tellurium dioxide
strongly depend on its chemical composition and parameters of growth (such as
fabrication method, deposition rate, deposition temperature, annealing conditions and

film thickness) [64,65].

2.1.2 Glass Thin Film Materials for Back Side Thin c-Si Solar Cells
Chalcogenide thin films have attracted a great deal of attention because they

can be used in solar cell, microelectronics, optics, magnetic, laser devices and gas

sensor application. Chalcogenides are comprised of covalently bonded heavy elements

with weaker inter-atomic bonds compared to those in oxides and this gives them some
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unique properties for infrared optics applications. The bonds have low vibrational
energies making them transparent in the near and mid-infrared region [66]. Their high
glass densities compared to oxide glasses coupled with strong polarization effect lead
to high refractive index of n = 2-3.

Conventional techniques of chalcogenide glass film deposition, such as spin-
coating of glassy films from solution, thermal evaporation and sputtering demonstrates
deposition of thick film over a large area. Thermal evaporation is a simple, low-cost
method and produces glass thin films with large-area uniformity. Previous report has
shown that high-quality chalcogenide glass films can be evaporation deposited at rates
ranging from 200 nm/min to 500 nm/min [67], which points to a total deposition time
of < 1 min suitable for high-throughput processing.

For back side material for light trapping material in thin c-Si solar cell,
thermal evaporated chalcogenide glass film with composition of AsypSego is chosen
because it exhibits required properties such as (i) uniform thickness with low surface
roughness, (ii) Relatively similar composition and chemical structure compared with
the bulk glass and (iii) excellent optical properties with high refractive index (iv) Low
Ty and viscosity compared to other compositions such as AsxySeso (V) Low imprinting
temperature compatible with PDMS stamps and solar cells processing. These
attractive properties meet the requirements for ideal back-side LSG materials for light
trapping. In this study, low symmetric gratings will be imprinted on thin film AszySego

at backside of thin c-Si solar cell.
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Chapter 3
LIGHT TRAPPING THEORY AND DESIGN

3.1 Optics and Device Physics of Low Symmetric Diffraction Grating for Thin
Film c-Si Cells

Diffraction gratings are optical components with a periodic structure which
separate light into its component wavelengths. They consist of a series of closely
packed grooves that have been engraved or etched into the grating’s surface.
Diffraction gratings can be either transmissive or reflective. As light transmits through
or reflects off a grating, the grooves cause the light to diffract, dispersing the light into
its component wavelengths. Diffraction directions of the beams depend on the period
of the gratings and the wavelength of the light. The diffraction angles are given by the
grating equation: s = sin~*(m %+ sin 8i), where 6s and i are diffraction angle
and incident angle, respectively, m is the diffraction order, A is the wavelength of laser
beam, and A is the period of the gratings.

In thin film solar cells when the thickness becomes comparable to wavelength,
the conventional ray optics argument fails. Also, when the light trapping grating
period approaches wavelength-scale, the basic assumption of ergodicity no longer
holds [68]. Finally, the density of photon states may also deviate from the bulk value
in thin film guided wave structures [15]. Consequently, wave optics takes over in the
new nanophotonics light trapping regime. In this study, we apply the temporal coupled
mode theoretical formalism in wave optics pioneered by Yu et al. [69] to the LSG

configuration. In the framework of the coupled mode theory, light trapping works by
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coupling incident light into guided modes to increase optical path length (coupling
light "in"), however any back-coupling (i.e. optical leakage "out™) from these modes to
free space can reduce optical enhancement. The theory specifies that the optical path
length enhancement factor E is determined by the number of accessible guided modes
in the solar cell as well as back-coupling from guided modes to free space, and can be

written as:

2wtcM
ndN

E =

(2.1)

where c is the light velocity, n is the cell material refractive index, d is the solar cell
thickness, M denotes the number of accessible modes per unit optical frequency
interval, and N represents the number of phase-matched optical leakage pathways. Eq.
(2.1) suggests that optimal light trapping is attained by maximizing the number of
optical modes M contributing to light trapping, and minimizing optical leakage
channel number N to maintain guided mode enhancement. In conventional
grating/PhC light trapping designs, structural symmetry limits the accessible modes to
those sharing the same symmetric properties with the light trapping structure. For
example, mirror symmetry prohibits coupling into anti-symmetric modes and cuts the
mode number M by half. The low symmetry inherent to the LSG design thus
maximizes M by ensuring all modes, irrespective of their symmetry, are excited and
contribute to light trapping.

On the other hand, the number of optical back-coupling pathways can be
calculated by considering the phase-matching condition in a periodic medium (i.e. the

Laue equation of diffraction):

k//,d = k//,l + G (22)
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where kj;; and kj; 4 denote in-plane (parallel to solar cell surface) wave vectors of
incident light and light diffracted back to free-space, respectively, and G is a
reciprocal lattice vector of the gratings. Due to the grating periodicity, the in-plane
wave vector of light diffracted back to free space can only take discrete values
specified by Eq. (2.2). Since each possible kj, 4 value correspond to an optical leakage
pathway satisfying the phase-matching condition, N is exactly the number of possible
k14 values. Following the argument, N can be most conveniently solved graphically.
Figure 3.1 shows an example of graphic solution for normal incidence light (i.e. ki =
0). In free space, |Ky 4| < |ko|. Therefore the number of reciprocal lattice points inside
the circle gives the value of N. Here, N is a function of LSG lattice type, basis
parameters, wavelength, and incidence angle. Another important conclusion from the
discussion is that structural periodicity is essential to minimal guided mode leakage, as
the phase-matching condition does not need to be strictly obeyed for light to escape
from guided modes in random structures; and optical enhancement in random structure

thus always is inferior to the Lambertian limit.

Feciproca
. ® ¢ & ® attice

Figure 3.1: Graphic solution of the number of optical leakage pathways N. kg is the
free space wave vector, and G1 and G2 are bases of the LSG reciprocal
lattice. The lattice points inside the shaded circle gives the possible
values of k;; 4. In this specific example, N = 7.
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Based on this insight, the theoretical investigations analytically evaluate the
impact of key LSG parameters on accessible optical mode density and optical leakage
pathways. These parameters include grating lattice type, period, symmetric properties,
and light incident angle. Expected outcome from the analysis clarifies the fundamental
mode coupling mechanisms contributing to light trapping, and establish an optimized
set in the parameter space which leads to complete excitation of modes in the over
coupling regime (maximum M) and a minimum N = 1 for subsequent numerical
design and modeling. The condition N = 1 suggests that the only out coupling channel
is through zero order diffraction, i.e. direct back reflection from grating surface, which
can be further minimized by appropriately tapered structural unit design to provide
anti-reflection functionalities.

Numerical simulations, on the other hand, solve for the optimized LSG
structural unit design which the analytical theory cannot provide. The Rigorous
Coupled Wave Analysis (RCWA) approach is the primary numerical method given its
superior computation efficiency in modeling periodic structures, which was also
complemented by the Finite-Difference Time-Domain (FDTD) method for cross-
checking results and numerical convergence. We note that each LSG structural unit
design involves a large set of parameters characterizing the unit's geometric shape and
refractive index distribution. Therefore multi-parameter optimization algorithms can
be implemented. Genetic evolutionary algorithm and particle swarm optimization are
two promising approaches we explored, as both techniques have been demonstrated to
be mature photonic design optimization algorithms.[70, 71, 72]

Besides design optimization, we also evaluated the impact of LSG fabrication

imperfections (e.g. pattern distortion, edge roughness, etc.) on light trapping by FDTD
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simulations to ascertain the structural fabrication tolerance. It is expected, however,

that given the level of pattern fidelity achieved by imprint and the broadband nature of

solar radiation, the remaining defects in LSG gratings probably do not have a

significant impact on the light trapping performance, as is also confirmed by other

groups[73].

The combined analytical and numerical studies yielded fundamental

understandings into the optics and device physics of LSG light trapping enhancement,

and derive LSG design principles and optimized device parameters to guide high-

index glass material and processing studies.
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Figure 3.2: (Left) Absorption of a-Si thin film cells with and w/o backside structures;
note that only the band edge regime is shown for clarity; (center)
schematics of cell structures with a backside grating configuration; 1-D
gratings with respect to single-pass absorption.

As a proof-of-concept of LSG designs, we performed preliminary simulations

of light trapping using 1-D gratings. Note that the Lambertian limit in the 1-D case is

given by the enhancement factor zzn, and is lower than the 2-D factor 4n® as only 1-D

guided modes are considered. The simulations were conducted in a 1.5 um thick c-Si
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solar cell using 1-D asymmetric sawtooth gratings, as well as using a traditional
symmetric rectangular grating for comparison. The period, grating height, and duty
cycle were optimized in both asymmetric and symmetric cases, and for both front and
backside configurations. For cells with backside gratings and normal incidence solar
radiation, the optimized asymmetric gratings generate a 25% increase of short circuit
current relative to cells without gratings and an average light trapping enhancement of
25x in the weak absorption regime (750 - 900 nm for c-Si); these levels are far
superior compared to the 12x enhancement of optimized symmetric gratings as well as
the Lambertian limit of 11x. Such performance is realized because ~ 2x more guided
modes are excited with asymmetric gratings as is evident in Figure 3.2 (right), where
each excited guided mode shows up as a resonant peak. Substrate-configuration cells
with frontside asymmetric gratings of the same refractive index claims an optical
trapping enhancement factor of 18x, again boasting ~ 2x improvement compared to
enhancement in cells of an identical configuration but with symmetric gratings (10x).
We have also validated our design in c-Si cells and demonstrated similar enhancement
factors between the 800 - 1100 nm c-Si band edge ranges in our experimental results

presented in discussed in details in chapter 7 of this thesis.

3.2 Investigation on Impact of Refractive Index in Optical Enhancement

The impact of grating material refractive index on light trapping is investigated
as well. Figure 3.3 plots the optical path length enhancement factor spectrum-
averaged over the a-Si band edge regime as functions of grating refractive index in
both symmetric and asymmetric 1-D grating cases. Clearly, high index gratings lead to
stronger diffraction effects and hence improved light trapping. From a coupled mode

theory perspective, high-index gratings increases coupling into guided modes in solar
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cells and thus generally favor guided wave resonance in the over coupling regime,
which maximizes the modal spectral absorption cross-section[69]. The figure also
suggests that optimized light trapping using LSG can be achieved by using high-index
chalcogenide glasses such as As-Se-Te (n ~ 3.5). Such glasses, however, are only
suitable for backside structures as their absorption edge locates at ~ 1100 nm
wavelength. For frontside structures, the maximum index offered by transparent
bismuthate oxide glasses is ~ 2.5, which is still capable of offering light trapping

enhancement exceeding the Lambertian limit according to Figure 3.3.
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Figure 3.3: Normal incidence optical path length enhancement factors of 1-D
gratings as functions of grating material refractive indices; the open and
filled dots correspond to front and backside structures, respectively; the
blue line represents the 1-D Lambertian limit
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Chapter 4
SPUTTERED TELLURITE GLASS THIN FILMS

4.1 Introduction to Sputtering of Tellurite Glass Thin Film

Tellurite glasses (containing TeO; as the main component) have attracted
much attention for photonic applications due to their high refractive index (n > 2),
large acousto-optic effect (three times that of quartz), singular non-linear optical
properties (e.g., their Raman coefficients are ~ 60 times higher than that of silica [38]),
and can be tailored by knowledge of structural make-up [74], excellent near and mid-
infrared transmittance (from around 400 nm to ~ 6 um), large rare earth solubility [40-
42], good chemical durability, and compatibility with fiber drawing processes [36,
75]. Despite their hygroscopic nature which leads to loss when drawn into fibers [76],
they can be made into property-tailored transparent glass ceramics [77] with
specialized melting and heat treatment protocols [78]. This set of unique properties
make them strong candidates for applications in optical communications [27],
amplifiers, acousto-optic modulators [79], light emitters [40-42], and optical storage
devices [81,82]. Since TeO, under normal conditions does not have the ability to form
glass structure easily, multi-component tellurites, TeO,-based glasses containing one
or more chemical modifiers like alkali oxides, alkaline-earth oxides, or transition-
metal oxides, are of great interest to the aforementioned applications given their much
improved glass forming ability [78,82,83] and enhanced optical properties[84]. The

superior glass stability of multi-component tellurites allows them to be prepared as
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bulk glass by melt quenching [77,85,86] , drawn into optical fibers [82], and even re-
melted to form micro-spheres[88]. Planar tellurite thin films, on the other hand,
constitute the basic building block for on-chip photonic devices such as waveguide
amplifiers and optical modulators. Multi-component tellurite films have been prepared
using sol-gel processing [27, 92] and laser ablation [93, 94]. Alternatively, radio
frequency (RF) magnetron reactive sputtering has been extensively used for oxide thin
film deposition given its great versatility in controlling film stoichiometry,
microstructure, and phase composition via tuning deposition parameters, in particular,
oxygen partial pressure [95-97]. Thus far the method has only been used to grow TeO,
thin films [27, 95, 98], Er-doped single-component TeO, films and tungsten tellurite
materials [41, 42].

