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Abstract

Abstract

Smart windows are defined by their ability to regulate incoming solar radiation in order to
reduce energy consumption of buildings by modulating the heat intake. Vanadium dioxide
(VOy) is one ofthe potential candidates for smart window materials due to its ability to
reversibly transit from monoclinic VM) to rutile VOx(R) at a near room temperature.

As a result of this transition, the infrared radiation (IR) transparent(MOabruptly
becomedR opaque and effectively regulates the heat intake by solar radiation. Despite the
promising potential, V&has not been commercialized due to various technical difficulties
which hinder its feasibilities outside of laboratories environment: high t@msit
temperature B of 68°C; low luminous transmissiol|(m) of around 40%; and low solar
modulation ((Tso) less than 25%. Currently, various methods have been used to fabricate
VO thin films in attempts to improve its intrinsic properties and imptbeeefficiency of

high quality VQ thin film fabrication process. One of those methods is -piger
impulse magnetron sputtering (HiIPIMS). HIPIMS is a physical vapor deposition method
that utilizes high power density in short periodic pulses to incrbéasenergy of sputtered
atoms while protecting the integrity of the target, promising higher film quality than
traditional methods of evaporation or conventional sputtering. This thesisedetssl
development of HIPIMS deposition techniques for Mfased devices with enhanced

thermochromic performance.

In chapter 4, a HIPIMS deposition technique for X/@) thin film on a commercial

material, such as sodiane glass substrate, was established with a high deposition rate of

5.7 nm/min. The V@M) deposited on soddéime glass exhibits excellent crystallinity and
thermochromic properties (highest luminous transmission 8 DQG VRODU
PRGXODOWERQ (LQ FRPSDULVRQ ZLWK 2\6h RighQenpedatu@UH S D U |
glass and quartz substrat@he high crystallinity rendered by short deposition duration

and high ionization in HIPIMS process opens opportunities to apply high qualifvwO

thin film onto a variety of substrate more efficiently.



Abstract

Expanding from the established foundational meétiro chapter 4, modification to the
substrate was made through development of a terdpdeted bottorup approach to
economically produce controlled biomimetic antireflective nanostructured coatings. The
Gretaoto butterfly has transparent wings with ewrbdinary omnidirectional anti
reflection behaviour, owing to the unusual nanostructures with random height and space
distribution on its wing surface which are difficult to reproduce en masse. To mimic such
structure, chapter 5 of this thesis reportedva-dost bottorup approach by stacking
monolayeraligned AQNWs meshes, followed by deposition of overcoats. Such AgNWs
mesh provides the template to grow nanostructures, imitating that on theREWtR TV ZLQJV
which consists of randomly situated nacameswith controllable mean pitches and heights.
The resulting nanostructure VO2/AgNWs systemshowed enhancexhtireflections and
thermochromisnwith up to 70% reduced omnidirectional reflectance, and 37% increase
inTum ZKLOH U HW D karp&ido dvith pure VQ film of similar thickness.

VO: is severely limited in commercialization potential due to its instability in the
operational environment. Protective layering to combat d€pradation often requires
extra fabrication steps which can be cdempand costly. A new strategy to fabricate /O
nanorod nanocomposite thermochromic smart window with record higled@3service

life was discussed in chapter 6. By introducing seeding;staye HiPIMS process was
achieved which comprises of guided growth/O2 nanorodembedded within amorphous
V205 matrix. Furthermore, the unique nanorod structure with lowered transition
temperature2 of 56.6 °C has tunable solar modulation depending on the solar incident
angle. This new strategy provides a solution to address¥ PKLOOHVY KHHO LWV 1
which could facilitate the applications of this near room temperature phase change
materids with respect to not onlythermochromic smart windows but also other

applications.

This thesis is a stelpy-step investigation of V&thermochromic devices fabrication using
HIPIMS process. The optimal deposition parameters and the appropriate substrate and
process modifications are ascertained with the goal of improvingtM&®mochromism,

optical modulation, and service life.






Lay Summary

Lay Summary

$V WKH ZRUOG SRSXODWLRQ UHDFKLQJ HYHU FORVHU WR
LV DOVR LQFUHDVLQJ UDSLGO\ WR DFFRPPRGDWH WKLV C
WKH HQHUJ\ GHPDQG E\ D& WSW WHU HH UM WIKYLPDLQ ED
RXWGRRU DQG LQGRRU HQYLURQPHQW HQHUJ\ HIILFLHQ

WKLV

7TKHUPRFKURPLF PDWHULDOV DUH GHILQHG DV RQH WKDW
RQ LWV WHPSHUDGWRUH HODIPIR@QUX F XFK PDWHULDOV $W K
92 EDVHG ZLQGRZ EORFNV KHDW IURP WKH VXQ NHHSLQJ
92 EDVHG ZLQGRZ DOORZV KHDW IURP WKH VXQ WR JR WK
92 EDVHG ZLQGREPIHMURRMORUHDG\ GXH WR LWVMWLIK& ZLW|

XQGHVLUD ERKHRW BEEDIRENRDYEG ORZ VHUYLFH OLIH

HiPIMS is a recent methaaf productionthathas the potential to create better performing

VO2-based windowThis thesis discusskstepby-step the development of HIPIMS as a

VO_ producing method. In the first 3 chapters, the background information as well as the

techniques used in the thesi®gre introduced and explained. Chapter 4 descrithe
method to produce th&mplestform of VO,-based window withouany enhancement,
whichwas shown to perform better than similar reportecbN¥@sed window. Subsequent
chapters expamdl on what achieved in chapter 4 and establisinethods to further
improve VQ performance. Chater 5 describé how the structure on the glasswing
butterfly can be replicated and the improvemeptatvidedto the heat blocking ability of
VO2-based windowin chapter 6, the HiIPIMS processsmodified to produce record high
service life VQ-based window.

In short, this thesidetailedthe development of HIPIM&nd its associating modificatien
to producehigh performing VQ-based energy efficient windowheestablished methods
in this thesis open avenue for future development of not onbB&Sed devices, but also

of similar optical materials.
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Figure Captions

JLIXEBESWLRQ

J)LIXUH )ORZFKDUW RQ WKH VWUXFWXUH RI WKH WKHVLV

)LJ X UH Basicsetup of a sputtering system. Classification of sputtering system is
based on the kind of power supplied to the Sputtering Target. [Taken from

https://samaterials.wordpress.com/2015/10/28/Mgiaputtering/]
JLIXUH 3KDVH GLDJUWOPD RHQ AU RIPANID O @

Figure 2.3 Characterizations of V&Odeposited by reactive DCMS without annealing.
(a-b) Raman spectra of thin films produced at varyinA©flow ratio. (c) Optical and (d)
electrical properties of samples in (a). [Taken from Yeitcal, 2017]

Figure 2.4 Characterizations of V&leposité by reactive DCMS without annealing. (a)
SEM images of V@deposited with different substrate temperature. (b) XRD spectra of
samples in (a). (c) Optical and (d) electrical properties of samples in (a). [Taken from Zhao

et al, 2013]

Figure 2.5 Characterations of VQ deposited by reactive DCMS without annealing. (a)
XRD spectra of VQ on different substrate. (b) Raman spectra ot d0 different ZnO
thickness. (c) SEM images of samples in (b). (d) Optical and (e) electrical properties of
VO2 on 235nm Z© buffer layer. [(a) Taken from Zhet al, 2016; (bj(e) taken from Zhu

et al, 2018]

Figure 2.6 Characterization of V@ thin film deposited by reactive DCMS with
annealing. (a) XRD spectra of oxidized ¥@n mplane sapphire. (b) XRD patterns of
vanadium oxide film before and after annealing. (c) SEM images ob ¥&mples on
different substrate before and after 1000s of annealing. Electrical properties.of VO

samples in 15c before (d) and after (e) annealing. (f) XPS spectrahuOfilm with

Xi



Figure Captions

different O-/Ar ratio after annealing: 25%, 32.5%, 42.5%, and 50% respectivelyea)
Taken from Dotet al, 2015; (f) taken from Xet al, 2015]

Figure 2.7 (a) Spinodal decomposition process to achieve>-MO2> nanocomposite
matrix. (b) Optical performance of Al (sample fabricated by process in (a)), C1 (no
annealed sample), V1 (pure Y&ample) by G.Suat al, 2016. (c)Z. Chenet al. TV
work. (c1) and (c3) TEM images of the M separation after anneafjninset shows the
SAED pattern. (c2) and (c4) Combined STEM and eneiggersive Xray spectroscopy

mapping of \Yblue and Tigreen

Figure 2.8 Characterization of V@ deposited by RFMS: (a) XRD patterns, (b)
transmission spectra, (c) transition tempeawfor each sample, (d) AFM images of each
sample, (€) XRD of VO2 deposited on different substrates at different temperature. (g)
RFMS with RF substrate bias setup. (h) Transition temperature and (i) electrical properties
changes of V@thin film againstsubstrate bias applied. [{&J) Taken from Jiangt al,

2014; (e)(f) taken from Panagopoulat al, 2015; (g) taken from Azhaet al, 2015; (h)

(i) taken from Azharet al, 2016]

Figure 2.9 (a) Deposition parameter and (b) optical properties ob Y film by
RFMS and HiPIMS. (c) Measured discharge voltage during deposition fracfion. (d)
Transmission spectra of \A@hin film with no bias and varying bias and constant O
fraction of 8.7%.(e) Schematic of a reactive HiIPIMS chamber.-[(g) Taken from Kim

et al, 2014; (c)(d) taken from Yang et al, 2009; (e) taken from
https://www.newmaterials.com/ckfinder/userfiles/images/HIPIMS%20uk_skitse%20af%

20kammer.jpg].

Figure 2.10 (a) Schematic of ICPS system [Taken from Nakameiral, 2004]. (b)
Schematic of an ICMS system [Taken from Kataal, 2008]. (c) Schematic of an ion
beamassisted sputtering system. XRD spectra o W®Ti/Si substrate (d), and ITO/glass
substrate (e) [Taken from Miaat al, 2014].
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Figure Captions

Figure 2.11 (a)Opticalsimulation seup of motheye structure(b) AFM crosssectional
profile. (c) SEM crossectional profile of d = 210 nm. (d) Transmittance spectra in

i QP UDQJH DW f& IRU SODQDU DQG $5 VDPSO
respectively [(a) Taken fro Tayloret al., 2013 (b-d) taken from Qiart al, 2014].

Figure 2.12 (a) Photo of a glasswing butterfly. Its wings feature three regions: transparent,
dark brown and white. (b) SEM image of the transparent region, inset is long bristles or
microhairs (c) Highresolution image of nano pillar on the transparent region. (d)
Statistical analysis of the nanopillars height measured on the dorsal side of the transparent
region. The histogram shows the height distribution of the nanopillars. A Gaussida profi
with a mean height di = 500nm and a variance df = 100nm. Experimental reflectance
spectra of transparent region with (e) fixed 623 nm wavelength and (f) entire visible
spectrum. (g) Optical simulations of the random microhairs structure. [Taken from
Siddiqueet al, 2015]

Figure 2.13 (a) Photograph of a fused silica sample platec)(Reflectance spectra of a
pristine (black lines) and laser treated at one (red lines) or both sides (blue lines) of the

fused silica plate. [Taken from Papadopowdbal, 2019]

JLIXUH 6SHFWUD DXO'HAODWERQ RI WKH WUDQVPLWWDQFH |
7D\OHRW DO @

Figure3.2 D 6FKHPDWLF RI %UDJJfV ODZ E 6FKHPDWLF R
VHW XS ZLWK FRQVWDQW LQFLGHQW DQJOH & DQG PRYL

JLIXUH 6FKHPDWLF RI DLY|8OHFS®QURPHWHU VHWXS

Figure 3.4 Homebrew setup to measure varying incident angle transmittance.

JLIXUH 6FKHPDWLF R D VLPSOH $)0 PDFKLQH
KWWSV Z7ZZ QDQRD Q@RRRIAALIFRHFURUV AR S\ @
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J)LIXUH 6FKHPDWLF RI 67(0 LPDJLQJ PHWKRGRORJ\

JLIXUH 6FKHPDWLF Rl ;36 LPDJLQJ PHWKRGRORJ\

Figure 4.1 Top-down not to scale schematic of vacuum chamber. Valves leading to

YDEXXP SXPS $UJRQ JDV LQSXW DQG 2[\JHQ J®W2LQSXW L
UHVSHFWLYHO\ 3+L3,06" LQGLFDWHYV WKH WDUJHW &RQW
DUH S WKHUPRFRXSOH™ DQG (ELDV VXSSO\" UHVSHFWLYHO

Figure 4.2 XRD spectrum of VQsamples of different £&flow rate.

Figure 4.3 (a) Raman spectrum of \AM) at low temperature against V@®) at high

temperature. (b) Raman spectrum in situ heating.

Figure 4.4 (a) Hysteresis loop of V&hin film deposited on sod® L P H ¢ ofEVO2
thin film deposited on sodame

Figure 45 (a) XRD spectra of V@(M) on different substrates. (b) Zoomeaudof (001)
peak. (c), (d), (e) are those spectra in comparison with those of their bare substrates

respectively.

Figure 4.6 (a), (b), and (c) are the 1xIm AFM phase images of 1000s (95 nm)
deposited V@(M) on sodalime, HTglass, and quartz respectively. (d), (e), and (f) are the

3D height images of respective samples.
Figure 4.7 (a) Schematics of the MIT of V(and associated lattice changes. (b) NIR

UV-vis of VO(M) thin films of varying substrates, and (c) their respective optical

performance parameters.
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Figure 4.8 (a) NIR-UV-vis of VOx(M) thin films of varying thickness, and (b) their

respective optical parmance parameters

Figure 4.9 1x1 m AFM phase images of (a) 40 nm and (b) 180 nm thick(M{Pon

sodalime respectively

Figure 4.10 Optical photo of (a) 40, (b) 65, (c) 95, (d) 120, and (e) 180 nm thick\M)O
thin films on soddime from left to ridnt.

Figure 4.11 (a) XRD spectrum of VQthin film deposited on sodame glass with
increasingly longer deposition duration. Raman spectrum oftki@ film deposited for
2500s and 3700s at (b) 30 °C and (c) 90 °C.

Figure 5.1 Fabrication process to create AQNWSs dager template Ax/y sample with
x00 rpm stirring speed and y/2 minutes of deposition for each layercvdded VAx/ly
sample and Si@coated SA¥ sample are then deposited with appropriate techniques.

Figure 5.2 (a-b) 3D-AFM images of AgNWs dudayer template (a), and same template
after SiQ deposition (b); note the different height scales. (c) Schematic of how height and
pitch of nanecone peak were measured. (d) Examples of morphological eseston

from b: b1, b2, b3, and b4 represent blue, green, purple, and red lines respectively.

Figure 5.3 Distribution of measured height (a) and pitch (b) for SA4/30 sample.

Figure 5.4 (a)Plot of measured density of AQNWs dlayer template (blue) as well as
mean height (black) and mean pitch (red) values o#/BgNWSs samples against changing
AgNWs deposition duration and constant agitation speed (400 rpm). (b) Plot of measured
density ofAgNWs duclayer template (blue) as well as mean height (black) and mean pitch
(red) values of SI&AgNWs samples against changing AgNWs agitation speed and
constant deposition time (30 ming)eight and pitch data are represented along with £
StdEM. Densk data are represented with + SD
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Figure Captions

Figure 5.5 (a) Reflectance measured at 8° unpolarized source for varying AgNWs
deposition duration. (biRum at 8° plotted against AQNWs deposition duratiBom data
are represented with £ SIhsets are schematic of A§¥s orientation of template at low

and high deposition tim&ee Figure A6f for transmission spectrum.

Figure 5.6 3D-AFM images of (a) SA0/00, (b) SA4/15, and (c), SA4/45 sample.

Figure 5.7 (a) Reflectance measured at 8° unpolarized source for varying AgNWs
deposition speed. (Hum at 8° plotted against AQNWs deposition spé®gh data are
represented with + Snsets are schematic of AQNWSs orientation of template at low and

high depositio speedSee Figure A6g for transmission spectrum.

Figure 5.8 (a) Rum of multiple samples plotted against changing incident angle for
unpolarized source. (lRum at 8° plotted against mean height of each sampl&ygat 8°
plotted against mean pitdi each samplérum data are represented with + SD.

Figure 5.9 (ac) Crosssection STEM of a nanrcone peaks on the VA5/60 sample. (a)
Dotted lines indicate AQNWs portion of the system, clear distinction can be seen between
the glass substrate portioBlass) and the depositéan film portion (V). (b) Zoomed

in of the AgNWs portion with two measureesdacing value 0= 0.234 nm and= 0.209

nm corresponding to the (111) and (200) plane respectively, inset is the FFT of b. (c)
Zoomedin of the VQ portion with measured-gpacing value d = 0.319 nm corresponding

to the (011) plane, inset is the FFT of c. (d) SFEBIX colourcoded for the crossection

in a. () XRD spectrum of VA5/60 sample measured at 2° grazing angle. (f) Reflectance at

8° incidentangle of VA5/30 compared to VAO/00 sample.

Figure 5.10 (a) Reflectance at 8° incident angle of VA5/30 compared to VAO/00 sample.
(b) Rum of varying incident angle of VA5/30 compared to reference VAO/0O0 sample. (c)
Thermochromic performance of VA samples in the range of 250 QP DW - DQG
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Figure Captions

Figure 5.11 Tum D Q Gsaiplotted against Height/Pitch ratio of corresponding AQNWs
template, thelum of reference VAO/O0 sample is indicated on tkexis accordingly.

Figure 6.1 Schematic depicting the fabrication process of th@s/O> composite film.

Figure 6.2 D [ 2APM image of semtoated film (process was stopped in the
transition state between the end of vanadium seeding and the start efitfextion). (b)

[ »oomedin AFM image of black catRXW IURP D FAFM ifhage P
of fully depositedv20s/VO2 composite film.

Figure 6.3 (a) Schematic crossection demonstrating durability enhancing mechanism

of the composite film. (&) Brightfield and dark field STEM image of 20s/VO
composite film, respectively; red and blue (dashed) cireleshs are corresponding
crystalline structures of the same sample that can be seen differently in both bright and

dark field image.

Figure 6.4 (a) Zoomedn STEM image of composite film crosgction; inserts are FFT

of A and B squared areas, respectivélh) Zoomedin STEM image of area B in (a).

Figure 6.5 (a) HAADF of composite film crossection; yellowdashed circled areas are
examples of nanorod structure:dpEDX mapping of area in (a) for-gellow, V-red, and

Si-cyan, respectively. (e) EDX elemt mapping signal of area in-ga.

Figure 6.6 (a) STEM image showing the position of scanned line with nanorod
highlighted with yellow dashes. EDX (b) weight percentage and (c) atomic percentage line

scan of \dOs/VO2 composite film crossection shownn (a).

Figure 6.7 (a) XRD spectra of pristine20s/VO2composite film of different thickness.
(b) XRD spectra of pristine and aged 180 nm thig3V/ O, composite film, respectively.
(c) XPS spectra of pristine 180 nm thickQ4/VVO2 composite film.
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Figure Captions

Figure 6.8 (a) Metatinsulatortransition hysteresis and (I®of 70 nm thick \6Os/VO>
composite film, respectivelyc) Metatinsulatortransition hysteresis, (dg, and (f) U\
vis-NIR spectra of pristine and aged of 180 nm thickO¥VO. composite film,

respectively.

Figure 6.9 (a-b) UV-vis-NIR spectra of pristine and aged®/VO2composite film with
(@ 70 nm and (b) 180 nm thickness. (c) Optical photographs of 70 nm th@RND»
composite film showing film colour progression with aging. (d) WBDOLTH G

progression of ¥Os/VO2 composite film with different thickness.

Figure 6.10 (a) Schematic of different incident light angle with season changes with
respect to fabricated X0s/VO2 composite film. (b) UWis-NIR of pristine 70 nm thick
VO,/V205 composite film with 0°, 15°, 30°, and 45° incident angleT(&) D Q Gr/éy of
pristine 70 nm thick YOs/VO, composite film with 0°, 15°, 30°, and 45° incident angle.
Data are represented as +SD.

Figure7.1 6DPSOH FRQWHQW IURP WKH S URadriddted udindg JKO\ F
HiIPIMS

Figure7.2 6DPSOH FRQWHQW IURP WKH SURMHIa&to? @ QLYHUV
inspiredanitUHIOHFWLYH VWUXFWXUH"

Figure 7.3 5HVXOW KLJKOLJKWyahRVGURWMNPYUWOWQAIBRZ DSSO

Figure A1 (ad) 2D-AFM of monolayer AQNWs template with constant 30 minutes
AgNWs deposition duration and different agitation speed) gb-AFM of monolayer
AgNWs template with different AgNWs deposition duration and constant 400 rpm
agitation speed. (g) AgNWs dsity plotted against changing deposition duration for 500
rpm and 400 rpm agitation speed. (h) AQNWSs density plotted against changing agitation

speed for constant 30 minutes deposition duration.
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Figure Captions

Figure A2 (ac) 2D-AFM of duolayer AgNWs template with dérent AgNWs
deposition duration and constant 400 rpm agitation speedl.2[@-AFM of duo-layer
AgNWs template with constant 30 minutes AgNWSs deposition duration and different

agitation speed. Arrows indicate the intended directions of nanowires.

Figure A3 (ac) 3D-AFM of SIO/AgNWs samples with different AQNWs deposition
duration and constant 400 rpm agitation speed) 8D-AFM of SiO,/AgNWs samples
with different AQNWs agitation speed and constant 30 minutes deposition duratipn. (g
3D-AFM image ofVO2/AgNWs sample withdifferent AQNWSs deposition duration and

constant 500 rpm agitation speed. Note the different height scale.

Figure A4 Optical photos of (a) reference sample £0@ glass SA0/00. (b) Delayer
template A4/30. (@) SIQ/AgNWs samples (c) SA4/30, (d) SA4/60, and (e) SA8/30,

respectively.

Figure A5 (a) Distribution of nanaone peaks height value for SIABgNWs samples
with varying agitation speed (rpm). (b) Disuition of nanecone peaks pitch value for
SIO/AgNWSs samples with varying agitation speed (rpm). (c) Distribution of «cane
peaks height value for SHAgNWs samples with varying deposition duration (min). (d)
Distribution of nanecone peaks pitch valutor SiO/AgNWs samples with varying

deposition duration (min).

Figure A6 (a) Comparison of mean height and mean pitch between similar parameters
bare AQNWs nanomesh A5/30, SIBgNWs sample SA5/30, and \MAgNWs sample
VA5/30. (be) Varying incident angl reflectance spectra for (b) SA0/00, (c) SA4/15, (d)
SA4/30, and (e) SA4/60 samp(ég) Supplementary transmission spectrum for Figure 5.5
and Figure 5.7.

Figure A7 (a) STEMEDX signal of VQ/AgNWs multilayer system. Transition
temperature of (b) VAOM and (c) VA5/60 sample. {g) Rum of VA samples plotted
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Figure Captions

against (d) Height and Pitch separately and (e) Aspect Ratio (Height/Pitch) of
corresponding AgNWs template.

Figure A8 (a) STEM of \LOs/VO2 composite film crossection. (b) FFT of the STEM

in (a).

Figure A9 (a) Brightfield and (b) corresponding dafield STEM image of YOs/VO>
composite film crossection taken with upper left quadrant detector. Insert is the detector

indicator.

Figure A10 (a) Brightfield and (b) corresponding dafield STEM image of \b0s/VO>
composite film crossection taken with upper right quadrant detector. Insert is the detector

indicator.

Figure A11 (a) Brightfield and (b) corresponding dafield STEM image of YOs/VO>
composite film crossection taken with bottomight quadrant detector. Insert is the

detector indicator.

Figure A12 Bright-field and (b) corresponding dafield STEM image of ¥Os/VO:>
composite film crossection taken with bottom left quadrant detector. Insert is the detector

indicator.
Figure A13 UV-vis-NIR spectra evolution of (a) 70 nm and (b) 180 nm thig®y/ O,

composite film from pristine to fully aged, respectively. The insert shows the colour

evolution as the aging process progresses.
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Introduction Chapterl

&KDSWHU

,QWURGXFWLRQ

'Q WKLV FKEBANMIURWRB LQIRUPDDMIRE \DFEIRXW/ ¢
ZLQGRZ LWV FXUUHQW IDEULBDMWLRDWERWKR GV
LQWURGODAVMHHIZ RQ SUHVHQWHG LQIRUPDWLRQ
LQWURGXFLQJ +L3,06 DV WKH QRYHO PHWKRG W
EDVHG WKLQ ILOP IRU VPDDW UDQGRG |DZER LFADLV
REMHFWLYHV ZHUH VXEVHTXHQWO\ LGHQWLILHG
VWDWHPHQW (VWDEOLVKPHQW RI IDEULFDYV
WKHUPRFKURPLF ILOP XVLQJ +L3,%8NUXFMXHWQRSP
WHFKQLTXH WR H Q KFQFHIUWRUHDRRAK BBB HSRV LW
RYHUYLHZ RI WKH WKHVLV VWUXFWXUH DV ZHOO
JLYHQ
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%DFNJURXQG

$V WKH ZRUOG SRSXODWLRQ UHDFKLQJ HYHU FORVHU WR
LV DOVR LQFUHDVLQJ UDSLGO\ WR DFFRPPRGDWH WKLV

WRWDO HQHUJ\ GHPDQG ZLOO EH XB] W,RV KIBRRREEK HW XWKLD®
WR UHGXFH WKH HQHUJ\ GHPDQG E\ DGRSWLQJ HQHUJ\

FRQVXPSWLRQ RI WKH EXLOGLQJV VHFWRU ERWK UHVLG
FRQWULEXWLRQV IURP WKH WUDQVSRUR D @® DQIXMVQULLC
RI WKH WRWDO HQHUJ\ FRQIZIXPSWK RQ E QLW & HQJDWH\ GIHFH
RI WKH HQHUJ\ LV FRONGWHD(EY RRQ WRQGLWLRQLQJ DSSO
3] JROORZLQJ WKLV OLQH RI W¥XWRXUHK WR LF R @3/&H DB IS@.L FEOA
ORJLFDO VWHS LQ RUGHU WR UHGXFH WKH RYHUDOO HQH
SURSRVHG WR IROORZ WKLV GLUHFWLRQ LQFOXGLQJ EXW
LQWR[4DRWOVQJ FRRO RRBEMILMG \KWQOL]LQJ VPDBIW ZLQGR?Z

$V RQH RI WKH PDLQ JDWHZD\V WR FRQGXFW KHDW EHW:
ZLQGRZV DUH HQHUJ\ LQHIILFLHQW GXH WR DQ XQGH
DFFXPXODWLRQ GXULQB VXP BXW IIBGEZEDRMABHOH WKH JC
IODW JODVV PDUNHW LV HVWLPDWHG DW QHDUO\ 86' EL

> @-RLQLQJ WKHVH WZR UHDVRQV HQHUJ\ HIILFLHQ
VLIQLILFDQW DWWHQWLRQ IURP ERWK WKH LQGXVWULDO

6PDUW ZLQGRZV DUH GHILQHG E\ WKHLU DELOLW\ WR UHJ
R WKH VRODU UDGLDWLRQ VSHFWUD ZKLFK FRQVLVWYV R
UDGLDWLRQ O9DULRXV PDWHUUBOXODWLK JG PIHIFK B QU R\D (
VWXGLHG QDPHO\ SKRWRFKURPLF HOHFWURFKURPLF DQ

2QH VXMKHBDDO LV YDQDGLXP VEGKIRYUIPRHFKOBRPLF RDWHULD
LQVXODWRU WUDQVLWLRQ 0[10] DA @QRD UWNR R/RJ IVG\PLSAIURX
2 92KDV D PRQRFOLQLF VWUXFWXUBHSBEREQ IU\H WRKIL@V SIDER:
292 DGRSWV D UXWLOH VWUXFWXUH DQGS5HAHFRMHANHB8HWL
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RQ LWV SUREVMIDWIMWWYDRBWLYH DV D VPDUW ZLQGRZ PDWHUI

UHDVRQV LWV PRGXODWLQJ DELOLW\IR{FO WIKHEYALW I
VSHFEFWUXP WKXV HIITHFWLYHO\ FRQWUROOLQJ KHDW LQW
HQHUJ\ QHHGHG IRU LOOXPLQDWLRQ QR H[WHUQDO

PRGXODWLRQ DV WKH UHVSRQVH LV WISRQMUDIOMBRXNY TKHB I
[12,13] +RZHYHWKD¥2 QRW \HW EHHQ FRPPHUFLDOL]HG ZLGF
OLPLWDWLR®RI EIXOONIOAMMKBW DERXW ¢ ZKLFK LV WRR
XVDJH $W WKH \KIDPHOMRIZPYR O D G7RBIEX® DWPRQR XYV WUDQV
7Toxp 7TKH WKHRUHWRREBRO9SIVHGLEZWWE D R RISIHDDRWHN

[14 ZKLOH WKH W\SLEFDO H[SHIWAABMQ®BOVUNKBQWW DQGL
DSSUR[LPD5HO\

,Q D TXHVW WRHLRSWR¥BO SODRSHWWLHRYRUBRXY IDEULFD
PHWKRGV KDYH EHHQ XVHG LQFOXGLQJ EXW QRW OLPLW
[16] K\GURWKHYPNMABO V\QWRJYWDIQG SK\VLFDO YDSRXU G
39' 39' EURDGO\ UHIHUV WR D YDUKRWYV KIVHIFWRPGHISRR
ILOPV YLD WKH FRQGHQVDWLRQ RI D YDSRUL]HG IRUP RI
VXEVWUDWHY 6RPH ZLGHO\ XVHG 39' WHFKQLTXHV LQEFC
HYDSRUDWLRQ GHFRPSRVLWLRQ (GVDRGYRONWWSKWIHDA T
SURFHVVHV WXFKSBVYDXWXKH YDEXXP HYDSRUDWLRQ ZLWK
SODVPD VSXWWHU ERPEDUGPIGW WL KHOPMVH RULFD W\
YDQDGLXP 9®RU D LV FRPPRQO\ XVHG N S\DKHN WIDQ JHIWH V V
R[\JHQ LQ WKH GHSRVLWLRQ FKDPEHU LV DFFXUDWHO\ FR
YDQDGLXP R[LGHV ZLWK GLIIHUHQW YDOHQFHV DQG WKF
WHPSHUDWXUHY WR SURPRWHB WKH FU\WWDOOL]DWLRQ RI

&RPSDUHG WR 39' WHFKQLTXHV PRVW ED WV XGUSHORNF HNHWHH
GHSRVIKWYE LQWULQVLF OLRXKQWIRVIPR@N \ZDHONNBY @RQGLQ
DQG GLIILFXOW FRDWLQJ PLFURVWUXFWX® H OARIFHHI R O
DSSOLFDW IEFDY HRG ¥PDUW ZLQGRZV WR WDNH SODFH D 3¢
JODVV PDQXIDFWXULQJ LQGXVWU\ QHHG WR EH FUHDWHG
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PLFURVWUXFWXUH DQG FU\WWDOO IYRIOMH CFHGLYURR GGIH LK
FRDWLQJ FRPSRVLWLRQ DQG VWUXFWXUH WR DFKLHYH R¥

SUREOHP 6WDWHPHQW

+LJBERZHU LPSXOVH PDIJQHWURQ VSXWWHULQJ +L3,06

WHFKQLTXH ZKLFK XWLOL]HRAKHKRY WONPHBIID @ EUKWYX S
PDLQWDLQ WKH SODVPD IRU VSXWWHULQJ LQ RUGHU WR
39" PHWRR&Y $ VWULNLQJ IHDWXUH RI +L3,06 LV LWV KLJk
VSXWWHUHG PHWDO DQG DL GH NVONDRNFH CRW IPRRID HADAWKD B LQL P
RQ WKH FDWKRGHY DQG VXEVWUDWHY WR EH FRDWHG

GHSRVLWLRQ VSHFLHVY WKHLU HQHUJ\ VWDWHY GXULQJ C
DSSO\LQJ DSSURSODNVDWHKLVXEMWUDWBGEWR WKH 5%HOHFWL
E\ PDWFKLQJ LWV |IUHH HQHUJ\ RI IRUPDWLRQ DQG WI
FU\WVWDOOLQLW\ LVVXHV JDMNRVZRNFK D WKHE FARDWKL @/ KWH @RSRVL
SURFHVVHV DUH YRW DIQV PRIUHOX GIHRUP FRPSDUHG WR

VRO XBADLMVHG SURFHVVHYV PDNLQJ WKHP PRUH VXLWDEOH |

%DVHG RQ WKLV WHFKQRORJ\ WKLV WKHVLV GRP®RWLIQEHV
DQG LWV UHOGI WDQWDRMR®RIQVHXVLQJ +L3,06 SURFHVV WKD
SHUIRUPDQFH L H KLJK WUDQVPLWWDQFH DQG VRODL
WUDQVLWLRQ WHPSHUDWXUH | XDE & LIRAIS¢A#cvRyQhiGhS SUR S U |
service life)IRU VPDUW ZLQGRZV DSSOLFDWLRQ

2EMHFWLYH DQG 6FRSH
7KH REMHFWLYH RI WKH SURMHFWY LQ WKLV WKHVLV LV )
GHULYHG IURP +L3,06 SURFHVV WKDW HPWSBH®R YWK WKPHRFHKUF

VPDAUMWGRZY 7R EH PRUH VSHFLILF WKH REMHFWLYHV DL

1. 7R HVWDEOLVK +L3,06 SDUDPHWHUV DOORZLQJ IRU |
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92 WKLQ ILOP WKDW LV VXLWDEOH IRU VPDUW ZLQGRZ I
2. TR GHYHOR® WQOFAWRX UL QJ W HFRKRGIDTWKIHE/O M KZLWW KL W+ L 3,06
DOORZLQJ IRU IXUWKHU LPSURYHPHQW RI
a. 7TKHUPRFKURPLF SHU kR QBODQGFHO AW KILQ ILOP
b. 6BWDELOLW\ DQG VHUWKE® OLORWLPH RI 92

'LVVHUWDWLRQ 2YHUYLHZ

7KH WKHVLV GBENBUEEWVY RODKBEQG FKDWKDRWIH O P] DINVEWRL(GF RW E
+L3,06 SURFHVY DQG LWV YDULDWLRQ LQ WKHUPRFKURPL
WKH WKHVLV LV VXPPBHIQRZG LQ )LIJXUH

&EKDSWHIRYLGHY D UDWLRQDOKWIURUYWWHKHIJBHRBIOV BKQ B QMF R

&EKDSWIHHY¥ LHZV WKH OLWHUDW XKL XN IIMPEUY. B D WRIRWQ VRI XA
WHFKQLTXHY DQG WKH DSSURSULDWH PRGLILFDWLRQ WR
SHUIRUPLQJ WKHUWRE®QURBPF 92

&EKDIWEFHVFULEHVY WKH WKHRULHYVY DQG WHFKQLTXHV ZKL
92 WKLQ ILOP LQFOXGLQJ WKHUPRFKURPLF SHUIRUPD
FKDUDFWHUL]DWLRQ

&KDSWGEIWFXVVHYV WKH ILUVW PDMRU VHW RIL@EBDWXOWV
GHSRVLWHG XVLQJ +L3,06 RQ FRPPOIUFH DO IPDW WX E D@ UL/
UHVSHFWDEOH GHSRVLWLRQ UDWH RIH[KLBIPWAL A [FHK®O
FU\WWWDOOLQLW\ DQG WKHUPRFKURPLF SURSHRWLIHYV LQ F
KLIJIK WHPSHUDWXUH JODVYVY DQG TXDUW] VXEVWUDWHYV

&EKDSWAHWFXVVHV WKH VHFRQG PDMRU VHW RI UHVXOWYV
ERWWRMDSSURDFK WR HQJL QUHHUOHE MWL NW UK PVQXVUH ZD"
XQLYHUVDO WHPSODWH ZDV IDEULFDWHG IURP VLOYHU |
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SURRVH W HERS/AHIBWHI R ZWXGREEZRPLPHWLF QDQRVWUXFW XU |
QDQRVWUXFWXUHG WKLQ ILOPV KIHG OMHFSMIULMHR & RRPSH.GW U |

&KDSWHWFXVVHV WKH WKLUG PODWRSE VIHBWOR Il IJHWY XEDWYWL RH
ZDV XVHG WR GHSRVLW JRDEHRARORRWEKRIXY BRPSRVLWI
7TKH FRPSRVLWH ILOP DFKLHYHG D UHFRUG KLJK HTXLYDO
z f& DQG UWXSHRBWBMEOKW®W SURSHUWLHYV

&KDSWHXNPPDUKHHWRWHH VHW RI UHVXOWYV GLVEXVVHG LG
WKHVLV KLIJKVKXQRIQWWRIZPH JODVYV VXEVWUDWH JL
DQWHIOHFWLYH ELRPLPHWRNHI® XQLYHUVDO WHPSODWH
IDEULFDWYRMRSWRELHHNY H FRPPHUFLDOWK DG HXOR K DU BRWH
IXWXUH ZRUN LV DOVR GLVFXVVHG

Introduction
Background Objective

Literature Review
Sputtering techniques Performance improvement techniques

|¢

Methodolog
Thermochromic calculation Characterization techniques

i‘

1stresult
High quality VG, thin-film on sodalime glass substrate

|¢

2ndresult
Growth of highly antireflective biomimetic VQon a novel universal template

|¢

3 result
Modification to fabrication process to achieve commercial grade highly durablénir&ilm

|¢

Conclusion and recommendation

i‘

J)LIXUH )ORZFKDUW RQ WKH VWUXFWXUH RI WKH WKHVLV

J)LQGLQJV DQG 2XWFRPHYV
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7KLV UHVHDUFK OHG WR VHYHUDO QRYHO RXWFRPHV E\

1.

(VWDEOLVKLQJ PHWKRGY DQG SDUDPHW HWKL QRIQ OPE U L F
FRPPHUFLDO VXEVWUDWH XVLQJ +L3,06 SURFHVV
'HYHORSLQJ IRU WKH ILUVW WLPH D XQLYHUVDO WHF
ERWWRELRP DRHMLEHFWLYH QDQRVWU XV VRXKIHQ | UIRPPP P X
LQFOXG LDQQGIBL 2

(VWDEOLVKLQJ PHWKRGY DQG SDUDPHWHUV IRU IDEUL
ORZ92 QDQRUROGPRUSKRXV FRPSRW WS X\3L Q68 RQRIFHVV
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&KDSWHU

I[ILWHUDWXUH 5HYLHZ

, Q WKLV FKDSWHU OLWHUDWXUH UHODWLQJ WR V
ZDV GLYLGHG LQWR WZR PDLQ SRUWLRQV 7KH IL
WHFKQLTXHY DQG WKHLU DSSOLFDWLRQV ZLWtE
WKHUPRFKURPIPFV 92KH VHFRQG SRUWLRQ GLVEFX)\
VWUDWHIJLHVY WR HQKDQFH WKHUPRFKURPLF S|
LOQWULQVLF OLPLWBXWMHEG RIWV2DWHILHY LQFOXGE

WKH IDEULFDWLRQ SURFHVV \DQWBXRW X\UXEMWRID W
IXQFWLRQDH 9?2

BBBEBBBBBBBBBBBBB

*This section published substantially as Vu, T.D., Chen, Z., Zeng, X., Jiang, M., Liu, S., Gao, Y.
and Long, Y., 2019. Physical vapour deposition of vanadium dioxide for thermochromic smart
window applicaibns. Journal of Materials Chemistry ,C7(8), pp.21232145. (No written

permission from Royal Society of Chemistry is required for thesis purposes.)
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2.1 Sputtering

Sputtering is a PVD process in which surface particles are physically knocked off the
source material, then condensing on the substrate. The depositing source, called the
MWDUJHW 9 LV ERPEDUGHG E\ HQHUJHWLF JDVHRXV LRQ
incoming ions is transferred to the particles on the surface of the target, brtbakognds

between them and the bulk of the target. These surface particles are changed from solid to
gas phase through the mechanical forces of the bombarding ions. Figure 2.1 is a schematic

of a basic sputtering system

e Substrate and film growth
Film se—
|| .

|
Sputtering Gas — ‘ T ’ :

Art \
L
£®H IJ Sputtering Target

—— Power

Figure 2.1  Basic setup of aputtering systenClassification of sputtering system is based on
the kind of power supplied to the Sputtering Tarffetken from
https://samaterials.wordpress.com/2015/10/28/gaputtering/]

The first crucial factor is the sputtering gas, whichhmalty consists of ultrapure argon for
nonreactive deposition or a mixture of argon with other reactive ggsNQ CHs, HoS,

etc.) for reactive deposition. The sputtering gas mixture is ionized and turned to plasma
through electrical discharge, which happens with the target as the cathode and the substrate
as the anode. In this stage, the kinetic energy of ions in the plastependent on the

power of the electricity applied to the system. Subsequently, this also controls the kinetic
energy of the sputtered particles. The operating pressure of the sputtering gas mixture is

also important as it controls the flux of gaseoussiand thus the deposition rate. After
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being sputtered out of the target surface, ejected particles are deposited on the substrate,
forming a thin film of the sputtered target, or of the product in the case of reactive sputtering.
The properties of the thifilm are greatly dependent on the structure and temperature of
the substrate. Peahnealing can also be done after deposition to improve or change the
quality of the deposited thin film. In summary, there are 4 main parameters that define a
basic sputteng setup: (1) power supplied, (2) operating pressure, (3) substrate type, and
(4) substrate temperature. For the same sputtering system, changes made to these
parameters are the key to change and improve the thin film quality.