Here we explore RF reactive sputtering for multi-component tellurite film
preparation capitalizing on its unique ability to fine tune resulting film stoichiometry
and hence optical properties. Specifically, we choose TeO,-Bi,03-ZnO (TBZ) glass
system as the addition of Bi,O3; and ZnO enhances glass polymerization by creating
chain-like structures of Te-O-Te, and thereby increases the tendency of glass
formation [77, 98]. Consequently, the system exhibits superior glass stability and has
been successfully used in low-loss optical fiber fabrication [78, 99]. Unlike bulk glass
processing or fiber drawing where composition variation during processing is usually
minimal, vacuum deposition of thin films is highly susceptible to oxygen loss, and the
resulting stoichiometry change has a major impact on film structure and properties
While the structure of bulk tellurite glasses has been investigated by several groups
[50, 51,100- 103], the structural properties of tellurite thin films, in particular the

impact of glass stoichiometry, have been much less studied.

22



In the following sections, we enumerate the experimental steps used to explore
the film composition space by varying the deposition parameters, and discuss
chemical, structural, and optical characterization results that elucidate the structure-

optical property relation in the TBZ thin film system.

4.2 Tellurite Bulk Glass Synthesis and Thin Film Deposition

The bulk glass target used in this study was prepared by melt-quenching from
commercial regents. The flow process for bulk glass synthesis is shown in Figure 4.1.
We carefully selected glass of composition 0.70Te0,-0.10Bi,03-0.20Zn0O (in atomic
%) in the tellurite-based TeO,-Bi,03-Zn0O (TBZ) glass family. High-purity regents
(TeO, Alfa Aesar 99%; Bi,O3 Alfa Aesar, 99%; ZnO Alfa Aesar, Ward Hill, MA,
99%) are batched and melted in an O,-rich (UHP 305 CF) atmosphere in a platinum
crucible at 850 °C for 5-10 min. The melt is then poured on a cold metallic plate to be
quenched in a disk-like shape. The glass is annealed for 16 hours at 300 °C, that is to
say 40 °C below its glass transition temperature to relax quench-induced mechanical
stress. The resulting as-quenched material is depicted in Figure 4.2(a). The glass has a
slight yellowish coloration. In order to fit perfectly on the sputter holder, the edges and
the top and bottom faces of the glass are precisely polished (Figure 4. 2(b)). Melt
process optimization was carried out to ensure that robust, large diameter targets could
be fabricated to enable deposition of desirable films with target thicknesses. The glass
target is subsequently bond on to a copper plate using Silver-epoxy paste (part A & B

in 1:1 ratio) and allowed to cure at room temperature for 15-17 hours.
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Figure 4.1: Process flow for synthesizing bulk tellurite target for thin film Sputtering
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Figure 4.2: Tellurite target for sputtering (a) as-quenched (b) polished in order to fit
on the sputter target holder.

Sputtering glass target of composition (TeO,);-Bi,03-(Zn0O), [2 inches, 0.25
inches thickness] prepared by melt-quenching method was used for thin film
deposition. Thin films were deposited from the target onto substrates (sodalime

silicate glass slides from Fisher Scientific Inc. or 3-inches (100) silicon wafers from
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University Wafer Inc.) by RF reactive sputtering. The substrate choice has little
impact on resulting film properties given the amorphous nature of the films. No
changes were observed from characterization results performed on thin films
deposited on both substrates. Prior to deposition, the glass substrates were cleaned
with H,S04-Nochromix® solution while silicon substrates were dipped into buffered
oxide etch (BOE) solution for 3 minutes to remove the native oxide layer. The sputter
deposition chamber was first evacuated to a base pressure below 10° Torr. The target-
substrate spacing is fixed at 13 cm for all deposition. Pre-sputtering was conducted for
10 minutes prior to film deposition, with covered substrates, to clean the surface of the
target of any possible contamination. Sputtering was performed, using a custom-
designed system (PVD products), in oxygen (O,) and argon (Ar) atmosphere with
varying gas flow rates while keeping all other parameters constant to investigate the
impact of oxygen stoichiometry change on film properties. The film deposition
process parameters are summarized in Table 4.1. The low sputtering power of 25 W is
specific to tellurite targets in order to avoid target melting and cracking due to large
thermal coefficient gradient between copper and TeO,. The deposition rates shown in
Table 4.1 were calibrated using a Dektak profilometer. The deposition rate decreases
as the oxygen flow rate increases, which was similar to the report on Bi,O3 [97]. The
observed decrease in deposition rates with increasing oxygen content may be derived
from the reduced level of energetic Ar+ ions in the plasma. During deposition, the
substrates were rotated at 5 rpm to ensure uniform thin film deposition. For each
deposition, the films are deposited on both soda-lime and Si substrates simultaneously.

The substrates were not intentionally heated and were kept near room temperature
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throughout the deposition process. Depending on ratio of Ar:O, atmospheres, the

sputtered films were labeled TBZ1 to TBZ4 as shown in Table 4.1.

Table 4.1 : Deposition parameters for reactive sputtering of tellurite films

Sample name TBZ1 TBZ2 TBZ3 TBZ4
RF Power (W) 25 25 25 25
Sputtering pressure 2.5 2.5 2.5 2.5

(mTorr)
Ar :0; flow rate(sccm) 17:0 153:1.7 13.6:3.4 11.9:5.1
Target-Substrate 13 13 13 13
distance (cm)
Deposition rate 1.7 1.5 14 1.2
(nm/min)

4.3 Optical Characterization

Optical transmittance of the thin films deposited on glass substrates were
measured over a wavelength range of 300-1800 nm using an ultra violet-visible (UV-
Vis) spectrophotometer (Perkin-Elmer 1050). Refractive index and extinction
coefficient of the films were characterized using an M-44 rotating analyzer variable
angle spectroscopic ellipsometer [VASE] (J.A. Woollam Co., Inc.) equipped with an
autoretarder. Ellipsometry data were collected at three incidence angles: 62°, 67°, and
72° for TBZ1; 66°, 71°, 76° for TBZ2; 69°, 74°, 79° for TBZ3; 66°, 71°, and 76° for
TBZ4 which covers the (pseudo) Brewster angle for the tellurite thin films. Variable
angle spectroscopic ellipsometry (VASE) data were modeled using the Complete

EASE®software. B-spline function [104] was implemented to describe the dispersion
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of thin films sputtered in oxygen-rich atmosphere while Tauc-Lorentz model [105]
was adapted to modeling the VASE data for thin film sputtered in oxygen-rich
atmosphere.

TBZ thin films deposited in mixed Ar/O, atmosphere show drastically
different appearance from those deposited in pure Ar plasma (Figure 4.3a). The
former samples are optically transparent while the latter are opaque. Similar trends
have been made on single-component TeO, films deposited by reactive sputtering [27,
106]. This observation indicates the important role film stoichiometry plays in
dictating the film morphology and physical properties. Here we evaluated the impact
of oxygen deficiency on the structural, chemical and optical properties of TBZ films to
understand the structural origin of such drastic film appearance difference.

Figure 4.3b. shows the UV-Vis optical transmission spectra for TBZ thin
films along with that of the glass substrate. All films sputtered in an Ar/O,
environment (TBZ2-TBZ4) exhibit similar spectra, transparent to light above 350 nm
wavelength (interference fringe maximums overlap with the glass substrate
transmission spectrum), whereas the film prepared in oxygen-deficient
atmosphere(TBZ1) show broadband optical absorption in the entire wavelength range
measured, consistent with our visual inspection. This broad absorption in the entire
visible spectrum indicates that oxygen-deficiency defects may play a role in the
opaqueness. This result is similar to the trend observed in RF magnetron sputtering of
thin film TiO,[107-108] where increase in oxygen flow rate improves optical
transmittance in TiO; films and shifts the optical absorption edge of the films to lower

wavelengths. Varying interference fringe peaks in the spectrum indicates changes in
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growth rate as the oxygen flow rate increases. Figure 4.3c.depicts the dispersion

diagram measured using VASE.
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Figure 4.3: (a) Photograph of TBZ4 (left) and TBZ1 (right) on University of
Delaware logo for films on sodalime silicate glass substrates deposited
under oxygen-rich (L) and deficient (R) conditions; (b)UV-Vis
transmission spectrum of sputtered TBZ thin films superimposed on that
of glass substrate with varying interference peaks showing thickness
change; (c) Refractive index n and extinction coefficient k of sputtered
thin films measured by ellipsometry
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To validate the fitting model results from ellipsometry, the fitted n and k data

were used as an input to a transfer matrix model to reproduce the optical transmission

spectra measured by UV-Vis photo-spectrometry. Figure 4.4a shows the flow chart

for comparing the transmission spectrum from fitted ellipsometry model with that

from experiment; UV-Vis data. Transmission spectra for the samples TBZ1 and TBZ4

simulated using the transfer matrix method were compared with their UV-Vis spectra

as shown in Figure 4.4b. The excellent agreement confirms the validity of our

ellipsometry fitting models.
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Figure 4.4: (a) Flow chart for comparing the transmission spectrum fitted
ellipsometry model and UV-Vis data; (b) Transmission spectrum
comparing fitted ellipsometry model and UV-Vis data.

4.4 Morphological and Structural Characterization

The surface and cross sectional morphology of the resulting tellurite films were
examined using a JSM 7400F scanning electron microscope (SEM) system operating
with an accelerating voltage of 3kV and transmission electron microscope (TEM)
observations were taken on a JEM-2010F system operating at an accelerating voltage
of 200 KeV. The samples were covered with a thin (~ 30 nm) Au/Pd coating prior to
SEM imaging to minimize charging from electron accumulation on the sample
surface. Samples for TEM (thickness < 100 nm) were prepared using focused ion
beam (FIB) on a Zeiss Auriga™™ crossbeam nano prototyping station(Schematics of
Focused lon Beam TEM sample prep is shown in Figure 4.5 e). Surface roughness of
sputtered thin films was measured through atomic force microscopy (AFM) on a
Dimension 3100 (Digital Instruments, Inc.) microscope. Silicon AFM probes (Tap
150-G from Budget Sensors, Inc) with a force constant of 5 N/m and resonant
frequency of 150 KHz were used. The structural properties of the TBZ thin films
deposited under different working gas (oxygen content) conditions were analyzed by
glancing incident angle X-ray diffraction (GIXRD) using a Rigaku Ultima IV system
equipped with Cu-K, radiation (A=0.15406 nm) at 40 kV and 40 mA.