Currently, depending on ¢htype of power supplied to the system during sputtering, there
are several types of system, such as direct current sputteringfreagliency sputtering,
magnetron sputtering, highower impulse magnetron sputtering (HiPIMS), andbheam
sputtering. Depnding on the type of sputtering gas, systems can also be classified as either
reactive or nofreactive sputtering. The methods to use these systems in depositing a VO

thin film are discussed in subsequence sections.

2.1.1 Reactive DGmagnetron sputtering (DCMS)

Reactive D@Gmagnetron sputtering is characterized by its three main features:
(1) The sputtering gas is a combination of Argon and reagage
(2) The DC power is used as the electrical source for ionization dspuntering.
(3) Magnetron sputtering is an @on to the traditional system. It uses a magnetic field
to trap and restrain electrons in plasma longer, thereby creating more gaseous ions in
plasma, subsequently enhancing the ionizataie,and increasing the deposition
rate of the system.
By using aDC power source, this technique is the lowest cost and simplest technique for
metal depositionFigure 2.1 shows a schematic of this technique when DC is used as the
Sputtering Target PowekHowever, this is also a limitation because only conductive

materals can be used as the target.
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In the case of V@deposition, vanadium is a suitable target as a transition metal, and a
mixture of argon and oxygen can be used as the reactive sputtering gas. Vanadium is known
for its various oxidation states (Il to 8D it is important to achieve the correct oxidation
state for VQ. According toKang[1], the composition of a V{system can be influenced

by the temperature during deposition and the mole fraction of V and O. Despite knowing
the required mole fraction from the literature, it is hard to achieve perfect®jisition

in practice due to the lack of control betweenrtht@ of sputtered vanadium and oxygen

in the gas mixture. Thus, factors such as th#AOratio, overall operation pressure,
substrate temperature, and structure are tuned so that the V/O mole fraction can be
controlled. Figure 2.2 is the phase diagranvOx as a function of substrate temperature

and oxygen partial pressure reported by Griffiths and Eastwood in[2R7Phis gives a
general idea of how each stated parameter affects the phases in a sputidikd. Qe

detailed effects of each parametare discussed in the following sections.

500°
[ I

|
I S
AR
= 1%
§ f!I VeOi3
= ’ /___,———"/
: lfl
A 1l

AMORPHOUS

1.0

2.0

OXYGEN PARTIAL PRESSURE MILLITORR

Figure 2.2  Phase diagram of V\(Taken from Griffithset al, 1974]

Without post annealing process.Without any postinnealing process, the effects of
factors such as the reactive gas ratio and substrate temperature can be observed more
clearly. Yuce et al. fabricated a ¥@in film on a ecut sapphire (AO3(0001)) substrate

by optimizing the reactivexygen flow ratio (Figure 2.3b) while keeping constant the

38



Literature Review Chapter2

550 °C substrate temperature, 50 W power and 0.85 Pa operatiessilird3]. Raman
spectra of the thin films in Figure 2.3a show a direct correlation between the increased
presences of A0s in the deposited film and the increasing oxygen flow ratio. This is
consistent with how a higher ratio of reactive oxygen flow (233W0%) leads to a higher
oxygen mole fraction, which then results in a higher oxidation state of vanadium after
reaction. Vanadim(V) was formed instead of Vanadium(lV). The optical properties and
electrical properties (Figure 28} of the deposited V&£rlso confirmed the abundant of

VO, at 2.25% Q as the MIT was clear at this level but was not significant at a higher
oxygen leel. It can be concludelt can be concluded that the flow ratio of @irectly

affects the @mole fraction and thus, the phase formation ok VO

(b)

Sample  Reactive oxygen ratio (%)  Deposition time (min)  Average grain size (nm)  Thickness (nm)

A 2.00 45 NA 310
B 2.00 225 <20 120
C 225 225 NA 125
n 250 225 150 124
E 3.00 225 150 127

100{ P (@

Sample B
Sample C
Sample D
——sample E

T T
Sample A
Sample C 4

— Room Temp.
----- 80°C 1 10]

Intensity (a.u.)

Transmittance (%)

|
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Figure 2.3  Characterizations of VOdeposited by reactive DCMS without annealingb)a
Raman spectra of thin films produced at varyingd©flow ratio. (c) Optical and (d) electrical

properties of samples in (a). [Taken from Yetal, 2017]

Zhaoet al. conducted an experiment in whiseven samples of \\Jilms of 120 nm
thickness were produced on-aapphire substrate at different substrate temperatures from

« WR o ZKLOH WKH RWKHU SDUDPHWHUMrtddUH NHSW
ratio) [4]. From the SEM images (Figure 2.4a), the samples could be divided into 3 three
representative groups: G1, G2 and G3. G1 (S550, S575 and S600) had a coarse, rough
surface with a relatively larger grain size. It was reported that G1 contained a porous
structue as seen from the cressction SEM images. G2 (S625 and S650) had a smooth
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surface and compact morphology with fine grains. On the other hand, G3 (675 and S700)
had a rougher surface than G2 but less so than G1. According to the report, there was no
poraus structure detected in G3. These groupings in the microstructure also translated to
differences seen in their XRD spectra. From Figure 2.4b, the author concluded that the
double peak in the XRD spectra could be attributed to the transition of vanadiden ox
from V°* V4 V3 from low to high temperature. The presence of intermediate phases
during the transition from 30s to VO, and from VQ to V203 was the main reason why

there were double peaks in the XRD spectra. This result showed the influenbstaite

temperature on the stoichiometry of the deposited vanadium oxide film.

(b) Bl Trseeng, [T
i . «
Seo] “TUTUTTO T 0ug, » »- S70
(=}
39.739.839.9400401 _ 397398399400401 @, T
$550 $650] B 1 o it (9
ﬁ P1:39.050 l 520 .- 3 (‘l
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Figure 2.4  Characterizations of V&eposited by reactive DCMS without annealing. (a2) SEM
images of VQ deposited with different substrate temperature. (b) XRD spectra of samples in (a).
(c) Optical and (d) electrical properties of samples in (a). [Taken from ethelo 2013]

A crucial aspect of any sputtering depositionlgets the choice of substratecut sapphire

was used by both Zhat al.and Yuceet al.due to its ability to operate at high temperature,
ZKLFK ZDV KLJKHU WKDQ e LQ ER-IWi€ glassSRabattér ,Q SU
substrate for testing because of its potentiatifEahpplication. However, sodane glass

at high temperature exposes the thin film to the potential for the diffusion of sodium (Na)

into the thin film, thus diminishing the transformation ability of ¥O

Zhuet al.[5] deposited VQ@Qon soddime glass substt DWH DW WKH ORZ WHPSHULI
with 3 different buffer layers of Ti© SnQ and SiQ. The other parameters did not deviate
so much from other reported reactive DCMS-get: 80 W power, 0.55 Pa operation
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pressure, 3.25% fAr flow ratio. The XRD pattrns in Figure 2.5a show that Ti® not

a suitable buffer layer because it was not able to hinder the diffusion of Na iat¢dhi®
causing the detection of NaWs and Na\tOs. The SiQ-buffered sample showed the
presence of (M) phase \dQvith its characteristic peak. However, peaks from th@&sV
phase were also present. This means that theb®i@r layer did not manage to help create

a pure VQ thin film. Only the Sn@buffered sample was relatively pure.

Figure 2.5 Characterizatins of VO deposited by reactive DCMS without annealing. (a) XRD
spectra of VQ on different substrate. (b) Raman spectra of 8@ different ZnO thickness. (c)
SEM images of samples in (b). (d) Optical and (e) electrical properties pbYQ35nm ZnO
buffer layer. [(a) Taken from Zhet al, 2016; (b)(e) taken from Zhet al, 2018]

Zhu et al.[6] proceeded further in this area by testing the deposition eforQlifferent

thicknesses of Zn@oated soddéime glass in order to investigate the effectiod buffer

layer thickness on deposited YO$ ORZ WHPSHUDWXUH R e« ZDV XVH

typical parameters being constant: 120 W power, 0.5 Pa operational pressure, and 4.5%

OJ/Ar flow ratio. It was found that a thicker buffer layer promoted tiystellinity of VO,

at a low substrate temperature. This could be observed by comparing the SEM image of

VO, with and without different ZnO buffer thicknesses in Figure 2.5c.

The studies discussed in this section are representative of work in thisnfieidctuded

here to demonstrate the effect of having a buffer layer ontM® films. Other materials

have also been used as buffer layers in other studies and are discussed in a later section.
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With post-annealing processPostannealing in reactive DCMIS typically an extra step

to guarantee the quality of a deposited thin film. This is done to either crystallize an
amorphous film, to continue the reaction in reactive gas without further sputtering or to
purge excessive reactive gas from a deposited ffu et al. deposited VQ film on a

polished silicon substrate at room temperature using varyigyr @ow ratios, 0.06 Pa

operation pressure and 90W poweé}. A low temperature of the substrate undoubtedly

resulted in amorphous VO ZKLFK UHTXLUHG UHFU\VWDOOL]J]DWLRQ D
atmosphere. Nitrogen was used as an inert gas so it would not affect the established
stoichiometry of the amorphousO¢ film. The atmospheric or ambient pressure also

contributed to keeping the stoichiometry.

Not only used as a remedy to ldemperature depositions, but pasinealing is also used

to further improve the quality of Vdeposited at high temperature. Detual. reported
comprehensive findings on this by conductingsi€b annealing process on deposited VO
(m/a/rplane sapphire, 2% 03U IORZ UDWL R[8]. Atbr deposition, VQfilm

ZDV FU\WWDOOL]HG DW *« IRU dveld Qy air oRifiziywhP RV SKH
DWPRVSKHULF SUHVVXUH DW  IRU \Y Vv V DC
(Figure 2.6a) showed a significant decrease irp Y@sence with the increase in air

oxidizing time. As expected, theWs presence also increasegedo the further oxidation

of vanadium to the ¥ state.

In contrast, Huanget al. [9] conducted a posinnealing process in an>@cking
environment to transform the mixed phase vanadium oxide obtained from deposition to
purer stoichiometry V@ In this report, vanadium oxide film was deposited in a 12.5%
O, $U IORZ UDWLR 3D RSHUDWLRQ SUHVVXUH
temperature. XRD patterns of the deposited film revealed the presence of a mpa@advO
V205 phase. After annealing em Ar atmosphere, the@s was eliminated, as seen in the
XRD patterns in Figure2.6b.
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The atmosphere for the pemtinealing process was the deciding factor for achievinga VO
thin film. An inert atmosphere could be used for the crystallization of anpdroos film

and for purging the excessive reactive gas, while an oxygen rich atmosphere can support
the further oxidation of the film to reach the desirable stoichiometry.

Figure 2.6  Characterization of V&xhin film deposited by reactive DCMS with annealing. (a)

XRD spectra of oxidized VOon mplane sapphire. (b) XRD patterns of vanadium oxide film
before and after annealing. (¢) SEM images of ¥&mnples on different substrate before and after
1000s of anealing. Electrical properties of \\Gamples in 15c before (d) and after (e) annealing.
(f) XPS spectra V&thin film with different Q/Ar ratio after annealing: 25%, 32.5%, 42.5%, and

50% respectively. [(ae) Taken from Dot al, 2015; (f) taken fronXu et al, 2015]

VO3 deposition on m a and rplane sapphire was also reported by Dou et al. Before
annealing, different substrates yielded different thin film microstructures (Figure 2.6c).
After 1000 s of air oxidation, all three samples turned etsimilar microstructure.
However, MIT investigation of these samples (Figure 2.6d and e) showed they slowly lost
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their transition ability as they were subjected to longer-poeealing time. The similar
microstructure resulting from the longer annealimge was believed to be>®s, which

agrees with XRD spectra in Figure2.6a.

While the effect of having different substrates may not last after annealing, the effect of
different Q/Ar flow ratios is reported to be conserved, as reported bgtal In their
report, VQ thin film was deposited on a Si(100) substrate at room temperature, 200 W
power, 0.63 Pa andA\r ratios of 25%, 32.5%, 42.5% and 50%. The deposited film was
DQQHDOHG LQ YDFXXiB]. BRded orkthB X¥PS spectra (Figure R i6tould

be observed that the vanadium oxide undergoes oxidation fFOME/V4* AEV>* with

the increasing amount of20This is consistent with what was reported by Yatal. as
mentioned in the previous section. It can be concluded that if thelmgeae does not
transform VQ to V20, it has no influence on the effect of the different reactive gas flow

ratios.

Figure 2.7 (a) Spinodal decomposition process to achieve-MO, nanocomposite matrix. (b)
Optical performance of Al (sample fabricated by process in (a)), C1 (no annealed sample), V1
(pure VQ sample) by G.Suet al, 2016. (c)Z. Chenet al. fv ZRUN F DQG F
images of the VIi separation after anneadjninset shows the SAED pattern. (c2) and (c4)
Combined STEM and energlispersive Xray spectroscopy mapping oftMue and Tigreen

Postannealing can be a powerful tool to remedy and correct the stoichiometry of the VO

film or to complete the fabricath process. However, excessive annealing causes the

44



Literature Review Chapter2

formation of \bOs from VO, and hinders the film MIT ability. Careful planning for the

annealing process is therefore needed to achieve a balance.

Aside from the traditional processes mentioned above;grmogealing can also be utilized

to fabricate composite films of \VM@hrough a spinodal decomposition mechanism.&un
al.[11, 12]Jand Cheret al.[13] managed to fabricate a selésembled multiplayer structure
TiO2 /O> thin film (Figure 2.7a and b) by sputtering amorphouydiyO. at room
temperature, followed by annealing this amorphous film to achieve a composite structure.
The final matrix, as seeim Figure 2.7c, had alternating-Nch and Tirich phases. As
reported by Sumt al [11] in Figure 2.7b, the optical properties the MBin film were
boosted significantly by doping with T¥®hrough this spinodal decomposition process.

2.1.2 ReactiveRF-magnetron sputtering (RFMS)

The traditional sputtering system using DC power source is only capable of using
conductive materials as the target. The need to sputter a wider range of materials thus led
to the development of RF sputtering in which aeralate current (AC) is used as power
source instead. This alternate current with a standard frequency of 13.56 MHz is used to
create an alternate bias between the substrate and theRkayget.2.1 shows a schematic

of this technique when AC of 13.56 MHg used as the Sputtering Target Povigyr.
constantly changing the target as the cathode and anode, it prevents insulating the target to
accumulate a positive charge over the course of sputtering. Thus, RF sputtering can be used
for conducting, insulatingind semiconducting materials. This means that metallic VO
materials can be used as a sputtering target. This is further discussed in the nonreactive

sputtering section.

Reactive RFmagnetron sputtering is very similar to its DC counterpart and so the
traditional parameters, such as/A& flow ratio, substrate heating and substrate
microstructure, still play crucial roles in deciding the quality of deposited films. However,
using an AC power source allows generally a higher sputtering power to be ngguly ra

from 100 W[14] to as high as 450\L5]. This increased sputtering power also eliminates
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the annealing step in most reported papers, except when room temperature deposition is

attempted16].

Figure 2.8  Characterization of V@deposited by RFMS: (a) XRD patterns, (b) transmission
spectra, (c) transition temperature for each sample, (d) AFM images of each sapi& Deof

VO, deposited on different substrates at different temperature. (g) RFMS with RF substrate bias
setup. f) Transition temperature and (i) electrical properties changes eftAfi®film against
substrate bias applied. [(&J) Taken from Jiangt al, 2014; (e)(f) taken from Panagopoulaat

al., 2015; (g) taken from Azhaet al, 2015; (h)(i) taken from Azlanet al, 2016]
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Despite the similarity to its DC counterpart, the effects of conventional parameters are still
investigated for VQ@thin film deposited with reactive Ragnetron. Jiang et al. reported
investigations on a series of Y@amples on quartAODVV DW « ZLWK :5) S
under 1.0 Pa of varyingQlow [17, 18] Instead of the traditional stoichiometry change

with varying the Q/Ar flow ratio, the report gave a fresh viewpoint on the effect of the

O2/Ar flow ratio on singlephase V@ thin film. While the XRD patterns (Figure 2.8a)

showed no signs of other vanadium oxide phases in the deposited thin film, AFM images
(Figure 2.8d) showed an increasing crystal size as g ow ratio was increased from

2% to 5%. Variations in the optical properties and transition temperature (Figure 2.8b and

F ZHUH DOVR UHSRUWHG ZLWK DQ HI[FHSWLRQDO WUDQVL

Some effects of different substrates and substrate temperatures were also reported.
Panagopoulou et al. deposited YO W - DQG * RQ YDULRXV VXEVW
glass/ZnON, glass/SnOcommercial glass and a silicon substridi®). XRD analysis

(Figure 2.8e and f) produced neuarprising results indicating a betfermed VQ using

WKH KLJKHU VXEVWUDWH WHPSHUDWXUH RI * %URDC(
provided evidence of secondary phases, whether differeptp¥i@ses or different VO

stoichiometry, formed during deposition.

Aside from the traditional parameters, different methods to modify the sputtering process

are also possible under RFMS. One of these is to create a secondary bias acting on the
substrate concurrently with the RF actmgthe target. Azhaet al.conducted a series of
experiments using reactive Rkagnetron sputtering and RF substrate bias to deposit VO

on a single crystal sapphire substfat® 21] This setup is shown in Figure 2.8g. By using

RF substrate bias dugndeposition, the reported transition temperature of the i@

ZDV  |IRU : ELDVLQJ SRZHU 7KLV LV DQ H[WUHPHO\
FRQYHQWLRQDO WUDQVLWLRQ WHPSHUDWXUH RI .« +R
biasing power showed sidicant decreases in MIT ability. A balance between the
transition temperature and MIT properties is thus needed so thefilv® deposited by

this method can be considered for further application.
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2.1.3 Reactive pulsed direct current magnetron sputtering (pD®1S)

Pulsed direct current magnetron sputtering is the result of combining the DC power source
from conventional DCMS and the concept of alternating bias to prevent target charging
from RFMS. Instead of using an AC power source with frequency in the cdrigeiz,
pDCMS still uses a DC power source with a pulsing capability in the range of kHz. This
prevents charge accumulation on the insulator target surface, allowing a wider range of
materials to be used with a DC power source. Additional systems, saubsigate bias,

can also be used in this case while being traditionally redundant in conventional DCMS
[22].

2.1.4 Reactive highpower impulse magnetron sputtering (HIPIMS)

High-power impulse magnetron sputtering or HiIPIMS is a recently devetepbdology

that combines magnetron sputtering and pulsed power. Similar to how DC and RF

sputtering are characterized by their method to create plasma from the sputtering gas,
HiPIMS is characterized by the use of high voltage and a short duration enestfphlse)

to generate plasma. Because of this plasma generation mechanismersgi plasma

can be formed on the surface of target materials, causing a higher degree of ionization of
the sputtered particles as well as a higher rate of moleculaigsagidtion compared to

other sputtering methods. In other words, an HiIPIMS deposited thin film often has a higher

density than films from other methods.

Using HiPIMS for VQ deposition is still a relatively new research area. Due to the

theoretical higkr film density, it is expected that higjuality VO, could be deposited with

PXFK ORZHU WHPSHUDWXUH  FRPSDUHG WR LWV '&

any postannealing process. This allows for a wider range of substrate selection; even a
polymeric substrate has beattempted23]. Aside from the conventional parameters like

in other previously mentioned reactive sputtering methods, HIPIMS systems are also
identified by the frequency and duty cycle of their pulses. Sadly, there has beeonho rep
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yet on the effect of these parameters on similarly preparecs&@ples. HiIiPIMS systems
are compatible with additional substrate bias. Results both[#8th2224] and without

[25] substrate bias have been reported.

HiPIMS vs RFMS. Loquai et al. condicted comparison between Y@eposited on B270
glass using HiIPIMS and RFMR23]. The processing parameters utilized, as seen in Fig.
17a, were comparable between both deposition processes, except for a ditidefio®
ratio. From the transmission spectra (Figure 2.9b and c), the optical propertiesfoiivO
by both depositions processed were also similar despite the differenedlowOThis
means that HiPIMS could produce similar grade>\Wa@th half the amounof O, as
compared to RFMS.

HiPIMS vs pDCMS. Aijaz et al. conducted an extensive study on the effect of substrate
temperature, &Ar flow ratio and substrate bias on the quality of\tn films deposited

by both HIPIMS and pDCM£2]. An average powef 600 W was used for both HIPIMS
(500 Hz, pulse oftime of 100 ms) and pDCMS (100 kHz, pulsetifie 1.6 ms). By using

a measured discharge voltage against O2 fraction plot (Figure 2.9c), the point of transition
between the metallic film and insulatinitnf could be singled out. Thus, the stoichiometry

of the VG film could be identified. The thermochromic performance o, W HiPIMS

at different Q fractions, temperature and substrate bias is shown in Figure 2.9d. As
concluded in previous sections, iaasing the @fraction leads to a transition fron?V &

V4 V> This was reaffirmed in this report. Comparison with A\l pDCMSshowed

that HIPIMS is able to produce functional thermochromic,\d0a much lower substrate

temperature.
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Figure 2.9  (a) Deposition parameter and (b) optical properties of M film by RFMS and
HiPIMS. (c) Measured discharge voltage during defmsits Q fraction. (d) Transmission spectra
of VO, thin film with no bias and varying bias and constapfr@ction of 8.7%¢(e) Schematic of
a reactive HiPIMS chamber.

[(@)-(b) Taken from Kimet al, 2014; (c)(d) taken from Yanget al, 2009 (e) taken from

https://www.newmaterials.com/ckfinder/userfiles/images/HIPIMS%20uk_skitse%20af%20kamm

er.jpgl.

2.1.5 Inductively coupled plasmaassisted sputtering (ICPS)
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ICPS is an unconventional modification to conventional sputtering methods. In addition to
the magnetron plasma produced by a magnetic field near the target surface, conductive
coils are installed in the space between the target and the substrate (Figure 2.10a). This
configuration can further enhance the plasma density during sputtering, geac@nsity

comparable to HiIPIMS but without the use of extremely high energy pulses.

Reports on V@deposition using ICPS are limited to a couple of research group due to the

niche setup [26-30]. Mian and Okimura compared conventional RFMS and ICP§jusin

ORZ WHPSHUDWXUH e GHSRVLWLRQ DQ26]. "RDDGLWLR
spectra comparison (Figure 2.10d and e) showed an exceptional quality of thkirvO

ILOP GHSRVLWHG DW e E\ ,&36 7KH ;5" SHDNV IURP WKl
ITODQG 6L VXEVWUDWH ZHUH FRPSDUDEOH HYHQ VKDUSH!I
RFMS.

2.1.6 Inverted cylindrical magnetron sputtering (ICMS)

ICMS is another modification of the conventional RFMS-g&t Instead of additional
magnetic coils, like in ICPS3 perpendicular cathode and anodeugets used (Figure
2.10Db). This seup is useful for deposition on a substrate with a complex geometry. Aside
from this niche usage, other parameters for ICPS do not deviate too much from
conventional RFMS. Research ¥ deposition by ICPS is rare but the reported results

to date are comparable to those achieved with a conventional §4te32]

2.1.7 lon-beamassisted sputtering (IBS)
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Figure 2.10 (a) Schematic of ICPS system [Taken from Nakamatral, 2004]. (b) Schematic
of an ICMS system [Taken from Karet al, 2008]. (c) Schematic of an ideamassisted
sputtering system. XRD spectra of ¥@n Ti/Si substrate (d), and ITO/glass substrate (ak¢m

from Mianet al, 2014].

lon-beamassisted sputtering is different from all the previously discussed sputtering
methods. Instead of generating bombarding ions inside a plasma of sputtering gas mixture,
ions are directly propagated towatdsget materials at an angle so that ejected particles
are deposited on the substrate surfé&igufre 2.10% Because ions are injected into the
chamber using ion guns, the operating pressure in an IBS system is much lower than that
in conventional plasmsputtering. IBS has the advantage of controlling the stoichiometry

of the deposited film by tuning the power of the ion guns. This is especially useful for hard
to-control stoichiometry compounds, such asxVBowever, IBS is still mainly used for

the nonreactive sputtering of vanadium metal thin films instg®l 34] Reactive IBS

requires a dual iogun configuration to control £and Ar separatelf85].
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2.1.8 Non-reactive sputtering methods

A nonreactive VQ sputtering system either uses a \€eramic target as the source
material or consists of 2 steps: deposition of a vanadium metal thin film on a substrate, and

oxidation of the said film into V®

Ceramic target systemAs mentioned in thprevious section, the molar ratio of vanadium
and oxygen during sputtering is one of the most crucial factors to achieve stoichiometric
VO.. A method to bypass this issue is to use a Me@ramic target as the source material
during sputtering. Theoretidgl the vanadium to oxygen ratio in the produced film should

be the same as in the source.efal.reported a typical process to produce stoichiometric
VO using this metho@36]. Nonreactive RFMS was used to sputter M&@ramic onto

Eagle XG glass witla pure Ar atmosphere. Pamtnealing was done under vacuum to
enhance the thin film crystallinity. As expected, RFMS was used due to it being the most
common system for ceramic sputtering. This is because most ceramics are insulators and
are not suitabléo be sputtered using a DC power. HoweverV¥Ounique because it
exhibits metallic properties at room temperature. Thus, DCMS was also attempted and
shown to be successful by Semhal.[37]. VO: is not the only ceramic target that can be
used as a thin film source, and a0¢ target has also been tes{&8]. Due to having a
different stoichiometry, an additional annealing process in anc® environment is

required to reach the final \&Ghin film.

Vanadium target system with pure argon sputtering.A VO- thin film can also be
achieved through the oxidation of a sputtered vanadium film. DCMS is the most common
method to produce a vanadium film as it is the cheapest and most accessible gputterin
system[39-44]. There are also reports, however, on IBS being used ing8a84] The
deposition of a vanadium film is applicable for a wide range of substrates because it is
common practice to conduct deposition at room temperature on a substrate. Th
crystallinity and morphology of the @eposited vanadium film are not the emphasis of
these studies. Most of them instead have been focused on the effect of the annealing and

oxidation parameters on the final Y@Im. Details are not discussed heretlasy are not

53



Literature Review

Chapter2

the focus of thishesis However, it is important to note that this is one of the main synthesis

routes of a VQfilm through a sputtering system.

Table 2.1

Technique

DCMS

RFMS

p-DCMS

HiPIMS

ICPS

ICMS

Power
supply
DC

AC

Pulsed
DC

HIPIMS

DC or
AC

AC

x

Advantage

Cheap

Readily available
Easy to pair with
postannealing
process

Can usenon
conductive target
Higher sputtering
power than DC
Relatively high
energy sputtered
particles

Can use non
conductive target
Mid-range
compromise
between RF and DC
sputtering for both
cost and power

Can use non
conductive target
Extremely high
sputtering power
High energy
sputtered particles
High density film

High energy
sputtered particles
with medium
sputtering power

Deposition of
complex geometric
substrate

54

Disadvantage

x Only for conductive
target

X Limited sputtering
power

x Relatively low energy
sputtered particles

X More expensive thar
DC

X More expensive thar
DC

X Very expensive

Summary of sputtering techniques, their advantages, and disadvantages.

Ref

[3-13]

[14-

21]

[22]

[15,

X Sputtered energy is 22-25]

too high and is
harder to control

x Require highly
specialized power
source and chambet

x Require highly
specialized and
niche setup

x Require highly
specialized and
niche setup

[26-

30]

[31,

32]
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IBS Nil x No sputtering target x Expensive [33-
power source x Require duo ion 39]

X Sputtering is
controlled byanion-
beam

x Compatible with
hardto-control
stoichiometry
compounds

beam gun for
reactive setup
(separate @and Ar
control)

2.2 Strategies to improve performance of VQ@thin films using PVD

As discussed in the beginning of this review, \¥Onot a perfect material and the multiple

intrinsic limitations of VQ need to be addressed before it can be applied commercially.

Over the years, concurrently with attempts to fabricate high quality puee \WAfous

strategies have been developed talifyothe matrix to improve its feasibilities. Each of

the following strategies is proposed to solve at least one of the main problems of pure VO

namely the high transition temperatu@elow Tum D Q Gsolland substrate effects.

2.2.1 Elemental doping

Table 2.2 Effects of selected doping on optical properties ot VO
Dopant Limit (l1THFW; R{ Effecton Tum Effect on O Zq
Eu* 4 at.% ; U& DW 9 9
Mg?* 7 at.% . U& DW 9 9
We* 2.5at.% ; U& DW ; ;
F 2.1 at.% ; U& DW N. A. N. A.
Mo°®* 25 at.% ; U& DW 9 ;
Nbs* 4 at.% - U& DW : :
P> 1at.% ; U& DW N. A. N. A.
Fe* 1.4 at.% . U& DW N. A. N. A.
Sb** 7 at.% ; U& DW 9 N. A.
Zr# 11 at.% N. A. 9 9
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The deposition of V@was performed to investigate its MIT properties with different
fabrication parameters and conditions. In order to manipulate the transition temperature of
VO, the doping of various elements into the M@atrix has become a common strategy.
Table 2.245] shows a norexhaustive list of the dopants that have been investigated over
the years and their effects on the intrinsic properties of Y@ngsten is the most common
dopant due to its ability to greatly reduce the transition temperature oat\i@e epense

of reduced optical properties. Therefore, reports of dopedhd@e mainly focusedn W
[45-47], followed by Al[48], Mg [45, 4951], and surprisingly SJ52, 53] DCMS and

RFMS are most common methods used to fabricate dopedPéDthese processdklere

are multiple methods where the dopant amount can be controlled:

(1) Alimited amount of dopant can be attached to vanadium target during sputtering.
An equal sputtering power is applied on the target and dopant pellets. The dopant
amount in the film is controlled through the number of pellets [#&H#8, 49, 52,

53]. This is the most common sep as a singkarget configuration with one power
source is applicable.

(2) The dopant and vanadium can also bespottered as two targets, using different
power sourcefb0, 51] This is less common due to the limited accessihilftthe
co-sputtering configuration.

(3) An alloy of a dopant with vanadium can also be used as a sputtering[fafpet
This is the least common method due to the limited choice of dopant and the dopant
ratio that can be tested.

(4)  Anamorphous solid solution of a dopant and vanadium can-tdemausited on the
substrate, followed by annealing to spinodally decompose thexnrdtria nane
composite structure. Similar systems and crystal structures are needed for this to be
possiblef11].

Aside from common rare earth elements and transition metals listBable 2.2 noble

metals such as Aib4, 55]and Ag[56-58] have beentadied as potential doping elements
in recent years. The surface plasmon resonance (SPR) properties exhibit by those elements
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at neaflR-vis wavelength open up the possibilities of localized heating to dec@ake

VO2 matrix.

2.2.2 Multilayer structures

Buffer layer. As mentioned in previous sections, usage of buffer layers has been an
integral part of the deposition process ofVBuffer layers serve as a shortcut to broaden
the possibilities of the surfaces to grow aM@in film while keeping glasssathe main
backing material. The usage of any kind of buffer layers is largely to offset negative effects
caused by the chosen substrates on the performance.afivi@ims. Typically, it acts as

a diffusion barrier to prevent impurities from the sulisgasuch as sodium ions in soda
lime glass, from diffusing into V&during deposition, and it can also be used as the basis
for the epitaxial growth of a V&thin film as well as a seed layer that can facilitate the
crystallization of VQ under unconvertnal deposition conditions, such as low deposition
temperaturgs, 6, 5961]. Several studies on different compounds including but not limited
to SiN( [59], ZnO[5, 6, 60] V203 [61, 62] TiO2 [5, 60], and SnQ@[5, 60, 63]have been

done focusing solely on these two benefits of having a buffer layer.

However, some compounds push the advantages of buffer layers further than just being a
seed layer or a diffusion barrier. Montexpal.[63] used InOs:Sn (ITO) as a conduek

layer on soda lime glass to enhance the effect of substrate bias during the RFMS deposition
of a VO thin film. In this study, a buffer layer was used to expand the fabrication condition

of VO, activating an otherwise insulating material as a suitaollestrate. Other

researchers attempted to directly improve the performance of

VO thin film with an appropriate buffer layer. For instance, Chetray. [64] successfully
showed that a GDs buffer layer could enhance the optical properties ot YHIn film,
achieving respectable values fso = 12.2% andlum = 46.0%, which are enhanced by
4.4% and 9.6% compared with pure ¥O
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Antireflection coating and multilayer structure. Because buffer layers are largely used

as a strategy to achietagh-quality VO thin films, their effect on the optical performance

of VO3 is mostly indirect and unrecognized in most studies utilizing them. This is due to
the upper most layer of the matrix still being ¥@he interaction with incident light is
mostlyunmodified with or without a buffer. Hence, an antireflection (AR) coating has been
DGRSWHG DV D VWUDWHJ\ WR LIR&bdRh)HasWwedlids B sducd=D O S U
interaction between £n the atmosphere with VA@hin film, which haseen proven to be
easily oxidized to ¥Os with prolonged uncontrolled exposui&3]. Combining the AR
coating and buffer layers into a ¥@atrix opens up more avenues for development. The
properties of the V@matrix are more flexible as they are now degent on changes to

not only the VQ thickness and crystallinity but also to the type of buffers, type of AR
coatings, and their thickness, respectively. A-eghaustive summary of studies using AR
coatings and multilayer structure is listediable 2.31t is observed that there is a delicate
balance between the enhancemefi@af D Q Gsol0AN increment of one parameter usually
comes with the sacrifice of the other one. It is crucial for studies to understand this
relationship and to achieve a balanf¢hese two parameters.

Table 2.3  Optical performance enhancement of selected 8Gtem using AR coating

Buffer layer AR coating Effect on Tum (IHTHFW &BQ Ref
- Zro; 9 - [65]
- AlOy - : [66]
; 9 [67]
9 9
: : [68]
TiO> TiO> 9 9
9 9 [69]
9 ; [70]
SiNk SiNy +LIJKHVW 9| +LJKHVW 9 [7]1]
WO WO, 9 ; [72]
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2.2.3 Biomimetic structures for enhanced optical properties

Figure 2.11 (a)Optical simulation setip of motheyestructure(b) AFM crosssectional profile.

(c) SEM crosssectional profile of d=210nmd( 7UDQVPLWWDQFH VSHFWUD LQ i
25/90 °C for planar and AR samples with 140 nm thickness, respecija®lygken fronmraylor

et al., 2013(b-d) taken from Qiaret al,, 2014].

In recent years, the development of new technologies has turned to nature for inspiration.
7KH DELOLW\ WR FDPRXIODJH DQG EOHQG LQ ZLWK RQHT\
properties for a lot of optically dependent devices. Camouflage in natachisved by

having either one or a combination of the following factors: low absorption, low reflection,
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or low scattering of lighf74]. By combining this ability with available optical materials,

it presents a new research direction in which bioinspieggbstructure may provide already
established materials with additional functions or even enhance their existing ones. In
previous sections, the two main methods to enhance functional optical properties of VO
thin films: doping and layering had been dissaed. Being different from the above
methods, bioinspired structures to improve MBin films optical performance come
majorly as a modification to substrate to influence the morphology of the overlathMO

film.

Figure 2.12 (a) Photo of a glasswirgutterfly. Its wings feature three regions: transparent, dark
brown and white. (b) SEM image of the transparent region, inset is long bristles or microhairs. (c)
High-resolution image of nano pillar on the transparent region. (d) Statistical analysis of t
nanopillars height measured on the dorsal side of the transparent region. The histogram shows the
height distribution of the nanopillars. A Gaussian profile with a mean heidght &00nm and a
variance of}, = 100nm. Experimental reflectance spectra of transparent region with (e) fixed 623
nm wavelength and (f) entire visible spectrmi) Optical simulations of the random microhairs
structure[Taken from Siddiquet al, 2015]
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Taylor et al. proposed a ntb-eye functionalized surface to enhance The and 0 %l
based on FDTD calculations. The study reported possible-eyatistructure which can
enhancel & of selected VQ@thin film to about 70.3% while maintainingTam as high as
23.1% Different from the multilayer systems in Table 2.3 which operate by creating
constructive and destructive interference bands to enh@ageand 0 &, motheye
structure and its variations enhance transmission by creatingangle antireflective
surfacethrough subwavelength surface engineeffigure 2.11a)75]. The feasibility of

this proposal was subsequently proven by Q&tnal. [76]. Figure 2.1b-d is the
comprehensive summary demonstrating the effect of adjusting the height and pitch of the
motheye nipple structure to the optical performance of overlaying M@ films. The
presence of a motlye structure increasddm and U % of VO2 thin films with obvious
increases in T% compared to planar sample. The aspecthaigitto-pitch ratio) is the
deciding factor of how the mo#tye would affect the Vg&overlaying film. The higher the
aspect ratio, the higher the enhancing factor. However, preparation cege#tructure

on substrate, typically SgJquartz) is commx and often expensive. Fabrication methods
including but not limited to usage of templafé7-79], reactive ion etchind80],
lithography[81, 82] or spinodal decompositidB3]. The listed methods are not suitable
for mass production application.

The limiting factor in fabrication methods of me#ye structures is partially due to the
fixed periodicity resulted from the constant height and pitch of surface feature. Orders and
uniformity require extraordinary effort to attain. Looking into other optioos) nature,
Siddiqueet al. reported a random nanostructure on the glasswing butterfly, -Guegta
which has remarkable omnidirectional argflection propertief84]. Figure 2.12kc show

the glasswing butterfly and the microscopic pictures of its wings. The shape of the
microscopic features on the wing is remarkably similar to that of a-eyemipple with

high aspect ratio. The difference is in the randomness ofizBeard distribution of the
structure on the surface of the wing. Instead of uniformed and constant parameters, the
features on the wing follow a Gaussian distribution. By studying this and simulation based

on the shape, size, and spacing of the featuhes,author reported remarkably low
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reflectance achieved with optimal parameters. Reflectance of consistently less than 10%
and as low as less than 1% was achieved at angle as high as 80° (Figwe).2=tldw

up on the theoretical optimization outlinedthis study, Papadopoul@s al. reported a
replicated structure similar to that of the glasswing fabricated on quartz glasss§i@
circularly polarized ultrashort laser pulses. Shown in Figure 2.13 is the demonstration of
the resulted patterned gtmglass and relevant optical reflectance spectra. The deidae
patterned specimen exhibited extraordinary decreases in reflectance compared to that of
flat, unpatterned one. While the fabrication of this glasswing nanostructure is much
cheaper than #t of motheye, it still utilized laser as the main power source. The power

requirement remains relatively high for scaled up operation.

Figure 2.13 (a) Photograph of a fused silica sample plate) (Reflectance spectra of a pristine
(black lines) andaser treated at one (red lines) or both sides (blue lines) of the fused silica plate.
[Taken from Papadopoul@ al., 2019]
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2.3 Outstanding questians

Despite the extensive efforts by several research groups all over the globe in recent years,
VO thin films for smart window application are still largely theoretical and only feasible

in a laboratory environment. Sputtering in general is an effective approach to deppsit VO
due to its relative simplicity to control the stoichiometry, higgkstallinty, and high
performance. However, the high temperature and-Wégluum conditions required for the
deposition continue to be a hindrance to the mass production sb&@d materials for

commercial usages.

While they can easily be fabricatedowadays, the optical and thermochromic
performances of Vexhin films continue to be a significant roadbld8lk]. At this moment,

while it is possible to achieve a near room temperagdioe VO- thin films through doping,

it often comes with it a sacrifice to eithBim R UTséidue to the resulting impurities and
irregularities in the films caused by the introduction of foreign atoms into the matrix.
Meanwhile, Tium and U 41 have been increased by aiesy of methods with limited effects,

such as a muHliayered architecture.€., buffer layerd5, 6, 19, 27, 50, 52Jor sandwich
structuregf73]), or nanepatterning of VQ[86, 87] However, it is of utmost important for

all these three key parameteesite improved simultaneously. Further studies inte VO
performance optimization should adhere to this line of thought. On the other hand, the
addition of functional layers onto the Y®ased smart window architecture has opened up
the question of whetherutti-functional smart windows can be achieved. Further research
into this area by adding stibbnctions, such as setfeaning or sethealing ability, would

keep VQ-based smart windows competitive among the energy conservation research

landscape and funional windows[88-92].