Figure 4.5a & b. show SEM cross-section images of TBZ thin films deposited
on silicon substrate at varying oxygen flow rates. The SEM cross-section images of all
the thin films are similar in morphology but have different thickness. It can be seen
that the thin films have a uniform and dense micro-structure. Figure 4.5c&d. show the

TEM images of TBZ1 and TBZ4 films on silicon. The corresponding selected area
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electron diffraction (SAED) patterns show a diffuse broad diffraction ring
approximately at same position indicating that both films are amorphous. The dark and
bright spots present in TEM images are atomic columns confirming that a
homogeneous amorphous phase is present in the thin films. The amorphous nature of
all thin film samples was also confirmed using GIXRD: the spectra shown in Figure
4.5f features a broad peak centered at 20 = 28.1°, consistent with previous reports on
the bulk amorphous TeO,-Bi,03-Zn0O system [77]. The results of thin film
microstructure analysis, which asserts the amorphous nature of the sputtered TBZ
films, are not surprising given the low substrate temperature. An average RMS value

of (0.7 £ 0.02) nm was observed on the thin films.
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Figure 4.5: SEM Cross-sectional view of sputtered (a) TBZ4 & (b) TBZ1 on Silicon
wafer; High resolution TEM images and selected area electron diffraction
patterns (inset)of (c) oxygen-rich (TBZ4) (d) oxygen-poor (TBZ1)
tellurite films;( e) Schematics of Focused lon Beam TEM sample prep;
(f) Glancing incident angle X-ray diffraction spectra of TBZ thin film

4.5 Compositional and Chemical Analysis

Compositional analysis was carried out using wavelength dispersive
spectroscopy (WDS) on a JXA-8200 electron microprobe analysis system. Three
points were analyzed per sample in measuring the k-ratios of the samples. The X-ray
lines and standards used for data analysis are: Te: TeLa, AgyTe (Silver Telluride), Bi:

BiMa, BGO (Bismuth Germanium Oxide), Zn: ZnKa, ZnO (Zinc Oxide), O: O Ka,
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BGO (Bismuth Germanium Oxide).The raw data were corrected for matrix effects
with the PAP method using the General Motor Research film (GMRFILM) software
thin-film analysis program. Chemical bonding states in TBZ thin films were examined
using X-ray photoelectron spectroscopy (XPS). XPS spectra were recorded on an
Omicron EA125 system equipped with dual aluminum-magnesium anodes using non-
monochromatic Al-K, (hv=1486.6 eV) radiation at room temperature and chamber
vacuum below 2x 10 Pa. Survey and high resolution spectra were collected at
constant analyzer energies 50 eV and 25 eV with step sizes of 1.0 eV and 0.05 eV
respectively.

Compositions of the TBZ films as measured using WDS are tabulated in Table
4.3.The average error in WDS measurement is £ 0.6 %. It was found that the
elemental composition of Ar sputtered (TBZ1) thin films are close to the bulk target
composition, whereas films sputtered in Ar/O, environment become further oxidized.
It is interesting to note that (i) all the sputtered films have a Bi/Zn ratio of
approximately 0.9 versus 1 in the bulk glass and (ii) the Bi/Te and Zn/Te ratios in the
Ar/O; sputtered films are also lower than the bulk glass but this is not the case for the
TBZ1 film. Both observations are suggestive of a degree of preferential elemental
sputtering. The latter finding is confirmed by the measured increase of oxygen
concentration. The conclusion was further confirmed by Energy-Dispersive X-ray

(EDX) spectroscopy and XPS composition analysis.

Table 4.3: Atomic composition of sputtered tellurite films measured using wavelength
dispersive spectroscopy. The average measurement error is 0.6 %.

Te Bi Zn O

Sample D Atomicos  Atomic%  Atomic%  Atomic %
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Bulk 23.3 6.7 6.7 63.0

TBZ1 22.7 6.6 7.5 63.1
TBZ2 16.8 4.2 4.5 74.5
TBZ3 17.9 3.7 4.1 74.2
TBZ4 17.1 3.9 4.3 4.7

XPS measurements were performed to elucidate the chemical state of elements
in the bulk and thin films. Relatively low resolution X-ray photoelectron survey scan
in the binding energy region 0-1200 eV were recorded for each sample and a typical
spectrum for the TBZ bulk and thin film is shown in Figure 4.6a. Peaks belonging to
Tellurium, Oxygen, Bismuth, Zinc and Carbon were observed in the spectra. The
presence of C1s peak at 284.6 eV, associated with post-deposition hydro-carbon
contamination [97, 109], is used as internal energy reference to determine the binding
energy (B.E) of the XPS spectra. High resolution spectra of Te3d, Bi4f, Zn2p and, O1s
orbitals for TBZ bulk and thin films were collected. Peak fitting was performed using
mixed Guassian (70 %)-Lorentzian (30%) curves, defined in the CasaXPS software®
as GL(30), to obtain the peak positions and full width at half maximum (FWHM). The
curve fitting satisfies the following constraints: (a) orbitals relative peak area ratios;
(b) each doublet has equal full width at half-maximum (FWHM); and (c) the spin orbit
splitting of orbital [110]. The peak positions for core levels Te3d, Bi4f, Zn2p orbitals
are listed in Table 4.4a while the curve fitting parameters for Te3d core level are in

Table 4.4b.
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Table 4.4a: Core level binding energies of tellurium, bismuth, and zinc for bulk and
sputtered tellurite thin films.

Binding Energies (eV)

Bulk TBZ1 TBZ2 TBZ3 TBZ4

Bi4f, 158.80 159.12 159.23 159.32 159.33
Bi4fs), 164.11 164.42 164.51 164.62 164.63
Te3ds, 575.79 576.16 576.48 576.41 576.40
Te3ds, 586.16 586.56 586.84 586.77 586.75
Tell3ds), 573.49 573.73 574.07 574.10 574.11
Tell3ds, 583.84 584.13 584.39 584.55 584.41
Zn2pzs 1021.26 1021.93 1021.76 1021.64 1021.80
ZNn2pyp 1044.36 1044.93 1044.79 1044.69 1044.90

Table 4.4b: Details of the Curve Fitting of Te3d Core Level Spectra
FWHM Area background Line Shape

Te3d5/2 1.860 115082.4 Shirley GL (30)

BULK  Te3d3/2 1.814 76759.9 Shirley GL (30)

Tell3d5/2 2.141 8794.8 Shirley GL (30)

Tell3d3/2 1.957 5866.2 Shirley GL (30)

Te3d5/2 1.791 106757.8 Shirley GL (30)

TBZ1 Te3d3/2 1.757 71207.5 Shirley GL (30)

Tell3d5/2 1.851 17061.4 Shirley GL (30)

Tell3d3/2 2.037 11380.0 Shirley GL (30)

Te3d5/2 1.934 116497.8 Shirley GL (30)

TBZ4 Te3d3/2 1.897 77704.0 Shirley GL (30)

Tell3d5/2 1.11 4469.3 Shirley GL (30)

Tell3d3/2 1.11 2981.0 Shirley GL (30)

Figures 4.6 b & ¢ show high resolution spectra belonging to Zn2p, Bi4f

orbitals in TBZ thin films at different deposition condition and TBZ bulk. Peaks

centers associated to Bi4f;,, Bidf s, Zn2psp, Zn2p 1 for TBZ bulk and thin films

were close to the reported values for Bi,O3 [109, 111] and ZnO [112]. The relative
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peak area ratio and spin-orbit coupling for Bi4f;,, Bi4f 5, photolines were 3:4 and 5.3
eV, while those for Zn2psj,, Zn2p 1, photolines were 1:2 and 23.1 eV in all samples
investigated. Peaks of other oxides of bismuth and zinc were not observed and
significant shift in core lines does not occur in the thin films grown in both oxygen-
rich and deficient atmosphere. This indicates that the oxidation state Bi** and Zn**
were maintained in the oxides in all deposition conditions.

Figure 4.6d shows high resolution spectra corresponding O1s orbital for bulk-
TBZ, TBZ1 and TBZ4. The slight asymmetry in O1s spectra in all samples is
indicative of contributions from two different oxygen sites; bridging oxygen (BO) and
non-bridging oxygen (NBO). The peaks associated with BO contributions were found
at (531-532 eV) while those from NBO is found at (529-530 eV) similar to reported
values for SiO,- and TeO,-based glasses [113,114]. The ratio of BO to NBO was
found to increase as the oxygen flow rate in agreement with Raman spectra shown in
the next section.

Figures 4.6 (e-f) shows the peaks corresponding to the doublets Te3d;,, and
Te3ds, for the bulk target, TBZ1 and TBZ4 thin films. Peak positions observed at
(575.79-576.4) £ 0.02 eV and (586.16-586.75) + 0.02 eV respectively, correspond to
those reported for amorphous TeO, [98, 115]. All patterns show a slight asymmetric
line shape, suggesting the presence of mixed oxidation states of Te3d orbital.

Previous reports on tellurite glasses assert that glass modifiers in TeO,-based
glass deform the TeQ, structural units into TeO3; with lower coordination number [77,
84]. This deformation which easily occur along the axial-equatorial bonding of TeQy,
changes the Tea-Oeq-Te angle along the c-axis causing creation of defects, oxygen

vacancies and increases non-bridging oxygen concentration, which is also confirmed
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by our Raman measurements to be discussed in the next section [116]. Oxygen

vacancies result in creation of cation-cation bonds such as Te-Te and low coordinated

Te [117].

The Te-Te peaks at 573.73 eV [115, 118] found in the oxygen-deficient film

indicate the presence of under-coordinated Te which contributes to high absorption in

the entire UV-Visible spectrum as observed in Figure 4.3b. The area of the shoulder

peaks decreases and the binding energy increases as the oxygen in the environment

increases. This suggests that the low coordinated Te present in oxygen-deficient thin

films oxidizes and becomes TeO; and sub-oxides in the presence of oxygen, which

explains the optical transparency of the oxygen-rich films.
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Figure 4.6: XPS spectra showing (a) survey scan of all samples showing only the

peaks belonging Te, O, Zn, and Bi orbitals; (b) deconvoluted high

T
573 570

resolution scan of Bi4f orbital (c) deconvoluted high resolution scan of
Zn2p orbital (d) deconvoluted high resolution scan of O1s orbital. (e)
deconvoluted high resolution scan of Te3d orbital for bulk (f)
deconvoluted high resolution scan of Te3d orbital for TBZ1 (g)
deconvoluted high resolution scan of Te3d orbital for TBZ4.

4.6

Impact of Stoichiometry on Thin Film Structure

To evaluate the structural evolution due to stoichiometry change, we resort to

Raman spectroscopy to unravel the local cluster structures of tellurite glasses. Prior

studies have shown that TeO,-based glasses consist of asymmetric structural units

such as TeOgtrigonal bipyramid (tbp) and TeOs trigonal pyramid (tp) [100, 102].
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Raman studies on single component TeO, assert that TeO, structural units bridging
oxygen dominate TeOs units in overall TeO; structure [44, 119]. However, it is
observed that in multicomponent tellurite glasses TeOs units with non-bridging
oxygen prevail over TeO, units because addition of glass modifiers such as Bi,O3 and
ZnO leads to progressive transformation of the TeO, structural units into TeOs units
via the intermediate TeOs.; units [77]. The TeOs.1 units are structurally similar to

TeO, structural unit with on longer Te-O bond.

TeO, (tbp) TeO;,, (distorted tbp) TeO; (tp)

-
he S
(=) (=)

Figure 4.7: Ball and stick representation of the structural units present in tellurite
glass. Left: Trigonal bipyramidal TeO,. Center: Distorted trigonal
bipyramidal TeOs.;. Right: Trigonal pyramidal TeOs. Dots represent
nonbonding electrons. Bond lengths (in nm) are taken from [120]

To examine the influence of stoichiometric change in the structure of TBZ bulk and
thin films, four Raman measurements recorded on different regions per sample were

averaged and plotted in Figure 4.8a. The resulting spectra are deconvoluted using

39



Gaussian fitting as shown in Figure 4.8b. The positions of the Raman bands of these
glasses and their assigned vibrational modes are listed in Table 4.5.