It is to be noted that most studies about:\¥&@us on material properties and ignore the

product feasibility aspect of smart windows. Currently, most deposition ofquglity

VO thin films is limited to experimental substratesch as fused silica, and the transition
toregularsoddOLPH ZLQGRZ JODVV LV VWLOO D FKDOOHQJH GXl

and substrate mismatch. A method to circumvent this is to insert buffer layers, but this is
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complicated and detrimentl the crystal formation. Furthermore, the mass production of
VO, coating is still in its infancy and more effort is required to reduce the deposition

temperature and enhance the crystallinity and design of the multifunctional layers.

In conclusion, it is crucial to continue to increase the performance othi®films as a
thermochromic material as well as to bridge the gap between the laboratory standards and
industry largescale production. Continuing efforts to reduce the deposiiompérature,
enhance the crystallinity and uniformity as well as performance improvement and
upscaling are needed to promote the commercialization efiv@ermochromic smart

window applications.
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&KDSWHU

([SHULPHQWDO OHWKRGRORJ\

,Q WKLV FKDSWHU WKH FRBWSRBY INHRU IF KOLMFKW M
GHWDLO 7KH FKDSWHU FRQVLVWHG RI WZR SF
SHUIRUPDQFH FDOFXODWLRQ DQG PDWHULDO
7KHUPRFKURPLF SHUIRUPDQFH LEDNVHGI\WVBDUDPH
ZLQGRZ DQG WKH XQWFWVRQUADRMD B[SODLQHG KHUI
SRUWLRQV FKDUDFWHUL]DWLRQ WHFKQLTXHV
VSHEWURV¥FESS BOHFWURVERS\ $)0 67(0 ('; DOQ
ZHUH LQWURGXFHG 7KHLU SULQFLSOHV ZHUH E
UDWLRQDOH RVWVDIJHTXQSPHQW XVHG
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TKHUPRFKURPLF SHUIRUPDQFH FDOFXODWLRQ

IXPLQRXV W U D7Q\MLO\GNDRGBIU WKW PO \W MADV@ B HOL WH P S H L
GHILQHG XVLQJ WKH IROORZLQJ HTXDWLRQ
I @8pegear6:84;
1 @ 8pe e

,Q WKLV HTXDALLRQ)LIXUH LV WKH VSHFWDGDSWHBV LV
KXPDQ HYH;RE®GLQ )LIXUH LV WKH VRODU LUUDGLDQFH
VXUIDFH RI WKH (DUWK DLU PDVV LOQWHUVHFWLRQ D
f DV IXQFWLRQV RT ZDXMOMIQIWKUDQVPLWWDQFH RI OL.
PHDWKXG DW WRFEHWROODWHPREEFOMWERQVKHQ FDOFXODWEG
Beak Gead Olo F Bead Plo;

Bresmead: L

JLIXUH 6SHFWUD XVHG LQ FDOFXODWLRQ RI WKH WUDQVPLWW
HW DO >@@

, Q WKKNMLEYQIGvréHUH VSHFLILFDOO\ FDOFXODWHG DV
.;<4aa

. | s @'ﬁ.geaéﬁéé
Breal; L <22

Y ;<4aa
17 cma @8gead
DQG

i6eak Beadr % F Goadr 1%

&KDUDFWHUL]DWLRQ WHFKQLTXHYV
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;, UD\ GLITUDFWLRQ ;5"

XRD is the crucial characterization technique to understand the crystal structure of the
material. Fundamentally, XRD makes use of the diffraction occurs when incidaytok

similar wavelength to the space between lattice idesea by the periodic crystal structure

of the material. The scatteredray, whether constructive or destructive interference, is
FROOHFWHG DV VLIJQDO ZLWK D PRYLQJ GHWHFWRU DQG
8VLQJ %UDJJTV /D Z thel ditkdzMirL &@e can be corelated to the distance
between parallel planedg and thus, the plane can be identified.

AL t@ppr < (3.5)

,Q WKLV HTXDWLRQ bray, Wikthe &pariny@etvigaVito IRticé plane

D Q @ the incident angle of-ray.

Figure3.2 D 6FKHPDWLF RI %UDJJYV ODZ E 6FKHPDWLF RI JUL
ZLWK FRQVWDQW LQFLGHQW DQJOH ). Zakedi@ RefRY.LQJ GHWHFWR

Microstructure characterization afiin films in this thesis was performed by grazing

incident angle xUD\ GLIIUDFWLRQ ZLWK ' 'LVFRYHU\ %UXNHU )
scanning range was 10£80° with 0.05° steps. The incident angle was varied 0dsf

to 2.0° for each sample depending on the thickness of the film. The usage of grazing angle
XRD was to control penetration depth ofay into the sample, ensuring that recorded

signal is from the crystallinthin film layer and not the amorphous subst. In situation

where multiple different layers of thin films are stacked together, controlling the grazing
incident angle of the-xay source allowed possible characterization of each layer separately.
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5DPDQ VSHFWURVFRS\

Raman spectroscopy is another technique that can be used to understand the molecular
structure and crystallinity of the material. Different from XRD, Raman spectroscopy
observes the motion (i.e., vibration, rotation) of bond between elements in the Imateria
Instead of xray, a laser source is used as the source probe. While the majority of light will
scatter elastically (Rayleigh Scattering), a small amount of light will scatter inelastically
due to interaction with the bond between elements in the matBepending on the
vibration mode of the bond, different wavelengths of light are scattered and then collected.
The signal is plotted as intensity against their wavelengths. The chemical information of

the material can be then identified through this Raspectrum.

Temperature dependent Raman spectrum analysis in the range -d00®0cmt
wavenumber was done with a Renishaw inVia Raman microscope using 10% powered 514

nm laser. Due to limitations of the temperature control mechanism, Raman spectra were
UHFRUGHG DW D IL[HG LQWHUYDO RI HYHU\ e 7KLV WH

sufficient time for recording of signal.

89 YLV,5 VSHFWURVFRS\

J)LIXUH 6FKHPDWLF RI DLYIP8OHFURPHWHU VHWXS

89YLV,5 VSHFWURVFRS\ LV XVHG WR PHDVXUH WKH DE
UHIOHFWDQFH RI VDPSOHV ZLWKLQ QK H$2ADLYHSMEAAGEIW K E H\
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VSHFWURPHWHU FRQILIJXUDWLRQ LV VKRZQ LQ )LJXUH

SMVHG WKURXJK D PRQRFKURPDWRU RU D SULVP WR LVR
WKHQ VHSDUDWHG LQWR WZR EHDPV E\ DQ DUUD\ RI PLUU
GHWHFWRU UHFRUGY DQG FRPSDUHV WKH LQWHAMWOQRI
RXWSXW WKH DEVRUEDQFH WUDQVPLWWDQFH DQG UHIO

RQ WKH VHWXS DQG HTXLSPHQW FDOLEUDWLRQ ZLWK
UHTXLUHG

Figure 3.4 Homebrew setup to measure varying incidentatrgnsmittance.

Temperature dependent normal transmittance spectra paAMDAgNWSs/VQ thin films

on glass substrates within the range of-2500 nm was measured with UNs-NIR Cary

5000 spectrophotometer at-héh steps. Spectrometer values from -B80 nm were
excluded from analysis and calculation due to errors from changing of light source during
measurement. This was done in similar fashion with published literg8jred].

Transmittance spectra were collected at 20 °C and 90 °C for cdldig and hot (| P i
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temperature representative respectively. Varying incident angle transmittance spectra of
samples within the range of 4000 nm was measured with a homebrew setup as shown
in Figure 3.4.

Fixed 8° incident angle reflecti@pectra of samples within the range of 4@ nm was
measured using the identical integrating sphere as the varying incident angle process.
Varying incident angle reflection spectra of samples was measured using Universal

Reflectance Accessory attachedaitbambda 1050 Spectrometer.

$WRPLF )RUFH OLFURVFRS\ $)0

$)0 LV DAHRQVUXFREWHFMARQPDJILQJ WHFKQLTXH ZKLFK X\
VKDUS WLS WR PHDVXUH WKH WRSRORJ\ DQG PRUSKROR.
UHVRQDQFD@WMIHYHU LV UHFRUGHG E\ D SKRWRGLRGF
VDPSOH WKH FDQWLOHYHU UHVRQDWHY DW D IL[HG IUH
VXUIDFH WKLV UHVRQDWHY IUHTXHQF\ FKDQJHV DFFRUG!|
DQG WKAHSOH VXUIDFH OHDQZKLOH WKH DWWUDFWLRQ |
EHWZHHQ WKH WLS DQG WKH VXUIDFH 7KXV E\ PDSSLQJ
VFDQQLQJ WKURXJK WKH VDPSOH VXUIDFH DQ LPDJH ZLW
IRRPHG 2QH RI WKH PDLQ DGYDQWDJHV RI $)0 RYHU RW
VFDQQLQJ HOHFWURQ PLFURVFRS\ 6 (0FRIQG YKDMY H \W XD
ZLWKRXW GHVWUR\LQJ WKH VDPSOH

AFM is nondestructive for nortonductive surface like V£andSiO,. Thus, it was used
extensively to capture the morphology and to ascertain the crystallinity of the thin film
through examining of particle size and distribution. AFM was also crucial in determining

the height, pitch, and distribution of peaks of tl@bmetic structure in chapter 5. Surface
morphology of AgNWs nanomesh template and subsequent thin films were captured by
%UXNHUYV ,FRQ 'LPHQVLRQ DQG 1; DWRPLF IRUFH PLFUR
YDU\LQJ IURP?2 WR [P Amalysis vas done using Nanoscope 1.5 and XIE

software on image data from each microscope respectively.
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JLIXUH 6FKHPDWLF RI D VLPSOH $)0 PDFKLQH >7DNHC
KWWSV ZZZ QDQRD Q@PRRIFALIFRHF URVP PR S\ @

6FDQQLQJ 7TUDQVPLVVLRQ (OHFWURQ OLFURVFRS\ 67(

J)LIXUH 6FKHPDWLF RI 67(0 LPDJLQJ PHWKRGRORJ\
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6FDQQLQJ WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH LV D
7(0 ZKLFK KDV EHHQ ILWWHG ZLWK DGGLWLRQDO VEDQ
VLPLODUO\ WR DQ 6(0 ,Q W\SLFDO 7(0 WKEH®PRIEFKLV D \
LV LQFLGHQW RQWR DQ DUHD RI WKH VDPSOH 7KH LPDJH
WKH VDPSOH DQG FROOHFWHG E\ D SDUDOOHO GHWHFWF
6(0 DQG 7(0 6LPLODU WREGDPILVRFXNG G Q! 6H (UDPS GH RE |
7KH LPDJH GHWHFWRU SODFHG EHKLQG WKH VDPSOH FRO
GDUN ILHOG ') DQG EULJKW ILHOG %) LPDJH DFFRUGL:
67(0 H[WWD GHWHFWRU FDQ EH XVHG FBQ¥SHUWIMHO)N Wi
VLIQDO ZKLFK LV D EL SHHOD®PXEQ@WRIUD FRADQUHGLWK WKH P
WLPH DV 67(0 LPDJH EHLQJ WDNHQ

67(0 LV RQO\ DEOH WR RSHUDWH ZLWK WKLQ VDPSOH 7K>
XVHG WR SUHBADWHH DVWBRIRBH IRU 67(0 PHDVXUHPHQW ),
QRUPDOO\ *D LRQV WR SUHFLVHO\ VSXWWHU PDWHULDO\
WR GHVLUHG WKLFNQHVV

,Q WKLV WKHVLV ),% E\ ), 2RW XM RVRENKLQ VDPSOHYV
WKLFNQHVV IRU 67(0 ('; RSHUDWLRQ 6(0 LPDJHV RI VDPSC
ZLWK ),% XVLQJ *D EHDP LQVWHDG RI WUDGLWLRQDO HOl
GRQH RQ -(2/ )(PLFURVFRQKP3OWWDQG *DOOLXP *D SUH)
REVHUYHG LQ ('; VSHFWUXP GXH WR XVDJH RI 3W FRDWLC(
LRQV GXULQJ PLOOLQJ SURFHVYVY ,PDJH SURFHVVLQJ ZDV

(QHUGLVSHUMDYWSHFWURVFRS\ (';

$V PHQWLRQHG LQ 67(0 VHFWLRQ ('; GDWD LV FROOHFWH
D ESURGXFW :KHQ WHMBPIREMWKHIBOQR XJK HQHUJ\ LV LQFLGH
WKH KLJK HQHUJ\ HOHFWURQ FROOLGHV L XHODW R P ADD® \
H[ELWHV LW HMHFWLQJ GWVWRUWRLNWHY WRBE JQRIGIFHG
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RXWHU VKHOO HOHFWURQ ILOOLQJ WKH KROH DQG UHOH
HQHUJ\ OHYHO LV FKDUDFWHULVWEBYYQ EIHWKHH G WRRP LH>GHF
PDS FKHPLFDO LQIRUPDWLRQ RI WKH VDPSOH

;, UD\ SKRWRHOHFWURQ VSHFWURVFRS\ ;36

JLIXUH 6FKHPDWLF RI ;36 LPDJLQJ PHWKRGRORJ\

: UD\ SKRWRHOHFWURQ PLFH@VEWBYH \W BFX R QVHFHN VKK A |
SKRWRHOHFWURQV UHVXOWLQJ IURP D VDPSD\H EHH QJ

IXQGDPHQWDO WKHRU\ EHKLQG ;36 LV WKH SKRWRHOHFW
DUH REVHUYHG WR EH HMHFWHG IURP VXULKQBHVKIHDNL QbiL
HQHUJ\ Rl WKH HMHEFWHG HOHFWURQV ELQGLQJ HQHUJ\
XVLQJ WKH IROORZLQJ HTXDWLRQ

$' L DAF:-' E6;

,Q ZKLFK %( LV WKH FKDUDFWHULVWLF ELQGLQJ HQHUJ\
WKH HPLWWHG B KR WEBOSKRWRQ HQHULUY WRHUFRQUQYG QW
IXQFWLRQ RI WKH VDPSOH %HFDXDBQEGRLYVH NQRXQH & (G
EH FDOFXODWHG 7KXV FKHPLFDO FRPSRNDL® ERIQPDGS HGA
DFFRUGLQJ WR WKH %( ILQJHUSULQW RI HDFK HOHPHQW

79



Experimental Methodology Chapter3

SHIHUHQFHYV

[1]

[2]

[3]

[4]

A. Taylor, I. Parkin, N. Noor, C. Tummeltshammer, M. S. Brown, and |. Papakonstantinou,
Optics expres2013 105, A756A764

D. Banerjee. (13 December). X-ray Diffraction (XRD) Available:
https://www.iitk.ac.in/che/pdf/iresources/XRBadingmaterial.pdf

X.Wang, X. Liu, D. Yin, Y. Ke, and M. T. Swihai§hemistry of Material2015 9, 3378

3388

X. Liu, X. Wang, and MT. Swihart,Chemistry of Materials2013 21, 44024408

80



HiPIMS deposition of high crystallinity VO Chapterd

&KDSWHU

+L3,06GHSRVLWLRQ RI KLJK2 FURUWDOOL
WKHUPRFKURPLF VPDUW ZLQGRZV DSSOLFD

,Q WKLV FKDSWHU D PHWKRSRXWIKBJG LIQOD P LRBQOBD
FRPPHUFLDO PD@WWHRH. DI@WDVRGEZDV HVWDEOLVKH
GHSRVLWHGO IRRH URP®NVYV H[KLELWYV H[FHOOHQW
WKHUPRFKURPLF SURSHUWLHV KJxKHVW OXPLQR
DQG VRODU RR&GXODWILRQFRPSDULVRQ ZLWK VL
SUHSDURQ B2JK WHPSHUDWXUH D@WBIVV DKHG KLY B U
FU\WWWDOOLQLW\ UHQGHUHG E\ VKRUW GHSRVLWL
LQ +L3,06 SQURIFGWWKH VREK @GBWLKQJKWIKLIO LW\ 9
ILOP RQWR D YDULHW\ RI VXEVWUDWH PRUH HIILF

BBBEBBBBBBBBBBBBB

*This section published substantially ¥s, T.D., Liu, S., Zeng, X., Li, C. and Long, Y., 2020.
High-power impulse magnetron sputtering deposition of high crystallinity vanadium dioxide for
thermochromic smart windows applicatior@eramics International46(6), pp.814538153. (No

written permission from Elsevier is required for thesis purposes.)
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4.1 Introduction

Several methods such as chemical vapour deposition (EMD)ydrotherma[2-4], sot

gel synthesig5-8], pulse laser depositiof9-11], ele¢ron beam depositiofil2], and
magnetron sputterinfl.3-18], etc have been used in Y&tudies. However, to facilitate

the application of V@as functional coating material (smart windows, temperature sensors,
camouflage, etc)19] only a handful of trangent substrates are utilized such as quartz
glass[14, 20, 21) B270 glasg22, 23] sapphirg24-26], and soddime glasg[17, 27]to

name a few. Even among those, sbaee glass, or float glass, is the most crucial substrate
for feasibility test due teohe fact that it is the material for common window gIgg].
Unfortunately, fabrication of V®usually requires high temperature of above 400 °C for
thin film crystallization[1, 18]. At this temperature, there is certain risk of catiopurities

in sodalime substrate being able to diffuse into the:Waatrix[17]. A number of solutions

have been proposed and tested to reduce and eliminate this problem such as decreasing the
IDEULFDWLRQ WHP SH U D [@7Xx29B2]VerrusEg\bufieR|Zyebs\(e., Ti®y,

SnQ, ITO, etc.) as diffusion barrig¢t7, 27, 3335]. Each of these solutions have its own
limitation. Lower fabrication temperature causes lower crystallinity of ¥i{tn and
possible formation of ¥Os instead of VQ [26]. Buffer layers, on the other hand, increase
the complexity of the fabrication process and cost of production. Both of those factors
would negatively impact the feasibilities of mgseducing VQ coated windows for

industrial applications.

High-power impulge magnetron sputtering (HiPIMS) is a recently developed physical
vapour deposition (PVD) technique which utilizes high voltage andpogfered short

energy bursts (pulses) to maintain the plasma for sputtering in order to achieve higher film
quality thantraditional PVD methodf22, 36] However, HiIPIMS techniques have lower
deposition rate compared to traditional PVD processes because bombardment of target is
done in pulse$37]. This largely limit applications of HIPIMS in a commercial setting

despite tle ability to produce higher quality film than traditional methods. In this chapter,

a high duty cycle HiIPIMS process was used to study the feasibility of depositn@yO

on soddime float glass substrate Biep 8 f& DW QP PLQ nirBx&/tahl U GH SR
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reported HiPIMS processes which range from 0.6nmim/[22] to 4.8 nm/min[23]. The
microstructure, surface topology, and optical properties of(MPon sodalime substrates
were investigated and compared with similarly depositeg(Wpon heatresistant HOYA
N105 silicate glass (HTglass), and quartz glass.

4.2 Experimental setup

VO thin films with different thickness were deposited using Cemecon CC800/9 ML PVD
system. A noto-scale schematic top view of the deposition chamber is showigure

4.1. The 390 cfh99.9% purity vanadium target (HiPIMS in Figure 4.1) was provided by

the system manufacturer, Cemecon. It was situated about 50 mm from the substrate holder,
which rotated at 3 round per minute during deposition. Heating was prbusing two

heaters as demonstrated in the schematic. Temperature during deposition was monitored
using a thermocouple which was situated in the middle of the substrate holder unit and 40
mm away from each heater. Uniform and stable temperature insidehdineber was
maintained throughout the process. This was done to ensure actual substrate temperature
could be estimated as equal to value measured by the thermocouple. Substrate holders were
made of stainless steel which has good conductivity for biagapph and high operating
temperature. Holders were grinded and polished to get rid of any residual films after each
deposition. All substrates and holders were thoroughly cleaned using {Z@baand

blown dried with N before loading into the chamber.