Three major features are observed from the measurements: TBZ-bulk target showed at
404 cm™, 652 cm™, 751 cm™ while argon sputtered thin film (TBZ1) displayed peaks,
close to TBZ bulk target, around 392 cm™, 668 cm™, 750 cm™. Similarly, Raman
peaks appeared in Ar/O, sputtered thin films around 463 cm™, 657cm™, 769 cm™. The
vibrational modes observed in our study can be associated with the following
structural elements: (a) bands around 392 cm™- 404 cm™ are assigned to the bending
mode of Te-O-Te linkages of predominant TeO3 (tp) networks in TBZ-bulk target and
TBZ1 while peaks located around 463 cm™ belong to bending mode of Te-O-Te
linkages of predominant TeO4 (tbp) network in Ar/O, sputtered TBZ2-TBZ4 thin films
[44, 121]; (b) bands near 655-668 cm™ belong to the vibration of the Te-O bonds in
TeO, (tbp) with bridging oxygen (BO) or Te-O-Te linkages constructed by two
unequal Te-O bonds[77,78,98]; (c) the band near 750-772 cm™ originate from at least
two main contributions assigned to stretching of Te-O or Te=O which contain non-
bridging oxygen(NBO) in TeOs.; or TeOs units[77, 78, 44, 122]. The peak at 576 cm™
originates from the sodalime silicate glass substrate. As shown in Figure 4.8a, TeOs
or TeOs4; units with NBO are the predominant structural units in the bulk target and
TBZ1 evident from their Raman peak intensity compared to those for TeO4 units. The
result is consistent with previous reports on bulk TBZ characterizations [77,78].
Apparently, as oxygen is introduced in the working gas, the stoichiometry of the thin

films changes leading a different structural configuration with high concentration of
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BO. Consequently, the magnitude of peak intensity of band around 656-668 cm™,
assigned to TeO,4 with bridging oxygen, increases as the oxygen flow rate leading to a
shift in phonon mode of Te-O-Te linkages toward higher vibration frequency as seen
in TBZ2-TBZ4. The structural evolution from bulk/TBZ1 to oxygen-rich thin films
can be explained as formation of more TeQ, structural units from TeOs3 units which
indicate a change in coordination number of Te atoms from 3 to 4([TeOs] tp) to
([TeQ4] tbp). Oxygen doping of TBZ-bulk target, leads to the formation of Te-O
bonds with large bond energy and force constant which is responsible for the Raman
red shift [106].

Specifically, vibrational analysis has confirmed existence of transformations of the
tellurite entities TeO; > TeOs,; =>TeO,4 as function of the percentage of O, ions

present during deposition of the tellurite glass matrix.

Table 4.5: Raman Peak Positions and Assignments

Raman Assignment

Band (cm™)

392-404 Bending mode of Te-O-Te linkage in TeO3 network backbone in oxygen-
deficient samples.

463 - 465 Bending mode of Te-O-Te linkages in TeO,4 network backbone oxygen-rich
samples.

576 Contribution from the sodalime substrate.

656 — 657 Vibration of the Te-O bonds in TeO,4 trigonal bipyramid with bridging oxygen.

750 - 772 Stretching mode of Te-O or Te=0 which contain non-bridging oxygen (NBO) in

TeOsz41 0r TeOs.
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Figure 4.8: (a) Raman spectra of tellurite thin films sputtered in varying argon and
oxygen working gas; (b) Raman spectra decomposition into the
respective vibrational modes. The corresponding peak assignments are
listed in Table 4.

4.7 TeO,-based Materials Potential Applications

In this report, we deposited planar TeO; -based thin films using RF magnetron
reactive sputtering. The effects of variation of oxygen flow rate in the working gas
(Ar/O,) on the structural, chemical state and optical properties of sputtered thin film
were thoroughly investigated using suitable characterization techniques. Thin films
sputtered in Ar/O, atmosphere (oxygen-rich) are amorphous and possess large
fractions of TeO, vibrational bonds and are structurally dissimilar to thin films
deposited in pure argon atmosphere (oxygen-deficient) which contains large fractions
of non-bridging oxygen. Increasing the oxygen flow rate improves the optical
transparency in the multicomponent tellurite thin film in the entire visible and near
infra-red region. We suggested that unoxidized Te element in oxygen-deficient thin

films is responsible for the broad optical absorption.
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The materials characterization results, as carefully explained in the previous
sections of this chapter, point that materials properties of TeO,-based thin films such
as improved optical transparency, low surface roughness, high refractive index (n ~ 2)
and amorphous structure makes TeO,-based glass thin film a suitable candidate to
initiate the pathway for potential application in integrated photonics. Furthermore,
these attractive properties meet the target material requirements suggesting that

tellurites are ideal for frontside LSG structures for thin film solar cell applications.
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Chapter 5
AGAROSE HYDROGEL MEDIATED WET STAMPING METHOD

5.1 Motivation

Due to increasing demand for low cost integrated system with miniaturized
components, there has been drive to develop single step techniques to meet this
demand. Several micro and nano-scale devices depend on curvilinear and multi-step
topographies. Fabrication of such devices from micro and nanoimprint techniques
using dry transfer printing materials (polymer, elastomer) and solution based (wet)
transfer printing have been deeply explored and established [123,124]. Dry transfer
printing of micro and nanoscale patterns using these materials suffers several
drawbacks such as mechanical wear, swelling in organic solvent to gas permeability
that limits their potentials in broad applications. While solution based transfer printing
(convectional wet etching) requires multi-step fabrication of the devices causing poor
reproducibility. Moreover, micro-patterning of hard and durable materials involves
complicated and expensive procedures such as reactive ion etching [125], laser
ablation [126], focused ion beam [42] which are serial and requires that each device
has to be fabricated anew.

In this chapter, we developed a simple maskless, single-step and low cost
method to pattern micro-scale planar photonic components using agarose hydrogel
mediated wet etching. This method overcomes these limitations by using an agarose

hydrogel stamp to mediate a conformal etching process at low thermal budget (room
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temperature). In our maskless method, agarose hydrogel stamps are patterned
following a standard soft lithography and replica molding process from micro-
patterned photoresist masters and soaked in a chemical etchant. The micro-scale
features on the stamp are subsequently transferred into glass and polymer thin films

via conformal wet etching.

5.2 Introduction to Agarose Hydrogel

Hydrogels are three-dimensional (3D) polymer materials swollen by a large
amount of water while maintaining their dimensional stability. Hydrogel natural
forming polymers include proteins such as collagen and polysaccharides such starch
and agarose. Hydrogel has unigue structure that gives it several advantage
characteristics of both the solid and liquid states. Hydrogels are hydrophilic, water
insoluble, highly absorbent natural or synthetic polymers. Their high water/buffer
holding capacity and good mechanical stability when loaded with low water/buffer
content qualify them as good candidate for imprinting stamp for both soft and solid
substrates. Hydrogels were utilized as stamps to transfer soft materials such as
proteins and antibodies onto solids substrates without noticeable loss of activity [127].

Agarose hydrogel is a hydrophilic material used as stamps material [32, 128,
129]. Agarose is the major component of commercial agar, a polysaccharide extracted
from marine red algae. It is a linear polysaccharide with a main chain consisting of 1,
3-linked D-galactose and 1, 4-linked 3, 6-anhydro-R-L-galactose [130] shown in
Figure 5.1. Agarose is slightly negatively charged with sulfate groups and has a
double helical network that is stabilized by water molecules. Agarose hydrogels are
prepared by dissolving agar powder in vigorously boiling water until the powder

particles dissolves completely leaving a clear hot solution.
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Agarose undergoes a thermos-reversible gel in aqueous solution with a setting
temperature is usually close to 40 °C, while the melting temperature is considerably
higher (around 90 °C). Note that here both "setting" and "melting" represent simple
observational concepts and are not rigorously identifiable with the normal scientific
meanings of these terms. Thus it exhibits a significant range of thermal stability.

Agarose hydrogels consist of thick bundles of agarose chains linked by
hydrogen bonds with a large amount of nanopores [131]. Agarose molecules are able
to form gels with relatively defines pore sizes due to its chemical properties. The pore-
size distribution ranges from 1 to 900 nm depending on the agarose concentration
[132]. As the agarose concentration increases, the average diameter of the pore
decreases. The porous structural network of agarose hydrogel gives it a unique
property of holding solutions therefore acts at a solution reservoir.

Agarose gel is a suitable candidate for wet stamping because it’s mechanical
and chemical ruggedness, and relatively high degree of elasticity. Agarose gel enjoys
certain degree of stability in many organic and inorganic solutions. Agarose tolerates
weaker acids relatively well and can survive for several hours in harsh chemical such
as dilute hydrofluoric acid (HF). As a results of it attractive properties, agarose
hydrogel has been employed extensively in, engineering and microfabrication, as a
stamp material to fabricate micro scale architecture in solid substrates such glass,
silicon, GaAs, etc for semiconductor applications [32, 33].

In our study, we implemented a low cost, bench top and unconventional wet
etching process to pattern optical device on sputtered oxide glass thin film using
agarose hydrogel stamp. The monolithic fabrication technique eliminates the

serial/multi-step patterning of TeO,-based glass films via reactive ion etching, focused
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ion beam. In our process, hydrogel stamps are replicated, via soft lithography, from

micropatterned masters, soaked in an optimized chemical etchant and then used to etch

large area microstructure on the desired substrate with excellent surface smoothness

and good retention of stamps quality.
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Figure 5.1: Chemical structure of Agarose.

5.3 Fabrication Process Flow

Fabrication of micro/nano-structure material surfaces; modification of their

microscale topographies, is vital in modern technology including microfluidics,

optoelectronics, and water-repellent surfaces. Numerous existing microstructure

techniques such as x-ray lithography [133], micromachining [134], laser etching [135],

reactive ion etching (RIE) [136], are either serial in nature and/or expensive. In

addition, they rely on protective coatings which often delaminate or become under

etched. In compliance to the low cost methods to achieve $1/W DOE goal, one would

prefer a technique which is both accurate and inexpensive and could be a bench-top

for rapid prototyping small scale structure in various materials.
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In this study, we utilized a modified process of the reaction-diffusion wet
stamping (RD-WETS) method proposed by Grzybowski group [32, 33] to demonstrate
patterning of optical devices on TeO,-Bi,03-Zn0O and other oxide glasses. This
proposed method, RD-WETS, initiated by easy-to-use hydrogel stamps, meets the
criteria and can imprint binary, multi-layer or curvilinear architecture and devices on
glass, metal, semiconductors, crystals and others materials with a resolution of about
300 nm.

RD wet stamping (RD-WETS) method begins by fabricating a hydrogel stamp,
which is cast, like in soft lithography [137] against a desired micro-/nano patterned
master. Typically, a hot, degassed 8-12% w/w solution of high-strength agarose in
deionized water is cast against an SU8 or silicon master presenting an array of micro-
or nano features on its surface. After further degassing under vacuum and gelation, the
agarose stamp is gently peeled off patterned with the negative of the array of features
in the master then soaked in a desired etchant. This master can be reused several times.
An agarose stamp soaked with an appropriate chemical reactant can etch/dissolve the
desired hard material by simply contacting with the substrate. The Agarose stamp
serves a two way “pump’’; it continuously supplies the etchant to dissolve the substrate
while removing the etchant products into the stamp’s bulk.

Following this method, TeO,-Bi,O3-ZnO glass thin film, that will be in
conformal contact with agarose stamp, is deposited using reactive RF sputtering in an
oxygen environment which offers the advantage of eliminating oxygen deficiency
defects in the multicomponent glass[138]. Figure.5.2 schematically illustrates the

process flow of the device fabrication via wet stamping explored in this study. We
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successfully fabricated waveguides on tellurites, AZ resist and rare earth doped

tellurites using wet stamping.

A Wil

Zui\. = AR\ = ﬁ&»

SU8 Master - Agarose Stamp - Etchant Solution - Etched

Substrate

Figure 5.2: Key steps in wet stamping (a) Agarose hydrogel is prepared and poured
on a photo-lithographically structured master (PDMS), (b) the hydrogel
stamp is cured and peeled off the master, (c) the stamp is cut in smaller
pieces, (d) the high porous stamp is soaked into etchant solution, (e) the
stamp containing etchant solution is removed and placed in contact with
a suitable surface, (f) a patterned substrate is obtained.

5.3.1 Master Mold Fabrication

Micropatterned master for wet stamping were prepared using photo-
lithography method on SU8 photoresist. SU8 resist is a chemically amplified
photoresist and the main components are SU8 monomers, organic solvent and a photo-
acid generator (PAG). The available film thicknesses depend on the amount of solvent

in the resist before spin coating [139].
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The Si-substrate for SU8 photoresist master is properly clean with Piranha
solution for 5 mins to remove any organic contaminants then dipped in hydrofluoric
acid (HF) solution for 1min to strip oxide layer on the substrate. This process creates
improved photoresist adhesion on the Si substrate.

The sample for photo-lithography is prepared by spin coating SU8 photoresist
(negative photoresist) on the Si-substrate at 2500 rpm for 35 secs using a spin coater
then prebaked (soft bake) for 4 mins at 95 °C. Prior to photoresist spin coating, the Si-
substrate was preheated to remove any possible moisture on its surface. Microscale
patterns were transferred to the photoresist by contact photolithography process. The
samples were keep in contact with a chrome mask; with the desired patterns, then
exposed to UV rays for 12 secs using MJB3 Mask Aligner. UV rays reacts with
carbon chains of the photoresist polymer and intiates a cross-linking process. The area
exposed to UV-rays selectively crosslinks while the unexposed region of the SU8
photoresist does not undergo this process thus washes away during process
development stage. After exposure the samples were post baked for 4 mins at 95 °C.
The post exposure bake (PEB) catalytically performs and completes the photo reaction
initiated during exposure and also to reduce mechanical stress formed during soft bake
and exposure of especially thick resist films.

The sample was developed using SU8 developer for 2 mins 30 secs, rinsed in
Isopropyl alcohol (IPA) and dried using nitrogen gun. This repeatable and optimized
photolithography process was followed to fabricate devices for target application:

(@) 2 um thick SU8 masters with 50 um linewidth bending waveguides to develop a
robost and repeatable wet stamping recipe and demonstrate the suitability of wet

stamping in patterning complex geometries.
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(b) 5 pm thick SU8 masters of dimensions 5-30 pm (width) and 2 cm (long)
waveguides for measuring the optical transmisson in sputtered tellurite thin and
These SU8 master were characterized using scanning electron micrscope to measure

photoresist thickness and pattern quality as shown in Figure 5.3.
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Figure 5.3: SEM images: (a) top and (b) cross-section view of SU8 master mold; (c)
Optical microscope image of 50 um bending waveguides.

5.3.2 Agarose Stamp Fabrication
In this study, agarose hydrogel stamps were prepared by dissolving and heating
8-10 w/v % agarose solution of high gel agarose (EMD Millipore Corporation, IL

USA) in a microwave oven for 48 secs. The master was heated to 100 ° C for 10 secs
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to allow it warm up and minimize formation of air bubble at it surface. The hot
agarose solution is quickly degassed in oven furnace at 110 °C (above agarose
hydrogel melting) and quickly cast (to a height of 2 cm) onto the micropatterned
masters with desired surface topography made from soft materials (SU8 epoxy). The
advantages of casting agarose solutions with a thickness of 2 cm are (i) the extended
time of gelation for removal of trapped air bubbles from the wells of the master (by
repeatedly pulling and releasing a vacuum) and (ii) easy handling during stamping.
Finally, we allowed the agarose solution to gel and solidify at room temperature and
ambient pressure. The solidified agarose hydrogel stamp is peeled off the master (the
master can be cleaned and reused several times) and cut into rectangular stamps which
will be soaked in an etchant solution for several hours to allow the etchant solution
diffuse into stamps nano-pores. Agarose hydrogel stamp excellently released from the
SU8 mold without any residue as shown in Figure 5.4 a & b. The stamps are dried on
filter paper place for 10 mins and blown dry with nitrogen for 10 s. The stamps can be
stored, after wet stamping, for several months in deionized water and reused multiple

times.
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Figure 5.4: Optical image of Agarose hydrogel replica with micropatterned after
release from SU8 master.

5.4 Wet Stamping of Sputtered Tellurite glass thin films

Multimode waveguides were fabricated on sputtered TeO,-Bi,03-Zn0O (TBZ)
thin films (detailed deposition steps as described in [140]) by bringing the patterned
side of agarose hydrogel stamp in contact with the thin film surface and ensure good
conformal contact between the stamp-thin film surfaces. Prior to waveguide
fabrication on the sputtered thin film, the agarose hydrogel stamps were soaked in an
appropriate and optimized etchant solution; an aqueous solution of hydrofluoric acid
(ratio of 1 HF: 40 DI H,0), for 4-5 hours to allow the solution penetrate into the
stamps nanopores. The stamps were kept feature side up while in etchant solution to
prevent pattern deformation. The etchant solution used for wet stamping of tellurite
glass was optimized by varying the acid concentration in solution to preserve the
integrity and mechanical properties of the stamp. Higher concentration of acid solution
speeds the etching but deteriorates the structural quality of the stamp while dilute acid
solution simultaneous preserves stamps integrity and provides a more controlled

etching process.
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The stamps were removed for the acid solution, after soaking, and dried then
applied with the micropatterned side in contact with the thin film surface. A50 g
weight was placed on the stamp-thin film system to create conformal contact without
deforming the 3D micro structures. Once in conformal contact, the etchant solution
slowly diffuses from the hydrogel stamp into the thin film and initiates a chemical
reaction on the areas in contact with the stamp. The stamp bulk acts as a two way
chemical “pump” simultaneously supplying fresh HF etchant onto the gel-thin film
interface while removing reaction products along a concentration gradient as shown in
Figure 5.5a. This selectively imprints the opposite of the micro features on agarose
hydrogel stamp on the thin film at an average etch rate of 20 nm/min. The etchant
solution wets the thin film causing lateral spreading of the etchant to other areas of
contact between the stamp’s micro structures and the thin film. Lateral spreading
could be prevented by adding surfactants in the etchant solution and performing the
wet stamping in a beaker with paraffin oil. However, this step prevents lateral
spreading but affects the device performance. A suitable alternative such as optimizing
the etchant solution to reduce the etch time was employed in order to eliminate the use
of paraffin oil in the process to preserve the device quality.

We successfully fabricated complex waveguide structure of various linewidths
(1 — 50 um) and tested the device performance to validate the optical performance of

unconventional agarose hydrogel mediated wet etched micro structures.
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Figure 5.5: (a) Schematics of the experimental flow of wet stamping the arrows
indicate two-way pumping mechanism in wet stamping Optical Images
of (b) bending waveguides pattern on 12-13 % w/v Agarose gel; (c)
Agarose etched bending waveguides (linewidth 1um) on sputtered TBZ
glass using dilute HF; (d) Agarose etched bending waveguides (linewidth
50 um) on sputtered TBZ glass using dilute HF indicating the ability of
wet stamping to pattern complex geometries.

5.4.1 Optical Loss Measurement of Tellurite Waveguides
Multimode waveguides were fabricated on multicomponent oxide glass thin
film (TBZ) deposited on 3 um thick SiO, cladding layer on silicon substrate (as shown

in Figure 5.6 a). The thick oxide layer provides enough isolation to prevent leakage of
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TBZ optical modes into silicon substrate. Prior to wet stamping device fabrication, we
simulated a design of the rib waveguide structure to determine the parameters that
produce maximum mode confinement in the core layer (TBZ layer). Our simulation
result indicates that these parameters: TBZ4 Rib-WG on 3um SiO,. TBZ thickness:
700 nm, target width: 5 um; Rib thickness: 350 nm; Slab thickness: 350 nm were
suitable for maximum light confinement. Figure 5.6 f shows a simulated TBZ rib
waveguide on 3 um SiO; cladding.

The optical transmission spectrum was characterized on a Newport Auto Align
workstation and an optical vector analyzer (LUNA Technologies OVA-5000) with a
built-in tunable laser. Near-infrared wavelength light was coupled in and out through
the bus waveguide using a tapered lens-tip fiber. The fabricated tellurite waveguide
has dimensions of 1 cm (chip length), 700 nm (height) and 5-10 um (width). Optical
loss in the waveguides is measured using a fiber end-fire coupling method and the cut-

back technique, as shown in Figure 5.6e, is 2 dB/cm at 1550 nm wavelength.
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Figure 5.6 : SEM images of (a) as-deposited TBZ thin film on 3 um SiO; cladding;
(b & ¢) micro patterned TBZ rib waveguide via wet stamping process; (d)
Optical image of agarose etched micro patterned TBZ rib waveguide (e)
Optical transmission measurement to determine material loss at 1550 nm
wavelength; (f) Simulation TBZ rib waveguide result; (g) Optical
measurement set up.

5.5 Wet Stamping of Erbium Doped Tellurites

Oxide glasses such as tellurites are gaining surging popularity as a possible
materials for rare-earth doped optical fibers [37].Erbium doped Tellurite (Er-TeO)
thin films are especially promising for integrated photonics because of their
transparency form visible to mid-infrared spectral region, high solubility of erbium in
TeO,, low phonon energy, and high refractive index [82]

Irrespective of its attractive properties, fabrication of tellurites based glass thin
film has been difficult, due to chemical inertness and mechanical hardness, which this
limits its application in photonic components. There are several reports of planar
waveguides in tellurite based thin films fabricated using reactive ion etching [141],
UV direct writing [142], focused ion beam [138], sputter etching [61]. Although all
these methods recorded success in fabricating waveguide, they are multi-steps and
each device is fabricated afresh. Using a monolithic step, bench top and less expensive
agarose mediated wet etching method; we have successfully fabricated micro-scale
waveguide in Er-doped TeO,.

In this section we present the process steps for characterization and waveguide
fabrication on RF co-sputtered Er-TeO, thin film to validate the suitability of using a
single step wet stamping method “difficult to etch” materials for photonics

applications.
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5.5.1 Erbium-Tellurite Thin Film Deposition and Characterization

Sputtering targets of Erbium(Er) and TeO, [2 inches, 0.25 inches thickness]
purchased from AJA international were used for thin film deposition. Thin films were
deposited from the target onto substrates (sodalime silicate glass slides from Fisher
Scientific Inc. or 3-inches (100) silicon wafers from SiliconQuest Inc.) by RF reactive
co-sputtering. Prior to deposition, the glass substrates were cleaned with H,SO,-
Nochromix® solution while silicon substrates were dipped into buffered oxide etch
(BOE) solution for 3 minutes to remove the native oxide layer. The sputter deposition
chamber was first evacuated to a base pressure below 10 Torr. The target-substrate
spacing is fixed at 13 cm for all deposition. The target Pre-sputtering was conducted
for 10 minutes prior to film deposition, with covered substrates, to clean the surface of
the target of any possible contamination. Co-Sputtering was performed, using a
custom-designed system (AJA sputtering systems), in oxygen (O) and argon (Ar)
atmosphere at growth rate of 14 nm/min and deposition pressure 2.4 mTorr. The flow
rate for Ar was 10 sccm and for O, was 2 sccm. The sputtering power for deposition
was 80 W for Er target and 60 W for TeO, target. During deposition, the substrates
were rotated at 5 rpm to ensure uniform thin film deposition. For each deposition, the
films are deposited on both soda-lime and Si substrates simultaneously. The substrates
were not intentionally heated and were kept near room temperature throughout the
deposition process. The Er-doped TeO, thin film morphology and deposition rate were
calibrated using a Dektak profilometer and scanning electron microscope (SEM). The
chemical composition of as-deposited Er-TeO, thin film was characterized using

energy dispersive X-ray (EDX) spectroscopy as shown in Table 5.1.
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5.5.2 Morphological and Chemical Characterization of Erbium-Tellurite Thin
Film

The surface and cross sectional morphology of the resulting tellurite films were
examined using scanning electron microscope (SEM) system(Zeiss Merlin, CMSE
MIT) operating with an accelerating voltage of 3kV. The samples were covered with a
thin (~ 40 nm) gold (Au) coating prior to SEM imaging to minimize charging from
electron accumulation on the sample surface. Figure 5.7 a. shows SEM cross-section
image of Er-TeO, thin films deposited on silicon (Si) substrate in constant oxygen and
argon flow rates. The as-deposited Er-TeO; thin films has 650 nm thickness
confirming Dektak profilometer measurement. It can be seen that the thin film has a
uniform and dense micro-structure.