Vacuum chamber was evacuated to under 0.5 mPa, heated up and maintained at 420 °C
throughout the experiment. Before deposition, substrates were furthdeaned by MF
(mid-frequency) sputter etching for 1800s using 300 sccm of Ar gas at constantreress

of 250 mPa at 650 V with a frequency of 240 kHz, 1600 nsmoe. For subsequent \VO

deposition, substrates were subjected to a DC bias of 120 V. Ar gas was pumped into the
chamber first at the flow rate of 500 sccm. HiPIMS power was then supplied witlse
frequency of 1500 Hz and apulse®™LPH R V ZKLFK UHVXOWHG LQ D
The average power was ramped up from 700 W to 3000 W in 30s to reach an average

power density of 7.66 Wct O, gas at flow rate of 53 sccm was introducéigrathe
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ramping up process to ensure formation of a monolayer of vanadium metal. This monolayer

is speculated to act as both a seed layer as well as a diffusion barrier for following VO

film. The pressure was kept at 500 mPa during deposition processhitkness of V@

thin films were controlled by deposition time. Deposition rate was estimated using a stylus
SURILORPHWHU 7D\ORU +REVRQTV )RUP 7DO\VXUI DW

Figure 4.1  Top-down not to scale schematic of vacuum chamWelves leading to vacuum

SXPS $UJRQ JDV LQSXW DQG 2[\JHQ JDV LQSXWHD/\$H FOMIEHOD0
3+L. 3,06 LQGLFDWHYVY WKH WDUJHW &RQWURO IRU WHPSHUDW X
DQG 3ELD VespecHBIQN \"

4.3 Results and discussion
4.3.1 Optimization of deposition parameter
By keeping the HiPIMS average power and substrate bias at constant values, the flow rate

of O2 gas was varied to investigate the optimalcOntent to grow V@thin films. In this

section, VQ was deposited on stainless steel and silicon instead of glass substrates to
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minimize interferences of glass background signal on characterizing result while

maintaining the film stoichiometrgs well as to adhere to limitations @fugoment.

Figure 4.2  XRD spectrum of VOx samples of different O2 flow rate.

Figure 4.2 shows the XRD spectra of 180 nm thick YHih films being grown on stainless

steel substrate using differens flow rate of 40, 50, 65, and 100 sccm. For analysis of the
thin film layers, peaks at 43.5° and 50.5° were excluded because they are contribution from
(111) and (200) plane of ttstainlesssteelsubstrate respective[38]. XRD peaks 24.4°,

33.0°, 36.3°, 41.4%4.2° of film grown in the lower gflow rate of 40 sccm can be indexed

to (012), (104), (110), (113), (116) plane ofOé (PDF#00034-0187) respectively. This

is evidence of @deficiencyduring the reaction leading to,®sformation.By increasing

the Q flow rate during sputtering to 50 sccm, the resulted film gave an XRD spectrum
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with peaks at 27.5°, 55.2°, and 57.0° which can be indexed to (011), (220), and (022) plane
of pure VQ (PDF#00043-1051). No other peaks of eithep®; or V205 were detected.

The absence of both@s and \LOs footprints in this sample shows that this is close to the
optimal Q/Ar ratio for pure VQ deposition. By continuing to increase theflow rate to

65 sccm, presence of>W@s could be indexed at 20.2° which corresponds to (001) plane of
V205 (PDF#00041-1426), coupled with the decreased intensity of the Y€aks as
compared to samples with loweg flbw rate. When an excessive flbw rate of 100 sccm

was used, the presence ofO¢ can be observed prominently with peaks matching the
intensity of the remaining VOpeaks. Analysis of these XRD patterns suggested the
evolution of VQ from V203, toVO; to V20s, which leads to the optimal@low rate for

this process to be determined in the range e6®8ccm.

Figure 4.3  (a) Raman spectrum of W) at low temperature against ¥@®) at high

temperature. (b) Raman spectrum in situ heating.

To further confirm the successful deposition of purex\Widn films using the selected
parameters, temperatudependent Raman spectroscopy was done or M@ film
deposited on silicon substrate using 53 scenfl@v rate. Preparation of ViCthin film

was changed from stainless steel to silicon wafer substrate tomtations of instruments.
Figure 4.3a present the spectra of \fidn measured at different temperature. At 25 °C,
Raman peaks of 193, 224, 312, 289, 495, and 614azm all be attributed to VAQM),

which is consistent with other published w¢89]. In contrast, Raman spectrum of the
same sample at 9€ showed no peaks, aside from the substrate peak, which is a known
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behaviouiof VO2 (M) after transforming to V&(R) phase at temperature above 634@.

Figure 4.3b demonstrates the gradual fiamnsation of VQ (M) to VO (R) with the
gradual fading of all characterizing peaks when temperature was increased from room
temperature at 2% to 90 °C. Reversibility of the sample is also shown with the increasing
SHDNVY LQWHQVLW\ ZrécHr@edwutirg co08lIHG-fihID °Z kbl2Hi °C.

Transition temperature2 of deposited VQ thin film was further confirmed through
hysteresis loop shown in Figure 4.3was calculated through the changes of measured
transmittance at 2500 nm. Reported figure2at e« LV DQ DYHUDJH RI WKH
temperatures from collected from both heating and cooling process. Zlikisvithin
reasonable range of the theoretical « R1 S X WlEn®i# agreement with the Raman
measurement which indicates complete transformation of Q to VO2 (R) when
WHPSHUDWXUH ZDV UDLVHG IURP « WR .

Figure 4.4  (a) Hysteresis loop of V£hin film deposited on sod® L P H . of #Oz2hin film
deposited on sodame

4.3.2 Different substrates
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Figure 4.5  (a) XRD spectra of V&(M) on different substrates. (b) Zoomedof (001) peak.

(c), (d), (e) are those spectra in comparison with those of their bare substrates respectively.

Figure 4.5 summaries the results of investigation W@a(M) thin films with thickness of

95 nmon different glass substrates. Comparison between XRD spectra,athirCiilms
(Figure 4.5a) demonstrates successful deposition ofMYon different type of glasses.
Considering the peaks fdnin films on all substrates, \M) prominent peaks af011),

(002), (220), and (022) planes can be identified and indexed to the appropriate angles
according to database PDF#083-1051. While the general positioaf peaksaresimilar,

peaks intensity as well as exact peak possthifted corresponding thangesn substrate.

This is within expectation as different substrates cause different level of stresstun the
film matrix during deposition. Focusing on the most dominant peaks which is of (011)
plane (Figure 4.5b), the intensity is strongest fon0 on HTglass, followed by soda
lime, while VO on quartz is barely stronger than other minor peaks. This, however, is not
an indication of unsuccessful deposition of M quartz but is mainly an effect of strong
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background signal on XRD spectrum. Digethe use of grazing incident angle XRD,
background signal by both setimme and HTglass substrates were generally muted and the
signal by VQ(M) thin films were more prominent (Figure 4.5c and d). However, as seen

in Figure 4.5e, the constant 2° grazingident angle was not enough to diminish the signal

by a crystalline substrate such as quartz. Broad peaks at 23° (Figure 4.5a and e) for VO
on quartz are attributed to the underlying substrate. Changes to the grazing incident angle

was not made to main uniformity of the data.

About the exact position of peaks, zoonieaf (011) peak shows variations in the order

of 0.1° between VeIM) thin films on different substrates. These minor shifts can be
attributed to the differences in the morphology oftthia films which can be observed in

their respective AFM images (Figure 46t VO;(M) on sodalime is noruniformed with
mixture of small and lakggrain in sizes and a relatively rough surface RithS= 26.8

nm. Similar observation is also seen in HTglass with a slightly smaller valR&18&

25.9 nm and less variations between grain sizes. The grain boundaries of film on HTglass
are also much me welldefined than those on setime. The differences are more
prevalent when HTglass and sddae sample are compared with quartz sample. Film on
guartz is smoother than both former cases RithS= 8.88 nm. Grain sizes for \\(M)

thin film on quartzare also less varied and more defined.

Table4l 7KHUPDO ([SDQVLRQ &RHIILFLHQWn (ToRANA/RVESWINV UD W H V

this work and similarly reported work in literature

Substrate | . . Deposition Estimated | Tium/% | UTso/% | RMS/nm | Ref.
! W HP SHUD| Thickness/nm
180 8.6 3.4 4.12
150 15.6 10.6 18.4
Soda 120 15.2 12.0 This
9.1 420
lime 95 24.4 8.8 26.8 work
X
glass 65 28.4 7.6
10°
40 304 6.7 27
80 29.0 5.0
400 [41]
77 28.5 5.0

89



HiPIMS deposition of high crystallinity VO Chapterd

88 30.5 4.0
300
85 28.5 3.0
5.9 150 13.8 11.8 13.1 _
This
HTglass | x 420 95 22.0 10.6 25.9
work
10° 65 15.2 7.1
0.59 150 10.7 13.0 7.86 _
This
Quartz x 420 95 19.3 12.2 8.88
work
106 65 30.1 9.9

The RMS differences can be explained by examining the thermal properties of respective
substrate. Sodime glass has the highest thermal expansion coeffipdjtamong the

three at about 9:0.5 x 1 K1, followed by HTglass at about 6 x4&™*. Among the

three substrates in this studyartz glass has the lowest thermal expansion coefficient at
about 0.59 x 1® K1, which is one order of magnitude smaller than the other two. Due to
this varying degree of thermal properties, the three substatese different levels of
lattice mismatch to the VOWKLQ ILOP DIWHU GHSRVLWLRQ DQG FRF
different mismatch degree manifests in the thin film morphology. WhilefMf® on soda

lime glass substrate consists of different grain sizem mall to big grains, V&film on
HTglass has smaller RMS, less variation and the boundaries between grains are more well
defined. On the extreme end, ¥Y@n quartz is uniform with single digit nanometre range
RMS (Table 4.1).
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Figure 4.6 (@), (b), and (c) are the 1xIn AFM phase images of 1000s (95 nm) deposited VO
(M) on soddime, HTglass, and quartz respectively. (d), (e), and (f) are the 3D height images of

respective samples.

NIR-UV-vis spectra in range of 2582500 nm (Figure 41) shows general good switching
behaviourfor thin films on all substrates. CaletédTium D Q Gsoifirom the NIRUV-vis
spectra are shown in Table 4.1. Linking back to morphology offMDthin film, more
uniformly crystallized films (quartz) can be observed to have better switching capability
than less uniform one (sodiene) as show Figure 4.¢. Compare with V@M) film on
quartz, VQ(M)onsodaOLPH KDV  T®IRZeApected that more uniform ¥M™)
isfavouredio undergo more drastic MIT at similar temperature chakgshown in Figure
4.7a, when V@ undergoes MIT, ther are changes to the lattice parameters as well as
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structural changes. In systems such as(Mpon sodalime, noruniform lattice changes

cause unnecessary stress, impeding the overall MIT process, caustagahconversion

to VOo(R), lowering R Y H UTyO3MD tiiie other hand, in systems with uniform grains like

on quartz, VQlattices transform orderly and completely intoyY@ JLYLQJTkLJKHU G
However, the increase in uniformity of the Y@in film decreases its ability to transmit

light asTium of VO2(M) on sodaime is 26% higher than quartz counterpart. Translating

this to smart windows scenario means that\d@ soddime has better lumination

application but poorer solar modulation ability

Figure 4.7 (a) Schematics of the MIT &fO, and associated lattice chang@s.NIR-UV-vis

of VO(M) thin films of varying substrates, angj their respective optical performance parameters

4.3.3 Varying VO2 thin film thickness on sodalime glass
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Figure 4.8  (a) NIR-UV-vis of VO;(M) thin films of varying thickness, and (b) their respective

optical performance parameters

VO thin films on soddime substrate of different thickness from 40 to 180 nm were
investigated. Film thickness has a direct and profound effect on the optical performance of
fabricatedhin film. NIR-UV-vis spectra from 250 nm to 2500 nm of samples with different
thickness is shown in Figure 4.8a. This confirms the infrared modulation ability of the
depositedhin films while also showing an obvious decline in the ability to transmit visible
light with increasing deposition time. Calculation of luminous transmitt@weend solar

P R G X O D fu@r liacks this claim as demonstrated in Figure 4.8b. Samples with
thickness from 40 nm to 120 nm have thein D Q Gobehave inversely proportional to
each other. This trend is similar to what previously observeshvdmanging substrates
between sodéime, HTglass, and quartz. This relationship betw@en D Q Gsqllis also

commonly observed in many reported 3Mart windows systei@3].
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Figure 4.9 1x1 m AFM phase images of (a) 40 nm and (b) 180 nm thick(M{Pon soda

lime respectively

S3KDVH LPDJHV RI [ P REWDLQHG IURP $)0 PHDVXUHI
for the relationship between morphology and optical performange O Q Gsofi At

shorter deposition time, the \d@ayer is noruniform and onsists of a mixture of big and

small grains (Figure 4.9a). Uniformity of thinner film is worse than that of thicker sample.

As deposition time increases, the film becomes more uniform with finer grains on the
surface. It is because subsequent layer of M@ is less subjected to trsubstrate lattice
mismatchas well as having the advantage of growing on a crystalline surface, enabling
epitaxial growth. At 1900s, uniform \M@rains was achieved in Figure 4.9b. At this stage,

the morphology resembles ¥@®m on quartz. By enhancing morphology of thé films

with longer deposition process, better solar modulation was achieved at the cost of
decreasing transparency because of increased thickness. Howex@t) Yn films with

thickness higher than theritical thickness divert from this trend. Peaking at 120 nm
thickness, botfium D Q Gsoi0f thicker samples show a decreasing value with higher film
WKLFNQHVY 7KLV WXUQLQJ SRLQW. iBWelHods$nemRg¢d nD W H O\
literature as a feature of increasthg film thicknesg44]. Compared with thinner samples,

light penetration proves to be difficult. This can be seen intNRvis spectrum (Figure

4.8a) as well as the optical photo of sampléguie 4.10).
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Figure 4.10 Optical photo of (a) 40, (b) 65, (c) 95, (d) 120, and (e) 180 nm thicKM)Chin
films on soddime from left to right.

Houskeaet alreported deposition of good performanceS80/inm VQ(M) thin film on soda

lime glass at 400 °C using comparable HiPIMS technique without substrafd Hiato
demonstrate the competitivenessh# reportegrocess, 65 nm thick sample in this work

is canpared with the reported 77 nm samflen of 77 nm sample in Rg#1] is similar

WR ZKDW DFKLHYHG KHUH D JD L Qs MWthis work BQ5SWKH RW
times higher than reported in H8B], 8% to 5%. This work has demonstrated thaioae

uniformed and organized VO 0 ILOP UHYV X O WIkhGTHisQogicLcak #1590 bé
DSSOLHG WR H[SONRJ2LeMh&rel Tad higHdd Ehéryy level userkdue to

denser duty cycle (7.5% compared with 1%) and substrate bias (120 compared to 0 V)
KHOSHG WR DFKLHYH D PRUH FU\VWTDRQIeshi@ similaluk. ZKLFK
Houskaet al reported their findings as a solution to simplified /@) deposition for

industrial scale by eliminating high temperature and bias usage, effectively decreasing
energy consumption in manufacturing process. While that is a brilliant solution for scaling
production of VQ(M) coating, the technique presented heransalternating solution. It

utilizes higher deposition rate, more than 3 times higher than reported by Hbasia7

nm/min compared to 1.8 nm/min) in order to achieve the same performance@i)vVO

coated sod#ime glass in a much shorter time tos#t the higher energy requirement of

higher temperature and bias.

The high deposition rate achieved in this work is attributed to the much higher duty cycle
than normally employed in literature (>1098y, 4547]. A high duty cycles means more
ions are reated per pulse, compensating for thetiofie, and increasing the sputter yield

[37]. On the other hand, a drawback of higher duty cycle at fixed average power is a lower
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peak energy during pulses. This results in low energy sputtered particles witinegrin

forms low quality film. In this case, a combination of high substrate temperature and
favourable deposition geometry due to high tagget to workinglistance ratio offset the

lack of energy in incident particles and ensure that high qualityddn be formed48,

49]. Evidently as shown in this chapter, produced films using the presented technique
demonstrate equal to better quality in both crystallinity and thermochromic properties

compared with other HIPIMS techniques.

4.3.4 Deposition duration limit

While considering V@thin film coating for smart windows application, the thickness of

the film is crucial not only because it is an important factor for optical properties as
discussed in the previous section but also because it dictates the visual transparency of
window glasses. Phograph of samples against a patterned background in Figure 4.10
shows the gradual decrease in transparency of films with increasing sputtering time and
film thickness. At 400s of deposition time, the film is about 40 nm in thickness, has a pale
yellow colour, is transparent, and is hardly reflective. As the deposition time increased, the
reflectiveness of the coating layer becomes more and more obvious. With a coating
duration of 1000s (middle sample), the glass sample is still visually transparent, mgrds a
patterns can still be read through the glasses. However, reflection starts to show at this
coating thickness as compared with thinner versions on the left which show no reflective
silhouettes. At 1900s deposition, Y®!) thin film has a near completeyack appearance
against this background and is highly reflective in normal observation. Longer than 1000s
deposition duration, or film thickness greater than 100 nm, is not recommended for smart
windows application as evidence by samples on the rightgidsh hinder the ability to

read the pattern of the background.
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Figure 4.11 (a) XRD spectrum of VOthin film deposited on sodime glass with increasingly
longer deposition duration. Raman spectrum of YHih film deposited for 2500s and 3700skat (
30 °C and (c) 90 °C.

However, applications beyond smart windows may require higher than 100 nm film
thickness and might need up taicrometre scale for electronic applicatiofis9]
Preliminary investigation into the feasibility of this technique for thicker films was done
with film deposition duration at 2500s (~238 nm) and 3700s (~352 nm). XRD results of
these samples (red and blue in Figure 4.11a, respectively) in contrastatidi &1700s
sample confirm successful deposition of M@m at 2500s. On the other hand, presence
of sodium impurities as well as higher oxidation stai®swvas detected in 3700s sample.
Numerous peaks which can be attributed tg08/(PDF#00041-1426) aad NavVQ
(PDF#000321197) are indexed in Figure 4.11a.

Temperature dependent Raman spectroscopy further confirmed the presence of higher
oxidation state. At 30 °C, neviO, peaks were detected for 3700s sample at 145 and 528
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cml. Those peaks were subseqtly identified as ¥Os in agreement witliterature[50]

(Figure 4.11b). Upon heating abo2eRaman signal of 2500s sample expectedly changed

to that of VQ (R) in accordance with previous results and became featureless. In contrast,
notable peaks reamed on Raman signal from 3700s sample and all of them can be
attributed to \Os. This confirmed formation of d0s as deposition duration is lengthen.
This phenomenon can be attributed to the extended heating duration during deposition
which facilitated aygen diffusion deep into the \\Omatrix. Meanwhile, with longer
deposition and thicker film, the growth rate of the 8pPecies was lowered after achieving
highly crystalline surface at 1900s (Figure 4.9b). Oxygen became more dominant in the
reaction whié the amount of ¥ forming on the surface decreased with time. This resulted

in a slow oxidization of V@film into V205 with extended time in the heated chamber.

On the other hand, presence of sodium impurities in the matrix was not confirmed using
Raman spectroscopy. Despite the uncertainty of sodium presence, it is with no doubt that
this technique is incapable of producing thicker than 350 nm\pQeethin film with the

similar processing parameters.

4.4 Conclusion

Highly crystallized VQ thin films were successfully deposited on various types of glasses
at 420 °C at a deposition rate of 5.7 nm/min. Characterizations using XRD and Raman
spectroscopy confirmed purity of fabricated highly crystallized(A) at this temperature

on soddime glassHTglass, and quartz glass despite the low average target power resulted
from the high duty cycle. No trace of cation impurities was found irp YHh film
deposited on sodane glass even after 1900 s of deposition. Optical performance of
fabricated 95 m VO» coated glass samples are comparable to each other without drastic
differences.Tum varies within 6% with V@-coated sodéime glass having highest value
DW Tsol Blas the reversed trend in which the M@ated sodéime is the lowest
value at9.6%. Optical performance of \&oating on sodéime with different thickness
shows a clear trend of decreasifign D QG L Q F U DiLtQel tutning point of

approximately 120 nm, which is the upper limit of the coating for smart windows
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applicatio. AFM images of the coating confirms continuously smooth coating surface,
which can also be achieved on sdidae glass given sufficient deposition duration. Further
investigation was done to determine the feasibilities of the technique for higher fsickne
VO coating. Deposition duration was found to be limited to less than 3700s when trace of
V205 formation happens. While the formation of®4 due to the long deposition duration

is proven, the mechanism which drives this phenomenon requires furtheteetie fully

understood.