Chemical Compositions of the TBZ films as measured using EDX are
tabulated in Table 5.1. Three points were analyzed per sample in measuring the k-
ratios of the samples. The results from EDX measurements indicate that the atomic

percentage of Er,O3 in TeO, thin film is 1.4 %.
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Figure 5.7: SEM image of as-deposited Er-TeO, on Silicon substrate.
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Table 5.1: EDX composition analysis of Co- sputtered Er-TeO2

Element Weight % Atomic % Error %
OK 19.43 66.34 4.44
ErM 3.27 1.07 13.52
AuM 3.28 0.97 19.09
TeL 74.02 31.68 5.86

5.5.3 Wet Stamping of Sputtered Er-TeO; Thin Films

Multimode waveguides were fabricated on sputtered Er-doped TeO; thin films
by bringing the patterned side of agarose hydrogel stamp in contact with the thin film
surface and ensure good conformal contact between the stamp-thin film interfaces.
Before making contact with Er-TeO, surface, agarose hydrogel stamps were soaked in
an appropriate and optimized etchant solution; an aqueous acid solution (ratio of 1 HF:
3 HCI: 2 IPA: 500 DI H,0), for 4-5 hours to allow the solution penetrate into the
stamps nanopores. Addition of isopropyl alcohol in the etchant solution improves
smoothness of the etched surface after etching. The stamps were kept feature side up
while in etchant solution to prevent pattern deformation. The etchant solution used for
wet stamping of Er-TeO, glass thin film was optimized by varying the acid
concentration in solution to preserve the integrity and mechanical properties of the
stamp. The stamps were removed for the etchant solution, after soaking, and dried

then applied with the micropatterned side in contact with the thin film surface. Once in
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conformal contact, the etchant solution slowly diffuses from the hydrogel stamp into

the thin film and initiates a chemical reaction on the areas in contact with the stamp.
Using agarose mediated wet stamping, we have successfully developed a

single step, bench top and low cost method of patterning Er-TeO, glass thin film that

provides a simpler alternative to other multi-step processes.

Figure 5.8: Optical Image of Agarose etched waveguides on sputtered Er-TeO2 using
HCI + HF+ IPA solution.

Following this technique, we fabricated waveguides on Er-TeO; thin films on
3 um SiO, bottom cladding. The thick oxide layer provides enough isolation to
prevent leakage of optical modes into silicon substrate.

The optical transmission spectrum was characterized on a Newport Auto Align
workstation and an optical vector analyzer (LUNA Technologies OVA-5000) with a
built-in tunable laser (shown in Figure 5.6). Near-infrared wavelength light (1525-
1610 nm) was coupled in and out through the waveguide using a tapered lens-tip fiber.
The fabricated Er-TeO, waveguide has dimensions of 0.6 cm (device length), 650 nm

(height) and 5um (width). Optical loss in the waveguides is measured using a fiber
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end-fire coupling method. To demonstrate a proof concept of fabricating waveguides
on Er-doped TeO, thin films (with 1.4 % Er3+ composition according to EDX result in
Table 5.1) using this technique, we show in Figure 5.9 an Er-TeO, loss spectrum
with an Erbium absorption trend that indicate high loss around 1540 nm and lower
loss around 1600 nm. The observed loss trend is similar to that reported in [143] for

reactive ion etching Er-TeO, fabricated waveguides.
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Figure 5.9: Loss Spectrum for 5 um waveguide showing the high erbium absorption
dip at 1540 nm.

5.6 Suitability of Wet Stamping Methods

Here we demonstrate the versatility of unconventional agarose mediated wet
stamping in patterning polymers (AZ resist) and doped oxide (GeO,-SiO,) glasses. To
these materials, 9 % w/v agarose hydrogel stamps were soaked in an appropriate and
optimized etchant solution for 4-5 hours to allow the solution penetrate into the stamps

nanopores. The optimized etchant for AZ resist, was propylene glycol methyl ether
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acetate (PGMEA) solution (ratio of 1 PGMEA: 5 DI H,0), while an aqueous
hydrofluoric acid solution (ratio of 1 HF: 40 DI H,0) was used for GeO,-SiO,. We

successfully patterned waveguides of various linewidth as shown in the Figure 5.10.
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Figure 5.10: SEM images of (a) GeO2-SiO; (b) AZ-resist (c) Optical image & AFM
images of agarose etched GeO,-SiO, (d) AFM images of agarose etched
AZ resist.

5.7 Conclusion
In this chapter, we have successful patterned microscale high gel strength

agarose hydrogels (12-13 % wi/v) and utilized the advantage of its high water holding
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capacity for solution-based pattern transfer. We further demonstrated that agarose
hydrogel based wet stamping may be a suitable alternative transfer printing method for
fabricating microscale optical device for photonics applications. This method can be
further optimized to print nanoscale structures by tuning to agarose stiffness, etchant
concentration.

However, the method was unsuccessful for integration of TBZ materials as the
front side LSG structures on solar cell since the acidic etchant solution will degrade
the solar cells performance. Therefore, we focused on integration and performance
evaluation of backside LSG structures on solar cell using chalcogenide glass thin film
with composition AsySego. This composition meets the target material requirements

for backside LSG structures as discussed in [144]
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Chapter 6

LOW SYMMETRY GRATING (LSG) INTEGRATION ON BACK
SIDE OF THIN CRYSTALLINE SILICON (c-Si) SOLAR CELL

6.1 Motivation for LSG integration on Thin Film c-Si Solar Cells

Solar technology uses the sun’s energy to provide electricity, heat, light water
even cooling for homes and business across the globe. Solar cells technology has been
at the leading spot of the bulk of green and sustainable solutions to the global energy
challenges. The research strength focused on the technology has received tremendous
successes but these breakthroughs still lack the capacity to properly position solar
technology to favorably compete with fossil fuel energy and meet $1 per watt demand.
The drawbacks in meeting this demand are solar cell production cost and efficiency
improvement. According the chart below (Figure 6.1), material cost constitutes bulk
of silicon solar production cost and material reduction creates viable solution.

Reducing c-Si wafer thickness to less than 50 micron significantly reduces
material cost and may result in improvement in efficiency by reducing bulk
recombination. However, thickness scaling of silicon solar cells suffers poor optical
absorption of incident photon near its band edge because the penetration depth of these
photons exceeds cell thickness and also that silicon is an indirect band gap
semiconductor. To ensure effective photon collection for thin c-Si cells especially
around the near infrared region, new concepts are required. Integration of diffractive
low symmetry grating structure on the rear side is one of the viable approaches to

enhance optical path length of incident photon and ensure optimum incident photon
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collection by the solar cell absorber before they leak back to free space. To integrate
these diffractive structures onto completely processed solar cells, we developed a well
optimized and low cost fabrication process following a well-known thermal nano-
imprint process. Figure 6.2 shows schematics of low symmetry grating integration
process flow on the rear side of thin c-Si solar cells. The process step involves: (1) Si
master fabrication (a) thermal oxidation of silicon dioxide hard mask layer on an
offcut silicon (Si (112)) wafer; (b) fabrication of sub-micro period low symmetry
grating (LSG) on light sensitive polymer material via lithography (electron beam
lithography or photolithography); (c) transfer of the LSG patterns to silicon master via
dry (reactive ion etch) and wet etching (anisotropic KOH etch); (2) replication of LSG
structures on polydimethylsiloxane (PDMS) stamp via soft lithography process; (3)
imprinting of LSG structures on thermal evaporated As;oSego thin film deposited on
the rear side of 50 um thick c-Si solar cells in Argon environment; (4) coating of low
index polymer (SU8 spacer) to prevent further oxidation of AsyySego glass film and
reduce parasitic loss from metals contacts; (5) deposition of aluminum back
reflectors.

In this chapter, we present the details steps of fabricating and integrating of
sub-wavelength diffractive low symmetry grating on the rear side of 30 um thick c-Si

solar cells to improve optical absorption and boost efficiency.
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Figure 6.1: Bar chart showing the production cost of making a module of silicon
solar cell.
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Figure 6.2: Schematic showing the process-flow of LSG integration on thin c-Si solar
cells.

6.2 Grating Fabrication on Silicon Master

In the section, we present optimized and repeatable steps developed for
fabricating sub-micro gratings on silicon (Si (112)) master for replica molding to
create PDMS stamps. We successfully fabricated both symmetric and Low symmetry

gratings on silicon wafers. We want to highlight that these silicon master can be
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reused multiple times (more than 50 times) without any significant deterioration on the

patterns integrity.

6.2.1 Fabrication of Symmetric Grating Master

The master mold of symmetric gratings that will be used as a comparison to
the asymmetric gratings can be fabricated by Inductively Coupled Plasma (ICP)
etching of silicon. ICP etching followed by e-beam lithography is a reliable
technology to produce micron-size structures with controllable dimensions.

To fabricate the grating mold, we first defined resist pattern on Si wafer using
electron-beam lithography, and then ICP was applied to etch the silicon material. The
resist were removed in the last step by oxygen plasma. In order to have vertical grating
sidewall, we used multiplexed anisotropic Si etching with the detailed recipe shown in
Table 6.1.

The steps listed in Table 6.1 constitute a single loop of the etching process.
The number of loops needed depends on the depth of the grating. The etching rate was

calibrated by running different number of loops and is approximately 75 nm per loop.

Table 6.1: The parameters of multiplexed anisotropic Si etching

Step | Gases Pressure/ | ICP/Bias Time
Position | (W)
1 100% 0/0 10 sec
2 20 sccm C4Fg 4 Pa 0/0 15 sec
3 20 sccm C4Fg 4 Pa 450/0 3 sec
4 20 sccm C4Fg 4 Pa 450/15 7 sec
5 100% 0/0 10 sec
6 25 sccm SFg 2 Pa 0/0 15 sec
7 25 sccm SFg 2 Pa 500/0 3sec
8 25 sccm SFg, 5 sccm Ar 2 Pa 500/100 2 sec
9 25 sccm SFg, 12.5 sccm Ar 0.75 Pa 500/25 9 sec
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A top-view SEM image of a master mold of symmetric silicon grating after
ICP etching is shown in Figure 6.3. A successful pattern transfer can be observed
from the figure. The gratings have a period of 800 nm with a line-width of 400 nm,
which is ideal for solar cell light-trapping. The vertical sidewall of the etched gratings
is shown in Figure 7.1, indicating that the successful anisotropic etching of silicon by
ICP. The depth of the grating is 300 nm, which is also an ideal dimension for solar cell

light-trapping and nano-imprint lithography.
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Figure 6.3: (a) Top-view & (b) cross-sectional SEM image of ICP etched Si grating
master mold.

6.2.2 Fabrication of Micro-scale Low Symmetric Grating (LSG) Master

Here we enumerate the steps involved in making V-groove gratings on silicon
wafers which serves as a master for replica molding via photolithography. Before
photo-resist deposition, an silica layer (220 nm thick ) was deposited on the silicon
wafers using wet thermal oxidation technique. Silica has good selectivity to silicon
and serves as the hard mask to protect some areas of silicon during etching. The
sample for photo-lithography is prepared by spin coating NR9-1500PYon the wafer at

a spin speed of 2500 rpm for 40 secs then baked for 80 secs at 150 °C to remove
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moisture. The pattern on the chrome mask was carefully aligned parallel to (110)
direction of the wafer and exposed to UV rays for 20 secs using MJB3 Mask Aligner.
After exposure the samples were post baked for 80 secs at 100 °C then sample was
developed using RD 6 developer for 15 secs and rinsed in deionized water.We carried
out buffered oxide etch (BOE) etching at 1.1 nm /sec to strip the silica layer and open
windows to transfer the patterns onto the silicon layer. Anisitropic chemical wet
etching technique was used to transfer the micor-scale patterns on silicon. Anisotropic
etching etch rate depends on the orientation of crystalline planes. Anisotropic
potassium hydrooxide (KOH) etching was done at an etch rate of 1.1 um/min and
temperature of 78 °C to selectively etch the sample since KOH etches about hundreds
of magnitude faster in (100) direction than (111) direction in silicon wafer. Figure 6.4
shows SEM cross-sectional images of 1-D V-groove gratings etched on (100) and
(211) off-cut Si wafers. As expected, anisotropic wet etching of off-cut wafers leads to

asymmetric grating patterns for LSG imprint fabrication.