VO: is a versatile material and HiPIMS is a promising technique to deliver high quality
VO, coating for its various application. This work proves the feasibility fop ¥@art
sodalime glass windows fabricated using HiPIMS hviteasonably high deposition rate.
However, this technique is limited within film deposition. For different applications such

as electronics in which V£xhickness is required to be micrometresrange, further
investigation is needed to balance crystallinity and purity of the produced film to ensure its

performance.
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&KDSWHU

$ XQLYHUVDO UKBXINVS\SHRDWMKRWRHMDILQHHL
RWRVSLURGIDAHWWLYH VWUXFWXUH

7TKHUHRWWRXWWHUIO\ KDV WUDQVSDUHQW ZLQJV
RPQLGLUHFWLHRIQDENBERWILRXUQJ WR WKH XQXV
QDQRVWUXFWXUHV ZLWK UDQGRP KHLJKW DQG S
ZLQJ VXUIDFH 7KH EHDXW\ DQG HIILFDF\ Rl VXFK
GHVLJQV EXW GLIILFXOWQNW KULWSIRGSREMHQ P D"
ERWWRPDSKUEDF/LPSO\ VWD FNLAILY PHR® RSQ DAV U

PHVKHV IROORZHG E\ GHSRVLWLRQ RI YDULRXYV
6XFK $J1:V PHVK SURYLGHV WKH WHPSODWH W
LPLWDWLQJ YWKDRWM\R ZL\WQHW ZKLFK FRQVLVWV RI
VLWXDWHRBQEUQR WK FRQWUROODEOH PHDQ SLW
UHVXOWLQJ QDQR VW UXFI\U KB W LFRIKXQ ® HE/R DVGWALL -
DQG ®J1:V V\WWHPV ZKLFK VKRZHG UHGXFHG
UHIOHFWDQFH XS WR DQG UHVSHFWLYHO\

BBBEBBBBBBBBBBBBB

*This section published substantially as Vu, T.D., Cao, X., Hu, H., Bao, J., Cao, T., Hu, J., Zeng, X.
and Long, Y., 2021. A universal robust bottaqm approach to engineer Greito-inspired anti
reflective structureCell Reports Physical Scienc®7), p.100479. (No written permission from

Elsevier is required for thesis purposes.)

103



Universal approach to engineer argflective structure Chapterb

5.1 Introduction

It is common in nature to find species that possess extraordinary functionalities derived
from surface features. Plarjig, insect42], and marine liveg3] often develop remarkable
features to assist them in surviving and even thriving in hostile environment. Most surface
functionalities in natural species are results of unique morphological structures varying
from tens ofnanometreso the size of hundds ofmicrometres For example, one of the

most common biomimetic anteflective (AR) nanostructure is in the form of closely
packed microscopic nipples which create a gradient of refractive index between air and the

substrate, inspired by the nanostruetufound on insec{g-7].

In recent years, the wings of the butteryeta-oto has attracted attention due to their
unique transparency despite the mismatch of refractive indices between the living tissues
(n=1.31.55) and airrf = 1) [2, 8, 9] Gretaoto belongs to the Ithomiini tribe in Central
America and the transparent wings are the results of evolution to evade airborne predators
[9]. While the traditional closely packed nipple structure giving AR functionality is usually
regular and ordereld] the nanopillars found on the wings of iBeetaoto are randomly
distributed with random height and spacing following a Gaussian distribution. It has been
reported by Siddiquet al that this randomness is the origin of the transparency of the
wings which manifested in the form of an omnidirectional broadbandrafiéctive
structurg[2]. Applying such AR structures can enhance the efficiency of different optical
devices such as solar cells, display panels (plasma, CRT, LCD), or lenses by minimizing
loss due to light reflectiof10-14].

However, to mimic complex naturally occurring argflective structures, either ordered

or disordered, is proven to be a challenge. The current approaches to fabricate such
structures using circularly polarized ultrashort laser pUlEgls reactive ion &hing[16],
lithography[17, 18] or spinodal decompositidi6-19] involve costly and complicated
top-down processes. These energy intensive rstdf)ls methods limit the exploitation of
biomimetic antireflective structure in various applications. Thaisnore efficient method

of production is needed.
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Figure 5.1  Fabrication process to create AQNWs dager template Ax/y sample with x00 rpm
stirring speed and y/2 minutes of deposition for each layep.dd@ed VAx/y sample and SiO

coated SAx/y samplare then deposited with appropriate technigues.

Herein, this work presents a simple, easily controlled, and adaptable hgitteohnique

utilizing agitationassisted deposition of silver nanowires (AgNWs) nanonfizZ8h21]
Compared with theeported topdown approaches, the solutiprocessfabricated AQNWs

mesh is used to produce templassisteedeposited omnidirectional broadband
antireflective overcoats. On the surface of this structure, the irregularly arranged pillars
with randomly disributed height and width found on the GklRAW RV ZLQJ DUH PLPL
through protrusion peaks forming at random intersections of monolayered aligned
FULVVFURVVLQJ $J1:V )LJIJXUH ORUH LPSRUWDQWO\
such nanostructure af@und to be controllable simply by adjusting the agitation speed and
duration. AR functionality via nanomesh template is experimentally tested with two
distinct thin film systems: silica (S#pand vanadium dioxide (V& which are deposited

with different techniques in different environment. The resulting nanostructure gave
enhanced antieflections in both silica (Si€2AgNWs) and vanadium dioxide
(VO2/AgNWSs) systems, which is shown by the reduced omnidirectional reflectance of up

to 33% and 70%, respeoslly. Furthermore, V&JAgNWs multilayer system exhibited

both enhanced luminou3i¢m) and infrared Tir) transmittance without sacrificing solar

P R G X O DN)Lvhioh afe often compromised by other me@2s24].
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5.2 Experimental setup

Materials: PEI(MQ § JY) PoRIgvinylpyrrolidone (PVPMw § VLOYHU
nitrate, sodium chloride, ethylene glycol, and glycerol were used as received from Sigma
$OGULFK ZLWKRXW IXUWKHU SXULILFDWLRQ 8OWUDSXUH

Gradient system) was used to process all aqueous solution.

Synthesis of AgNWsUniform AgNWSs were prepared according to literatia®] 1.76 g

of PVP (Myv 8 ZDV KRPRJHQRXVO\ GLVVROYHG LQWR P/
100 °C for 2 h. The solution was cooled to room temperature before 0.474 g ot AgNO

added. An NaCl solution was prepared with 17.7 mg of NaCl, 0.15 mL of ultrapure water,

and 3 mL of glycerol before also being added into the initial solution. Once again, the
solution is heated to 210 °C within 30 mins and then cooled to 100 °C.0ACLB0 mL

of ultrapure water was added before cooling the solution to room temperature for the last
time. The solution was stored for 1 week to stabilize. After 1 week, the AgNWSs can be
obtained by collecting the sediment and washed thoroughly with isateentrifuging at

2000 rpm for 30 min.

AgNWs nanomesh on glass substrasodalime glass substrates (common microscope
slide) were activated by 30 s, 100 W, 50 KHzpgasma etching, then dip coated with PEI
using 2.5 mg mt agueous solution for 30 mite and rinsed in pure water (2 x 5 mins).

The PElcoated glass substrates were subsequently immersed and fixed to the wall of a 500
ml beaker (about 3.5 cm away from tbentrg and parallel to the magnetic stirrer. The
deposition solution is AQNWSs sugm#ed in ethylene glycatontaining water (50%, v/v).

Time and speed of stirring were controlled for different samples appropriately. After the
initial layer was deposited, the substrate is cleaned with ultrapure water in the same
condition for 5 minutes Were starting to deposit the second layer, perpendicular to the

first layer.

VO2/AgNWSs on glass substrat&sgNWs nanomesh on glass is used as substrate for VO

deposition using Higipower impulse magnetron sputtering (HiPIMS) technique detailed
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in chapte 4 Approximately 70 nm of V&film (750 s of sputtering) was deposited on all

samples.

SiO/AgNWs on glass substraté&sgNWs nanomesh on glass is used as substrate for VO
deposition using traditional R$puttering technique utilizing Kurt J. Lesker PVD 75
system. Approximately 70 nm of Si@Im (12000 s, 150 W, 1.22 Torr) was deposited

on all samples.

5.3 Results and discussions

5.3.1 Morphology control by AQNWs nanomesh

Figure 5.2  (ab) 3D-AFM images of AgNWs dutayer template (a), and same template after
SiO; deposition (b); note the different height scales. (c) Schematic of how height and pitch-of nano
cone peaks were measured. (d) Examples of morphologicasaction fromb: bl, b2, b3, and

b4 represent blue, green, purple, and red lines respectively.
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Initial investigation into usage of AQNWs mesh as template for biomimetic AR structure
was conducted with monolayer AQNWs mesh. The monolayer nanowire mesh was
fabricated using agitatieassisted technique reported in literat{28, 21] at 15 to 60
minutes with 200 rpm to 500 rpm agitation speed on glass substrate. AFM images were
captured (Figure AL§ to determine the density of nanowire deposited, defined as the
percentage of area covered by nanowire in one captured image. Figuheshbgy that
increasing both deposition duration and agitation speed leads to higher AQNWSs density of
monolayer template. Based on this initial result, it was predicted that similar increment of
density could be seen for dleoyer AQNWSs template as a response to increaspgsition

duration and agitation speed.

Duo-layer AgNWs mesh templates were prepared to consider the effects of deposition
duration and agitation speed on thehaviourand distribution of AgNWs following
parameters in Table 5.1. Samples are designateddacg to their fabrication parameters,

for example SA4/15 is SUKDAgNWs multilayer sample with dulayer of 400 rpm, 7.5
minutes AgNWSs template. AFM images were captured for-ldyer AgNWs mesh
template (Figure S2) and after deposition of overcoati@g f8ms (Figure A3af). While

the focus of the overall thesis is on ¥@in film, SiO; is used here as preliminary
investigative tool due to its suitability for mass fabrication, low temperature deposition,
and comparability to literature in which Sids often used as the prime material to

demonstrate antireflective properties [15].

Density was measured for template betbie film deposition while individual heighhy

and pitch ) values of peaks were measured aftan film deposition. Measuring
methodology for height and pitch is described in Figure 5.2, by using multiple random,
norrintersecting crossection lines acquired from AFM images. The subsequent height

and pitch datasets yielded a pair of distributions (Figure 5.3) for each sample. Height
YDOXHV IROORZ D URXJK *DXVVLDQ QRUPDO GLVWULEXYV
(lognormal) distribution. Distributions for all samples are shown in Figure A5. The mean

heght varies from approximately 90 nm to 140 nm, while the mean pitch ranges from
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approximately P WR P OHDQ YDOXHV RI UHFRUGHG KHLJ
Table 5.1.

AFM images before (Figure 5.2a) and after (Figure 5U2in)film deposition SiG; in this

case, demonstrate ability of the overcoating thin film layer to adapt to the structure of
underlying AgNWs template. Instead of relatively smooth surface of puediBiGdRMS

= 1.6 nm), fabricated composite film has a rough surface thagisted of randomly
distributed naneone peaks, formed due to intersecting randomly distributed AQNWSs (up
to RMS = 97.7 nm for SA4/45) (Table 5.1). The random distribution nature of the AQNWs
deposition process allows the multilayer film morphology tcehaalleys at places with no
AgNWs and peaks at places with multiple intersecting AQNWSs. The randormpeaie

are randomly distributed, similar to that of repor8deta-oto butterfly structure[2]

(Figure A3), proving the technique to be feasible foriGaion of biomimetic structure.

Table 5.1 SiO/AgNWs multilayer system morphology and optical performance

Sample Deposition  Agitation Mean Mean
. . ) RMS/nm Rlum @80/%
name time/min speed/rpm heightnm SLWFK

SA0/00 - - - - 1.6 7.5
SA3/30 30 300 91.2 1.10 85.0 6.3
SA4/15 15 99.3 0.90 58.0 7.0
SA4/30 30 91.1 0.84 65.5 6.6
SA4/45 45 400 141.7 0.76 97.7 5.9
SA4/60 60 117.9 0.69 91.7 5.1
SA5/30 30 500 118.7 0.76 65.5 6.9
SA6/30 30 600 118.2 0.73 73.6 6.6
SA7/30 30 700 129.8 0.79 94.1 6.5
SA8/30 30 800 111.2 0.72 75.1 6.4
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Figure 5.3  Distribution of measured height (a) and pitch (b) for SA4/30 sample.

As observed in Figure 5.4a, increasing deposition duration yields higher density of AQNWs
(Figure A2ac) on glass substrate and lowering the distance between nanowires. Lower
average pitch value is thus observed in samples with longer deposition timer High
AgNWs density also creates higher possibility for AQNWSs to intersect with underneath
layer. This causes an increase in both the amount and mean height of peaks. The final result
is significant increment of the height/pitch ratio of namome structure ith increasing
deposition time. Optimal deposition time to achieve maximum height/pitch ratio is

observed to be between 45 to 60 minutes.
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Figure 5.4  (a) Plot of measured density of AQNWs dager template (blue) as well as mean
height (black) and meapitch (red) values of SUDAgNWs samples against changing AgNWs
deposition duration and constant agitation speed (400 rpm). (b) Plot of measured density of AQNWs
duolayer template (blue) as well as mean height (black) and mean pitch (red) values of
SiIO,/AgNWs samples against changing AgQNWSs agitation speed and constant deposition time (30
mins).Height and pitch data are represented along with £ StdEM. Density data are represented with
+ SD

Similar comparison was made for samples deposited with vargitgtian speed and
constant deposition time. While mean peak height increases significantly with increasing

111



Universal approach to engineer argflective structure Chapterb

deposition speed from 400 rpm to 700 rpm (Figure 5.4b), the mean peak pitch decreases to
a saturated plateau at around 600 rpm. As reported iatlite[20] and observed in Figure

A2d-i, the agitation speed determines the orientation of the NWs: higher deposition speed
will result in more aligned nanowires. Theoretically, aligned nanowires could be packed
more densely, resulting in a decrease in mpeak pitch. This can be observed most
profoundly when comparing the mean peak pitch between SA4/30 and SA6/30. At the
maximum packing density, only peak height increases as NWs stack on top of each other
while the values of mean peak pitch remain reyiconstant with increasing deposition
speed (SA6/30 and SA7/30).

VO2/AgNWs (VA) samples have similar morphological pattern as observed in
SIO/AgNWSs (SA) samples (Figure A3), but their mean height and pitch values differ from

each other. As shown indtire A6a, both mean peak height and mean pitch values of
VA5/30 sample are smaller than that of SA5/30 counterparts. This could be attributed to
WKH GHSRVLWLRQ FRQGLWLRQV RI KLJK HQHUJ\ ERPEDU
during HiPIMS deposition of @, as well as the crystalline nature of the Midm

compared with the amorphous Sil@yer.

In summary, deposition of AQNWs on glass substrates using agitsgisted deposition
technique resulted in a template for the biomimetic systems considtirgndomly
distributed condike peaks, similar to that of report€@teta-oto butterfly structurd2] The
height and pitch values of the napeaks, which follow random distributions, are

controllable simply by adjusting the duration and speed of the deposition process.

5.3.2 SiO2/AgNWs multilayer system

112



Universal approach to engineer argflective structure Chapterb

Figure 5.5 (a) Reflectance measured at 8palarized source for varying AQNWs deposition
duration. (b)Rum at 8° plotted against AQNWSs deposition duratiBiam data are represented with
+ SD.Insets are schematic of AQNWs orientation of template at low and high depositioBéene.
Figure A6f fortransmission spectrum.

Systematic characterization was carried out to determine the effect of this mesh template,
particularly mean height and pitch, on optical properties of resultant samples. Table 5.1
summarizes morphological and opticesults of studied SUDAQNWSs samples according

to their fabrication parameters.

The effect of AQNWs deposition time on reflectance in the visible range ef@30m is

shown in Figure 5.5a. It can be observed that integrated reflectaftie)(decreass
linearly with increasing AgNWs deposition duration due to the increase in density of
AgNWs. The integrated reflectan&sm is calculated from Figure 5.5a, and the value is
presented in Figure 5.5b. As the control sample SA0/00 gives Ria%nd the 34/60

gives 5.1%Rum, the calculated enhancement is around 33%. Figure 5.6 and A4 present
AFM topography and optical photographs of AYNWs samples. These images
demonstrate how the density difference can be observed in both-raadromicroscopic

scak. The 30 minutes deposition difference between SA4/15 and SA4/45 sample resulted
in more pronounced AR effect of Ag hanomesh on the latter as compared with the former.
This translates to denser and more compact features seen in AFM image of SA4/45 (Figure
5.6¢). The AR capability of the biomimetic system is directly correlated to the increase in
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AgNWs template deposition duration, or in other words the increase in density of AgQNWs

on substrate surface.

Figure 5.6  3D-AFM images of (a) SA0/00, (b) SA4/1&nd (c), SA4/45 sample.

Different from samples made with varying deposition duration, those with varying
agitation speed have more complex integrated reflectance trend (FiguRh.increases
along the agitation speed increasement from 300 rpm to 500 rpm and decreasé&from 5
rom to 800 rpm. According to literature, NWs are not aligned at 300 rpm and their
alignment is improved with increasing agitation speed until a relative constant at 500
rpm[20] The sudden changeskam trend here could be attributed to the improvenien

NWs alignment with increasing in agitation speed.
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Figure 5.7 (a) Reflectance measured at 8° unpolarized source for varying AgNWSs deposition
speed. (bRum at 8° plotted against AQNWs deposition sp&ggl data are represented with = SD.
Insets are schematic of AQNWs orientation of template at low and high deposition Speed.

Figure A6g for transmission spectrum.

The omnidirectionality of th&reta-oto butterfly structure has been proven time and again

in reported literature. Such omnidirectionality was also examined in this study to prove the
fidelity of the fabricated biomimetic multilayer system. Unpolarized source of light with
incident angle ranging from 8° to 65° was used, resulted in spectraure Agbe. The
calculatedrum from these spectra in Figure 5.8a demonstrate ability of thg/ Ri80Ws
multilayer systems to significantly suppré&¥as compared to the control sample through

all incident angles.

The relationship between integrated reféace and mean height and mean pitch is
visualized in Figure 5.8k, respectively. As mean height of nactane peaks increases, the
integrated reflectand&um is seen to follow a downward polynomial trajectory as indicated

in the fitting curve in Figur&.8b. In other words, higher peaks lead to reduced reflectance.
With the number of samples collected in this study, it can be observed that the AR
properties of biomimetic mesh made of silver is inversely proportional to the mean height
of peaks, given that is between 9450 nm. The outlier with large error bars indicates the
robustness of this solution process as the template was produced from monolayer aligned

AgNWs with 5680 nm diameters. Unlike the relationship aboRg;, of the system
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increases in relatively linear fashion with increasing mean pitch values. While this
relationship is demonstrated in Figure 5.8c it is worth mentioning that this study only

focused on the visible region of wavelength from 380 to 780 nm.

Figure 5.8  (a) Rum of multiple samples plotted against changing incident angle for unpolarized
source. (bRum at 8° plotted against mean height of each sampl&cat 8° plotted against mean

pitch of each sampl&.m data are represented with + SD.

5.3.3 VO2/AgNWs multilayer system

After establishing the optimal parameters to control the-rafigctivity through
preliminary SiQ result, he versality of the proposed bottamp fabrication method is
further demonstrated by integrating thmmimetic structure to a V£ Othermochromic
smart window system. Unlike the SiGhin film, functional VQ has temperature

dependent optical properties due to its metalilatortransition (MIT)[24, 2628].
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The crosssection of the V@AgNWSs multilayersystem in Figure 5.9a has a mountain

like feature with a core made of AQNWs (dotted encircled areas) and an overcoat layer of
VO: thin film. In this particular case, the thickness of AQNWs can be measured at three
different levels: 50 nm single NW on thigiit, 87 nm bundled NWs on the left, and 120

nm highly bundled/intersecting NWs at thentre Close up TEM images of Ag area
(Figure 5.9b) and V@area (Figure 5.9c) with their FFT inset images once again confirm
the dominant crystalline characteristic lobth Ag and VQ layers, respectively. The
deposited VQfilm forms a relatively uniform overcoat on the AgNWSs, filling in the voids
between NWs. V@film contours itself on the patterned substrate, alternating between

AgNWs occupied position and void on the glass surface.

Figure 5.9  (ac) Crosssection STEM of a hanrcone peaks on the VA5/60 sample. (a) Dotted
lines indicate AgNWs portion of theystem, clear distinction can be seen between the glass
substrate portion (Glass) and the depostitea film portion (VQ,). (b) Zoomeédn of the AgNWs
portion with two measured-spacing value g= 0.234 nm and= 0.209 nm corresponding to the
(111) and(200) plane respectively, inset is the FFT of b. (c) Zoemeuaf the VQ portion with
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measured -@¢pacing value d = 0.319 nm corresponding to the (011) plane, inset is the FFT of c. (d)
STEM-EDX colour coded for the crossection in a. (¢) XRD spectrum &fA5/60 sample
measured at 2° grazing angle. (f) Reflectance at 8° incident angle of VA5/30 compared to VAO/00
sample.