(111)

El 3.0kV X1,900 WD55mm 10pm UDEL 3 X3,300 WD 75mm 1um

Figure 6.4: SEM cross-sectional images of: (Left) Symmetric V-grooves etched on
(100) Si wafers; (Right) shark fin-shape asymmetric grooves etched on
(211) off-cut Si wafers.
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6t order Ot order (specular reflection)

Figure 6.5: Photo of laser diffraction patterns from the etched (211) wafer surface.

We tested the performance of the gratings etch on silicon using a set-up with a
green laser source operating at 532 nm wavelength. Figure 6.5 shows the diffraction
grating pattern of 1-D grating obtained using a green laser at 532 nm wavelength. The
grating pattern confirms that surface defects on the 1-D grating has zero effect on the
grating performance. The blazing angle is 19.5° and angle between two (111) direction

is 70.6°. In the Littrow configuration, blazing was observed in the 6™ dirraction order.

6.2.3 Sub-micro Low Symmetry Gratings (LSG) v-grooves Fabrication on Off-
cut Silicon Master

Here, we enumerate the steps involved in fabricating sub-micron LSG v-
groove on Si (112) wafer which serves as a master for nano-imprint and micro transfer
molding. An oxide layer (124 nm thickness) was deposited on the off-cut silicon
wafers using dry thermal oxidation technique. The oxide layer serves as the hard mask
during etching. The sample for e-beam lithography is prepared by spin coating ZEP
photoresist on the wafer at 4000 rpm for 45 secs and baked at 180 °C for 60 secs.

ZEP is non conducting polymer therefore electron accumulation during
exposure causes drifting of electron beam. Electron drifting during exposure leads to
proximity effect where electrons writing a feature at one location increase exposure in

a nearby location resulting in pattern distortion and overexposure. E-beam exposure is
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performed on Elinoix ELS-F125 DRAFT and proximity effect correction (PEC) was
done, using Beaver software®©, to obtain uniform dimension over the exposed area.

Prior to exposure, we performed ZEP exposure dose and linewidth calibration
to optimize exposure parameters suitable dose for e-beam patterning. We carried out
these calibrations to determine the effect of PEC on writing grating dimension. Figure
6.6 a & b show the scanning electron microscopy (SEM) images of patterns exposed
without applying PEC and non-uniform dimension of the gratings over different
regions on same sample indicate the broadening effect of electron drift due to electron
accumulation. To correct this non-uniformity, we applied PEC during exposure and
obtained a uniform grating dimension as shown in Figure 6.7 a & b. The optimized
e-beam parameters are 400 pC/cm? dose, 4 nA current & 125 KV accelerating voltage
were used in writing the desired grating dimensions (in our case: period= 890 nm,
linewidth= 174 nm, gap= 715 nm) for replicating stamps based on our simulation
results as shown in Figure 6.7 c.

The patterns were aligned parallel to [110] direction of the offcut Si (112)
wafer then exposed by electron beam using optimized parameters. The patterns
transferred on the wafer are 1-D grating. After exposure the samples were developed

using ZED-N50 for 10 secs, rinsed IPA.
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Figure 6.6:

SEM images: Top view grating patterns (a) pattern at centre (b) patterns
at edge; obtained using optimized e-beam parameters without proximity

effect correction on ZEP resist spun on Si (112) wafer & patterned via e-
beam lithography.

=
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Figure 6.7: SEM images: Top view grating patterns (a) pattern at centre (b) patterns
at edge (c) final Si master with desired grating parameters used for
replica molding (d) RIE etching showing that ZEP optimized thickness
offered good resistance to etch silica layer (e) full view; obtained using
optimized e-beam parameters after proximity effect correction on ZEP
resist spun on Si (112) wafer & patterned via e-beam lithography.

Reactive ion etching (RIE) was performed to selectively etch the silica layer
using CF4 & CHF3 gases at the rate of 30 nm /sec. The best etching condition is with
30 mTorr pressure, 45 sccm CHF3, 15 sccm CF4, 200 W RF power at 150 °C. RIE
selectively transfers the patterns onto the oxide layer and opens access to silicon layer
for anisotropic wet etching process. ZEP provides good etch resistance for fluorine
based gas and 1: 20 etch selectivity with silica as shown in Figure 6.3 d. Prior to
KOH etching step, the polymer (ZEP electron beam resist) was stripped off using
Piranha ( H,SO4:H,0, solution ) to prevent polymer residue from creating unwanted
masking during plasma etching.

Anisotropic chemical etching is a well-known technique for fabricating simple
microstructures and nanostructures in crystalline silicon. Anisotropic etchant
commonly used for Si chemical wet etching is potassium hydroxide (KOH). KOH
etches about hundreds of magnitude faster in (100) direction than (111) direction on
silicon wafer, anisotropic KOH etching was done in 36% KOH+ 15% IPA solution at
1.1 um/min and 78 °C to selectively etch asymmetric v-grooves on silicon layer.
Addition of IPA improves the surface roughness due to the increased wettability of the
resulting etchant. This process reduces the stability of hydrogen bubbles by varying
surface tension. Adding IPA can liberate water particles in the close vicinity of Si

surface by hindering hydration of K™ and OH" ions [145]. This mechanism prevents
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the formation of pyramidal hillocks, which known as the most common reasons for
having a higher surface roughness of the Si <100>. The presence of IPA interrupts the
access of OH- ions across the surface and reduces the oxidation rate. This provides
equilibrium in diffusion and oxidation of reaction products and decreases the duration
of the attached hydrogen bubbles to the etched surface, which leads to have more
smoothness of the surface [146, 147].

Finally, the SiO, hard mask layer were removed by dipped into dilute
hydrofluoric acid (HF), an aqueous solution with a well-known ability to dissolve
Si0O,. Figure 6.4 a shows the SEM result show the images of asymmetric gratings
with period 890 nm (712 nm width, 178 nm gap) and 350 nm depth etched on silicon
with SiO; hard mask layer while AFM result (Figure 6.4 b) depicts the map of the
asymmetric gratings on silicon after SiO; stripping and the angle between the (112)

and (111) plane is about 19°.

W % cmse
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Figure 6.8: SEM images: (a) Tilt view of asymmetric gratings on Si (112) after KOH
etching; (b) AFM scan of asymmetric gratings on Si (112) after SiO, hard
mask removal.
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6.3 Bi-layer Composite Polydimethylsiloxane (PDMS) Stamp Fabrication

Elastomeric molds (stamps) based of PDMS (Sylgard 184 Dow Corning)
have been a popular and versatile material for soft lithography because of its flexibility
and simple fabrication by replica molding. The PDMS stamps made from this
material (referred to as “soft-PDMS”) suffer from (i) lateral and roof collapse because
of its low modulus; (ii) incomplete filling of deep holes and grooves in a master
template as a result its viscosity and poor wettability.

PDMS Stamp collapse limits its ability to fabricate structures in the size scale
below 500 nm [137]. Consequently, to meet the current demand the fabrication of
structures below 500 nm for soft lithography process and address the relatively low
modulus of PDMS, an alternative elastomer material have been explored. A polymer
based on vinyl and hydrosilane end-linked polymers (referred as “hard -PDMS”)
[148] has been successfully developed for fabrication of high density structures
beyond the limit of PDMS. The improved performance of hard-PDMS (h-PDMS) is
attributed to its better mechanical properties compare to those of Sylgard 184 PDMS.
Although the high modulus of h-PDMS worked well for replication, high coefficient
of thermal expansion (450 um m™ °C for h-PDMS vs 260 pm m™ °C for s-PDMS) and
handling of these stamps was difficult because of cracking and break off from the
master upon cooling. To address this, a bilayer composite stamp that uses a thick slab
of s-PDMS to support a thin h-PDMS for improved pattern transfer [149]. To
completely fill the master templates with deep hole and grooves (beyond 120 nm),
several groups [148, 150] proposed the addition of a suitable solvent to reduce the
viscosity of h-PDMS and improve wettability on master templates. Following their
reports, we prepared an improved bilayer composite PDMS stamp for sub-wavelength

pattern transfer using thermal nanoimprint process.
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In nanoimprint lithography (NIL), it is essential to coat master with good anti-
sticking surface properties. A low surface energy release layer on the master helps to
improve the imprint quality. In our experiment, the Si-master was coated with 1 pL of
fluorinated trichlorosilane anti-sticking agent in a desiccator for 20 secs to ensure easy
release of PDMS mold from the silicon master after PDMS curing.

Hard-PDMS molds (h-PDMS) were prepared by mixing 1.7 g vinyl PDMS
prepolymer (VDT-731, Gelest Corp), 0.05 g modulator (2, 4, 6, 8-tetramethyl-2, 4, 6,
8-tetravinylcyclotetrasiloxane, 87927, sigma Aldrich), 0.5 g of hydrosilane
prepolymer (HMS-301, Gelest) and 18 pL of Pt catalyst (Platinum
divinyltetramethyldisiloxane). To this mixture, 1 g of toluene (solvent) was introduced
and stirred. The solvent lowers the viscosity and improves wettability of the
prepolymer. The h-PDMS solution is spun on the Si-master at 2000 rpm for 30 s and
left undisturbed for about 2 hrs to provide enough time for the solution to penetrate
into the groove depths and ensure complete solvent evaporation. Then the sample was
baked for 20 mins at 60 °C. The modulator used in preparation of the h-PDMS mold
lowers the rate of cross-linking to allow more time the prepolymer to completely fill
up the groove depth in the Si-master and for the solvent to completely evaporate but
does not take part in the crosslinking reactions.

A soft-PDMS (s-PDMS) handle was prepared, following the standard soft-
lithography process to provide adequate support for handling thin h-PDMS. The
monomer and curing agent (Sylgard 184) were mixed in the ratio of 1:10 and
thoroughly stirred. The PDMS mixture was then poured onto the master, in a petri
dish, placed on a leveled and flat surface in a vacuum oven. The mixture is degassed

in vacuum to remove air bubbles trapped on stirring then cast on the h-PDMS layer

78



and cured at 60 °C for 3-4 hrs. The PDMS stamp was peeled from the Si master cut
into blocks 6 mm? for thermal imprinting on 30 um thin c-Si solar cells. We made >

10 stamps from a single master without any significant deterioration of the master.

Figure 6.9: SEM images (a) Cross-Section view of asymmetric nano-gratings Si
master after PDMS cast; (b) Top view of PDMS stamp after release from
Si master; (c) AFM scan of the nano-gratings PDMS stamp.

The stamp’s morphology was characterized using SEM & atomic force
microscopy (AFM). The bi layer composite PDMS stamps were covered with a thin (~
30 nm) Au coating prior to SEM and AFM imaging (i) to minimize charging from

electron accumulation on the sample surface; (ii) to reduce AFM tip sticking on
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PDMS surface during measurement. Figure 6.9 a & b show the cross-section view Si
master after the PDMS stamp is removed and top view of bilayer composite PDMS
stamp. As observed from the images, the near-zero residue on the Si master and
inverted pyramid structure of the patterns on the PDMS indicate that there a good
pattern transfer form Si-master onto PDMS stamp. AFM scan shown in Figure 6.9 ¢
depicts similar structure as observed in Figure 6.8 ¢ with blazing angle of about 19.5°
which is also the angle between (112) and (111) plane. This indicates that lowering the
viscosity of the h-PDMS pre-polymer mixture enhances the filling of the asymmetric

grating depth and improves pattern transfer from the Si-master to PDMS mold.

6.4 Thin Film Deposition on Thin c-Si Solar Cells via Thermal Evaporation
Bulk glasses of composition As,;Segp were prepared using a traditional melt-
quenching technique using commercial agents [144]. Thin films were deposited, by
thermal evaporation, on both 30 um thin c-Si solar silicon wafers and on the backside
of thin c-Si solar cells (samples prepared by Institute of Energy Conversion at
University of Delaware). Prior to thermal evaporation, the substrates were mounted on
thick silicon wafer to provide mechanical support and ensure easy handling through
the processing steps. Thermal evaporation of powdered glass was carried out at a base
pressure <10 ~® Torr in a custom-designed single-source evaporator (PVD Products,
Inc.). A 300 nm-thick As,eSego thin films were deposited on the substrates at
deposition rate was maintained at ~10 A/s. The substrates were maintained at room
temperature throughout the deposition. Thermal evaporation deposition conditions
were optimized with respect to the optical performance of the deposited films (e.g.

thickness uniformity and surface quality) and were extremely repeatable.
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6.5 Thermal Nanoimprint of Low Symmetry Grating (LSG) Evaporated
Chalcogenides

Thermal imprinting of nano-scale LSG on chalcogenide glass thin film was
done at elevated temperature and pressure. The process depends on the fluidity of the
selected glass material at imprint temperature and the stamp loading pressure. Since
viscosity is the critical parameter that kinetically guides the imprint process, optimum
imprinting conditions required to define conditions of glass flow are guided by prior
knowledge of the base glass’ viscosity- temperature behavior [151].

Besides, chalcogenides glasses undergo oxidation when annealed in ambient
environment, thermal imprinting of LSG on As,Sego thin films deposited on thin c-Si
solar cell was performed in an argon purged glove box to prevent oxidation of glass
thin films. The glass film sample along with the soft stamp was placed on a hotplate
pre-set at imprint temperature. Imprint pressure of approximately 0.13 MPa was
applied by loading a metal block on the film-stamp assembly at 153 °C for 35 mins.
Using the optimized conditions, the applied load and temperature cause the material to
flow and conform to the shape of the stamp pattern. The stamp was then manually
delaminated from the glass film sample and allowed to cool to room temperature. No
evidence of crystallization of AsypSego thin films was observed after thermal imprint
process [144]. The imprinted grating morphology was characterized using scanning
electron microscopy.

Figure 6.10 shows cross section SEM images of 890 nm period LSG grating
with smooth surface imprinted on As;Seso thin films deposited on silicon substrate.
The excellent replication of the asymmetric grating dimensions from the PDMS stamp

indicates quality pattern transfer with low roughness to eliminate scattering loss.

81



e e I 4GB cmse

Figure 6.10: SEM image tilted and cross-section view of LSG imprinted on thermal
evaporated As;oSego deposited Si wafer

An optically transparent, low index dielectric polymer material was spin coated to
prevent oxidation of AsyySego glass thin film and reduce parasitic loss from metal
integrated with gratings on solar cells backside as shown in Figure 6.11. Throughout
the entire grating imprint processing, the cells’ metal bushars was protected by
aluminum foil to avoid the deposition of glass film and ensure good contact for IV

measurement.
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Figure 6.11: SEM cross-section view image of low index polymer material spun on
the backside integrated LSG on 30 um solar cell.
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To this end, we have successfully integrated chalcogenide based low symmetric
gratings (LSG) on the backside of both thin (30 um) c-Si wafers and thin film c-Si
solar cells. These gratings were coated with low index polymer materials using an
optimized and repeatable process. Finally, we characterized the device performance to

determine the contributions of LSG to light trapping as discussed in chapter 7
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Chapter 7

PERFORMANCE OF BACKSIDE LOW SYMMETRIC GRATINGS (LSG) ON
THIN FILM CRYSTALLINE SILICON (c-Si) CELLS

7.1 Motivation

In this chapter, we presented the device performance results obtained after
LSG integration process. Absorption enhancement characterization on 30 um thin c-Si
wafers (both side polished) was done with UV-Vis spectrophotometer while Current-
Voltage (JV) and external quantum efficiency (EQE) measurement were carried out to

probe the solar cell performance.

7.2 Demonstration of Absorption Enhancement on 30 um Thin c-Si Wafers

To characterize optical absorption enhancement of low symmetric gratings
(LSG) integrated on 30 pm thick c-Si wafer, a Perkin-Elmer 1050 UV-Vis
spectrophotometer with integrating sphere was used to record the total transmittance
spectra and total reflectance spectra of samples in the range of 400-1400 nm.
An integrating sphere is an optical component consisting of a hollow spherical cavity
with its interior covered with a diffuse white reflective coating, small holes for
entrance and exit ports. The samples were prepared by depositing As;eSeg film onto
30-um thick silicon wafer using thermal evaporation method. The LSG were then
thermally imprinted by using PDMS with optimized parameters. Gratings with period
of 890 nm and area of 5mm by 5mm were successfully imprinted on 30-pum thick

silicon. A polymer material, transparent in over 400 — 1400 nm, was coated to prevent
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oxidation of AsySego thin film. The total absorption in sample was calculated using
the following relation in Equation 7.1
Absorption (%) = 100% - Reflectance (%) — Transmittance (%).......... (Egn 6.1)

The total transmittance was measured by placing the sample in the front of the
integrating sphere during the transmittance measurement and the reflectance white
standard on the back to prevent the optical leakage as shown in Figure 7.1 a & b. The
reflecting white standard randomly reflects all transmittance light from the sample into
the sphere and is finally absorbed by the detector. The total reflectance was measured
by placing the sample on the back as depicted in Figure 7.2. Similar to transmittance
light, all the reflected light was randomly reflected in the sphere and was finally
absorbed by the detector.

The total absorption of grating integrated thin c-Si is capture using Equation
7.1. Figure 7.3 is the absorption spectrum that compares the absorption effect of on
bare 30 um c-Si wafer to those with LSG. The plot shows LSG integrated at the
backside of 30 um c-Si wafer excites more optical modes that contribute to light
trapping leading to enhanced absorption from 850 -1100 nm due to prolonged photon-
matter interaction. Comparing the contribution of both symmetric and LSG structure
at long wavelength, we observed that LSG structures show about 10 % improved

absorption in thin ci-Si wafers than symmetric structures.

(a)
Reflectance
white standard

Sample

Detector
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Figure 7.1: (a) A schematic illustration of an integrating sphere measuring the total
transmittance spectral by placing a sample in front and a reflectance
white standard on the back. (b) A sample was placed in the front of an
integrating sphere for the transmittance measurement.

(a)

Sample

L

Detector

Figure 7.2: (a) A schematic illustration of an integrating sphere measuring the total
reflectance spectral by placing a sample on the back. (b) A sample was
placed on the back of an integrating sphere for the reflectance
measurement.
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Figure 7.3: Optical absorption measured in a 30-um c-Si wafer showing optical
absorption enhancement in samples with backside gratings.

7.3 JV and External Quantum Efficiency (EQE) Measurement
Characterization of Thin c-Si Solar Cell

Figure 7.4 a is an illustration of the architecture of bifacial (MC1575 batch)
thin c-Si solar cell device with low symmetric grating at the back side. This device
was processed on a 30 um thick Si absorber layer. The 30 um absorber layer was
fabricated, using wet etching technique, by etching 300 um in 25%
tetramethylammonium hydroxide (TMAH) at 90°C for ~4 h followed by short HNA
etching (30:10:40 hydrofluoric acid-nitric acid-acetic acid mixture) at room
temperature. The device structure consists of a-Si passivation layers deposited by
plasma enhanced chemical vapor deposition (PECVD) on the wafer and completed
with ITO and metal grids as the contacts. The device was processed with a large full
cell area of 1 sg. in., covering almost the complete wafer surface. Sub-micron grating
with 890 nm period and 5 x 5 mm? area were imprinted on the backside of the device.
On top of the grating, a 500 nm thick layer of aluminum was deposited (via electron
beam evaporation technique) serving as a back reflector layer. JV curves of the cell
were measured using a shadow mask over the grating layer areas. To compare the
performance of the portions of the cell with gratings to that without, a 5 x 5 mm? area
of the cell with no grating coverage was measured by JV with the shadow mask.
Table 7.1. lists JV data MC1575 cell measurements comparing both cells with
gratings and bare cell showing improvement in solar cell efficiency even though there

is no corresponding Jsc improvement in the solar cell.
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Table 7.1: JV data MC1575 cell measurements

Area Voc (mV) Jsc FF (%) 1N (%)
(cm?2) (mA/cm?)
After Grating 0.4 624 23.40 55.80 8.10
Before Grating 0.56 599 25.13 47.50 7.15
Ni-Al =
a ITO b
______intrinsica-Si

ITO

Figure 7.4: (a) Thin bifacial Silicon hetero-junction architecture in substrate
configuration (n-i-p) (b) Optical images of bifacial c-Si solar cell before
and after Low symmetric grating integration.

Quantum efficiency (QE) measurements of the cells were carried out on a cell
without aluminum back reflector and results are shown in Figure 7.5. The plot indicate
an improved performance of cells with LSG around 800 — 950 nm over the cells
without grating. A back reflector will provide enhanced device performance of the

solar cell.
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Figure 7.5: Quantum Efficiency measurement comparing thin solar cells with LSG to
and thin solar cells without LSG.
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Chapter 8
SUMMARY & FUTURE WORK

8.1 Summary

To favorably compete with fossil-fuel technology, the greatest challenge for
thin film solar-cells is to improve efficiency and reduce cost. Thickness scaling to thin
film reduces cost but affects the light absorption in the cells, therefore a concept that
traps light and increases its optical path length are needed in thin film solar. This
concept involves integration of low symmetric grating (LSG) on thin film glass
deposited thin c-Si cell (30 um). These grating structures could be integrated on either
the front or the back side of thin c-Si solar cells to enhance incident photons optical
path.

Multicomponent TeO,—Bi,03-2Zn0O (TBZ) glass thin films were prepared using
RF magnetron sputtering under different oxygen flow rates. Impacts of oxygen flow
rate on the structural and optical properties of the resulting thin films were
investigated. We observed that thin films sputtered in an oxygen-rich environment are
optically transparent while those sputtered in an oxygen-deficient environment exhibit
broadband absorption. The structural origin of the optical property variation was
studied using X-ray diffraction, X-ray photoelectron spectroscopy, Raman
Spectroscopy, and transmission electron microscopy which revealed that the presence

of under-coordinated Te leads to the observed optical absorption in oxygen-deficient
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films. These observed properties confirm that TBZ is an ideal candidate for the front
side LSG material for PV application.

We choose chalcogenide glasses (ChGs) as the back side gratings material due
to their attractive optical and structural properties, such as high refractive indices,
transparency in the near-IR, and amorphous structure amenable to low cost imprint
patterning. We successful deposited chalcogenide glass thin film (300 nm) with
composition (AszoSesp), on c-Si wafers and solar cells using optimized thermal
evaporation process. This composition exhibits superior properties such low viscosity
and glass imprint temperature making it suitable fabricating sub micro LSG using low
cost nano-imprinting method.

On the fabrication level, we demonstrated a simple maskless method to pattern
micro structures on sputtered tellurite glass thin films using agarose hydrogel mediated
wet etching. Conventional wet etching process, while claiming low cost and high
throughput, suffers from reproducibility and pattern fidelity issues due to the isotropic
nature of wet chemical etching when applied to glasses and polymers. This method
overcomes these challenges by using an agarose hydrogel stamp to mediate a
conformal etching process. In our maskless method, agarose hydrogel stamps are
patterned following a standard soft lithography and replica molding process from
micropatterned photoresist masters and soaked in a chemical etchant. The micro-scale
features on the stamp are subsequently transferred into glass and polymer thin films
via conformal wet etching. We successfully demonstrated that the process can be
applied to thin film photonic/photovoltaic device fabrication in a wide range of glass

and polymer materials.
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Finally, we developed a well-designed and optimized protocol for integrating
sub-wavelength scale low symmetric gratings on the AsySego thin film at the backside
of 30 um c-Si wafer and solar cells. We demonstrated that c-Si wafers integrated with
sub micro scale LSG has enhanced absorption near the band edge of Si compared to

those without gratings.

8.2 Future Work
We are developing plans to demonstrate the fabrication nano-scale structures
on tellurite based thin film via our unconventional wet stamping process and further

integration of LSG for front side c-Si PV application.
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