Further characterization using cressction specimen using STEEDX revealed the
composition and distribution of elements present. Atompercentage of element is
relatively consistent with expected theoretical number based on present compound in the
specimen: Si@ VO, and Ag (Figure 5.9d). Oxygen atomic percentage is close to twice
the sum amount of vanadium and silicon (64.3% comparéaeoretical 70.4%). Certain
degree of error is permitted as the specimen had been put through FIB milling. Re
deposition of milled off particles is a common problem for FIB milling process while
preparing specimen suitable for STEM. This also explaieptesence of Ga and Pt in the
element signal graph in Figure A7a. iBas were used to mill down the thickness of the
specimen while Pt deposition layer were used to mark the position of specimen while lifting
it out of the thin film as well as to preserthe surface feature and contours of the specimen.
Because of the rdeposition effect during the milling process, coupled with the minimal
amount of silver in the specimen, the elemental mapping in Figure 5.9d for silver is not
entirely accurate but isufficient as an indication of relative position of ¥@m
surrounding an AgNW core. Formation of an ¥&gNWs multilayer structure is thus

proven to be successful at microscopic scale.

Table 5.2 VO,/AgNWs systems morphology atitermochromic performance

Agitation Mean Mean

Sample Deposition ) _ Tireoy  Tireoy — OTsof
_ , speed/rp height/ pitch/  Tum/%
name time/min % % %
m nm P

VAQ0/00 - - - 30.6 41.3 22.8 9.3
VA5/15 15 £00 53.7 0.40 36.1 42.6 26.6 8.2
VA5/30 30 48.7 0.33 39.6 44.2 27.5 8.8
VA5/60 60 60.1 0.33 42.1 455 28.5 9.2
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VO2/AgNWs multilayer film was furtheanalysedising grazing angle XRD at constant 2°
(Figure 5.9e). Bare AgNWs template (black) shows strong (111) orientation and (220) to a
lesser extent (PDF#6004-0783). After undergoing 700s deposition process 0$,\KQ

signal is almost undetectable at 2° grgzangle penetration depth. YQeaks (red) for
adequate crystallinity at (011), (022) ar281) according to PDF#6043-1051 can be
detected. This further confirms that crystalline Min film was able to fully overcoat the

AgNWs template.

Similar reflectance measurements as SA samples were done for VA samples in Figure
5.10a with respective integrated reflectance calculated in Figure 5.10b. VA5/30 sample has
smaller integrated reflectanBam than that of pure VEAO/00 reference sample with up

to 70% Rum improvement, 4.6% vs. 15.3% respectively. As shown in Figure 5.10Db,
reflectance improvement is sustained over several changing incident angles, which is
similar to omnidirectional results observed in SA systeNws.temperature dependent

measurement was made due to instrument limitation while acquiring reflectance data.
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Figure 5.10 (a) Reflectance at 8° incident angle of VA5/30 compared to VAO/00 sample. (b)
Rum of varying incident angle of VA5/30 compared teference VAQ/00 sample. (c)
Thermochromic performance of VA samples in the range of 250 QP DW * DQG .

Comparison of thermochromic performance of various VA samples in wavelength between
250 nm and 2500 nm is shown in Figure 5.10c. AgNWs=Hagh absorption of light
within wavelength around 400 nf@9]. Observation into the transmittance spectrum in
Figure 5.10c indicates that addition of AQNWSs into thex¥iin matrix did not manifest
in significant changes to the overall transmittance spectrum, especially around the critical
absorption wavelength of silver. On the contrary, with addition of the template, the
transmittance in visible spectrum (3880 nm) & all patterned samples increase at both
temperatures compared with the reference sample as calculated in Figure 5.11. Presence of
silver in the system also did not change the transition temperature of the overall system
(Figure A7bc). Table 5.2, listinguminous transmittancd&(m) of corresponding samples,
clearly points to significant transmittance enhancement by the AgNWSs underlying
structure with respect tbum. The best performing sample VA5/60, which has the highest
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(60 nm) and the densest peakQ@¥ LW\ SLWFK § P GXH WR KLJKHVW
has 37% higheFium compared to that of control sample VAO/O, 30% vs. 42% respectively.

Theoretically, the AQNWs template should decrease the transmittance of the overall system

due to additional lasorption by silver since the sum of transmission, absorption, and
reflection is constant at 1. However, by significantly decreasing the reflectivity of the
system (Figure 5.10b). the randomly distributed R&RB QH PRUSKRORJ\ RYHUFRP
inherent trde-off and is able to have a positive effect on the transmittance of the overall
VO2/AgNWs multilayer system. Additionally, V&Iilm has inherent brown colour while

AgNWs are white translucent. The addition of AQNWSs into \fiin would not affect the

colour of the film negatively, as evidently in the visible range {380 nm) of Figure 5.10c

As observed in Figure A7d, all samples using the AgNWs nanomesh template has
reduced integrated reflection compared with reference VA0/00 sample. This furthes pro

the efficacy of this general approach to fabricate nanosized templated antireflection surface.
It is also interesting to note that bolawm and UTso of VA samples increases with
height/pitch ratio (Figure 5.11), overcominge of the ultimate challenges in Y0ased
thermochromic devices wher@lso and Tium usually have an inverse relationship to each
other[22-24, 28]

The biomimetic structure provided by the AgNWs nanomesh template decreases
omnidirectional reflectance of \\hin film and greatly enhances it&m with further
enhancement of thermochromic performance. The proposed template is shown to function
efficiently to improvethe omnidirectional antireflection in both Si@nd VQ systems,

which consist of different optical and structural properties, proving its flexibility and

universality.
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Figure 5.11 Tum D Q Gsaplotted against Height/Pitch ratio of corresponding AgNWs
template, th&um of reference VA0/00 sample isditated on the-axis accordingly.

5.4 Conclusion

In this work, a biomimetic AR multilayer system, inspired by @reta-oto butterfly, has
been fabricated by physical vapor deposition of different thin films on monolayer
assembled AgNWs templates. The morphology of the fabricated multilayer system
consisted of randomly distributed nacone peaks adopted from intersecting AghlW
mesh template. The mean height and pitch can be controlled by varying the duration and
agitation speed used during deposition. The AQNWs template was demonstrated to provide
enhanced optical performance to differehin film systems, namely VOand SiQ.
SiO,/AgNWSs multilayer system achieved up to 33% omnidirectional reducti®u®fin
addition, VQ/AgNWs multilayer system achieved up to 3% improvement and 70%
omnidirectional reduction dRum with no adverse effects on thermochromic performance
T'soi  cR This robust and economical solution fabricated template process opens up new
avenue for a simple, easily controlled, and universal bettpntechnique to fabricate
biomimetic AR structure without usage of complex and expensive lithograplager
etching method. Adaptation of this technique allows for -effstient production of
biomimetic nanostructured not constrained by material specification, opening up potential

application in more optical devices.
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&KDSWHU

'XUDBQHZLWK\HDU VHUYLFH OLIH IRU VPDU
DSSOLFDWLRQV

7KLV FKDBWRIWWHG D QHZ VWUDWHIQRURGIDEUI
QDQRFRPSRVLWH WKHUPRFKURRDE WRDWYWFELQ GIR
%\ LQWURGXFLQVWHS GLRJOB6R|UWRFHVY ZDV DFKLHI
FRPSURVHYXLGWRZWK RQDIPRURGHGGHG ZLWKLQ
DPRUSKRPODWUL[ )XUWKHUPRUHV WWXFX\QLIHK & LO\D
ORZHUHG WUDQVLWLRRQ WHPS HWXYWXWKQDEOH \
PRGXODWLRQ DFFRUGLQJ WR VRODU LQFLGHQW D
D VROXWLRQ VSR KLO®UHIMVKHHO LWV LQVWDELOL

BBEBBBBBBBBBBBBBB
* This section published substantially\as, T.D., Hong, X., Wang, S., Hu, J., Zeng, X. and Long,

Y., 2022. Durable vanadium dioxide with -§8ar service life for smart windows applications.
Materials Today Energy, 2,.100978 (No written permission fronklsevier is required for thesis
purposes.)
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6.1 Introduction

VO is intrinsically not the perfect candidate for commercialized smart windows because
it is not the most stable form of vanadium oxide and is constantly in the process of being
slowly oxidized to \éOs under room temperature conditifdj. There habeenamultitude

of studies aimed to prevent the deterioration of.VUhe easiest way to prevent further
oxidation is to encapsulate \d@nd prevent its interaction with high oxygen and moisture
environment. Hence, most of the reported methods require addiadmedation steps to
apply a transparent protective layer (such as BIOSIG) or to modify the upper most
surface structure of V&ilm in order to isolate the functional layer from outer environment
with the limited protectiorj2-10]. Table 6.1summarzesresults and proposed structures
from recent studies which has attempted to solve at@bility. The equivalent service life
(ESL) is calculated based on given information in literature using the accelerated aging
formula (6.1).

Table 6.1  Thermochront and stability performance of structures in literature

6WUXFWXUH Toxp U7vro
g (6/ \HBD  5HI
92 +12 > @
& 92 6L2 > @
92 $Q 7L2 > @
92 66 =Q2 7L2 > @
2 92 :2 > @
6L192 641 > @
GRSHG182L Q29 > @
92#=Q2 ILOP > @
QP 9292 FRPSRYV 7KL\

QP 9202 FRPSR' ZRUI
PIRWH (TXLYDOHQW 6HUYLFH /LIH

This chapter reports a novel esep method utilizing higpowered impulse magnetron

sputtering (HiPIMS) to fabricate a recelnéyh long service life and higherformance V@
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thin film on glass substrate. Anique VQ nanorod structure is formed by introducing
seeding guided growth along with manipulation of gas injection timing and target current
during reactive sputtering, resultimgV20s/VO> thermochromic composite film (Figure
6.1). Fabricated thin filnis shown to retain up to 95% its thermochromism after 50 days
of accelerated aging with an aging factor (AF) of 240, which is equivalent of nearly 33

years in normal environment.

6.2 Experimental setup

V20s5/VO2 composite films were deposited using ax@eon CC800/9 ML PVD system.

A not-to-scale schematic top view of the deposition chamber can be found in lit¢t&iure

A 390 cntf 99.9% purity vanadium target was provided by the system manufacturer,
Cemecon, and was situated about 50 mm from the stéb$todder, which rotated at 3

round per minute during deposition. Temperature during the experiment was provided and
regulated by a series of heaters and thermocouples situated inside the chamber. A constant
chamber temperature was maintained throughautsguttering process. Stainless steel
substrate holders were used for high electrical conductivity and high operational
temperature. All substrates and holders were thoroughly cleaned using-gropand

blown dried with N before loading into the chambe

Figure 6.1  Schematic depicting the fabrication process of th@s¥/ O, composite film.

At the start of the deposition process, the vacuum chamber was evacuated to under 0.5 mPa,
heated up and maintained at approximately 420 °C. A 120 V direct current substrate bias
was used. Ar gas was pumped into the chamber first at the flow rate of S00irtm
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HiPIMS power was then supplied with a pulse frequency of 1500 Hz and a ptiisgeon
R V ZKLFK UHVXOWHG LQ D GXW\ F\FOH RI 7KH DY
600 W to 3000 W in 48s to reach an average power density of 7.66°\WEigue 6.1).
O, was injected 10s after sputtering startegfl@w rate was ramped from 15 émin to
53 cn¥/min within 80s. Constant chamber pressure of 500 mPa and target current within
the range ofiwget= 6.7-7.0 A were maintained throughout depositiongess. After the
deposition, samples were kept inside the chamber for up to 2 hours to cool down below
e EHIRUH YHQWLQJ 'HSRVLWLRQ UDWH LV DERXW QF

6.3 Results and discussion

6.3.1 Thin film deposition

Figure 6.2 D [ 2 APM image of semtoated film (process was stopped in the
transition state between the end of vanadium seeding and the start efrfeetdn). (b) 10 x 10

P2 zoomedin AFM image of black citRXW IURP D F2 AFM[image Bffully
deposited YOs/VO, composite film.

While the VQ deposition process here seems to be similar to the one reported in Chapter
4, the key factor that allows for deposition of nanorod>\@bedded inside XDs matrix

is the introduction of seeding folled by delayed injection of£OAs shown in Figure 6.1,

the sputtering process is divided into two phases. The first phase is the seeding of vanadium
on substrate. In this phase, isolated island of vanadium nucleus is formed through

sputtering of vanadium atal target for a short duration, 10s in this study. At the end of the
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seeding phase, Qs slowly injected into the chamber to react with both existing and
incoming sputtered vanadium. The fbwrate is ramped up slowly within 80s. Figure
6.2ab are AFMimages of sample taken out about 10s into the second phase. These images
demonstrate a uniformed, isolated seed island configuration. Because of the lack of
vanadium and an imbalance &toichiometric ratio, vanadium seeds from tiigphase

serve as the basis for guided growth of\ifanorod while the neeeeded areas develop

into amorphous ¥Os. The end result is a composited film consist of \@ystalline
nanorod encased in amorphougl¥ matrix. The resulted composite film has &atieely

smooth surface (RMS = 2.6 nm) with no obvious grain boundaries (Figure 6.2c) that have
been observed in pure crystalline M@m using similar deposition methdd6]. Detailed

parameters are recorded in the experimental section.

6.3.2 Thin film composition

Figure 6.3 (a) Schematic crossection demonstrating durability enhancing mechanism of the
composite film. (bc) Brightfield and dark field STEM image of J@s/VO, composite film,
respectively; red and blue (dashed) circled areas@mresponding crystalline structures of the

same sample that can be seen differently in both bright and dark field image.

A crosssection schematic of the composite film is shown in Figure 6.3a. Due to the unique
configuration of the composite film, it waredicted that the amorphousOé can act as a
buffer diffusion layer that protesthe functional V@ nanorod from environment, thus

prolonging the service life of thermochromic Y@unctional devices. The theorized
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composite configuration is proven ngi a combination of STEM, XRD, and XPS

techniques.

Figure 6.4  (a) Zoomedin STEM image of composite film crosgction; inserts are FFT of A

and B squared areas, respectively. (b) ZoomedTEM image of area B in (a).

Figure 6.3bc are the brightield and dark field STEM images of pristine 180 nm
composite film, respectively. The encircled areas are crystalline nanorods which are
characterized by their darker appearance in the bfigldtimage and brighter appearance
in the darkfield image. The erircled areas are coded as straight red and dashed blue to
differentiate two distinct areas of the sample. A more detailed look into the crystalline areas
is shown in Figure A@\12. By selectively using detector of different quadrant, it is shown
that thenanorod structures are relatively spaced out at a distance approximately 40 nm and
are polycrystal in nature. The nanorod structures extent from the sulistrateaching
close to the filmair interface, approximately 14165 nm in height and 285 nm in
diameter. The nanorod structures are totally encased in the amorphous matrix and do not
have any direct interaction with air. Figure®igla zoomedn STEM of a nanorod tip and
the film-air interface. The FFT insets of area A and B, respectively, fuitidecate the
crystallineamorphous differences between the nanorod and the matrixalAsedicate
amorphous area with no distinct point after FFT. IresBt on the other hand, can be
indexed further and matched to (011) plane ob0, indicating presence of crystalline
structure.The dspacing of crystal structure in Figure 6B&an be observed as d = 0.315
in Figure 6.4b, which is the-gpacing for VQ (011) plane.
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Figure 6.5 (a) HAADF of composite film crossection; yellov-dashed circled areas are
examples of nanorod structure-qpEDX mapping of area in (a) for-gellow, V-red, and Styan,

respectively. (e) EDX element mapping signal of area-ih) (a
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Figure 6.6 (a) STEM image showing the position of scanned lint wanorod highlighted
with yellow dashes. EDX (b) weight percentage and (c) atomic percentage line sc&h/®04

composite film crossection shown in (a).

EDX mapping of the composite film cressction was also done during STEM operation
(Figure 6.56.6). From the EDX mapping in Figure 6.5c, a concentration gradient of
vanadium can be observed. More V atoms are mapped near the stlhstriaterface and

less so near the fikair interface. Further investigation was done using line scan. The
scanned line in Figure 6.6 was chosen as it intersects a nanorod and would allow a more
comprehensive analysis into the stoichiometry changes as a nanorod underdeds gui

growth. It is to note that line scan EDX is not a precise technique to analyse accurate
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stoichiometry ratio but to observe the changes of such ratio as the film growth. In this case,
the changes of O:V ratio is clear in both the weight and atomicrgageegraph (Figure

6.6). At the substratBlm interface, there are less O and more V, corroborate the seeding
phase as vanadium seeds are deposited andddavare only ramping up after seeding

is completed. The ramping of@ow rate is observed ithe form of increasing O atomic

and weight percentage as the film thicken. The increased O:V ratio is quantified in Figure
6.5e with the signal analysis of EDX mapping. Considering that the quantitative analysis
of O:V:Si ratio was done with the assumptitat glass substrate only consists of-Sitde

actual O:V ratio is within 2 and 2.5, which confirms the mixture ob¥@d \LOs in the

thin film.

Figure 6.7  (a) XRD spectra of pristine X0s/VO, composite film of different thickness. (b)
XRD spectra of pristine and aged 180 nm thicko¥VO, composite film, respectively. (c) XPS
spectra of pristine 180 nm thick®s/\VVO,composite film.
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Atomic composition of the composite film is further characterize using XHRjure 6.2

is the XRDspectrum of pristine composite samples of 180 and 70 nm thickness. Peaks in
the spectrum can only be indexed to the appropriatgdMJpeaks of (011), (002), (021),
(220), (031), and 1) with no eligible \YOs peaks recorded, according to PDF#WI3-

1051 for VO2 and PDF#0@41-1426 for \.Os. This result indicates only detectable
amount of VQ(M) crystal and no YOs crystal. The widening of peaks shown here implies
small crystallite size achieved. However, in this study, peak widening is a direct contisequen
of the nanorod structure. Due to the XRD plane being parallel to the substrate plane, the
characterized crystallite is only the tip of the nanorods, thus their signal appears similar to
small crystallite signal. The thinner composite sample has much ioteasity peaks than

its thicker counterpart because of the fixed angle used during scanning, resulting in less
amount of VQ detected during XROFigure 6.1 is the XRD spectrum comparing pristine

to 50day aged 180 nm composite sample. There is nafis@mt shift in peaks position

and only slight drop in intensity for the aged sample. The small intensity drop is expected
since VQ(M) is to be slowly converted to2?s during the aging process. The amount of
intensity drops, however, indicate excellgmbtection by the amorphous matrix to the
VO2(M) nanorod.

6.3.3 Thermochromism and stability performance

In this section, the optical properties and the stability of composite samples are investigated
using UMVvis-NIR. The composite film has a relatiyesmall MIT hysteresis with
exceptionally lower2=56.6 °C as compared to conventional 68 Fgre 6.8b). The
improved 2 can be attributed to the internal compressive stress in the composite
microstructure. This stress is formed due to mismatch shrinkage betwegl)Vanhd

V20s (linear thermal expansion coefficietf ¢ = 1.7x10° K [17], U ¢= 3.5x10°K™

[18]) during cooling down from high temperature fabrication from 420 °C to 25 °C.
Because YOs shrunk more than V€M), the compressive stress is formed, forcing a
shorter AV bond in VO&(M). The shorter bond length facilitates easier transition from
VO2(M) to VO2(R), resulting in a lowe2 This phenomenon has been discussed at length

in literature[19].
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Figure 6.8 (a) Metatinsulatortransition hysteresis and (b2 of 70 nm thick \bOs/VO-
composite film, respectivelyc) Metatinsulatortransition hysteresis, (d¢ and (f) U\ vis-NIR
spectra of pristine and aged of 180 nm thiclo¥W O, composite film, respectively.

Pristine composite sample of 70 nm and 180 nm thickness were put into controlled chamber
of 100 « and 60% humidity to independently evaluate their thermochromic stahilty
vis-NIR measurements of samples from Z8D0 nm were recorded every 24h in Figure
A13. Accelerated aging factor (AF) of \W¥/20s composite samples was calculated using

the Hallbeg-Peck mode[20], which states the following:

< ndb D 5 ~ E Ao b
—_— - 6.1
L %S gls U%:DF |BDDABCU '%DD'& ( )
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Eais the activation energy (eV), which is 0.7 eV for¥ON LV WKH %ROW]PDQQT\
(8.617x 10° eVK™) and n is recommended asTaeandTws:are the operating temperature
and the acceleration test temperature (both in K), respectiRelye and RHest are the
acceleration test humidity and operating humidity, respectively. The operating temperature
and humidity ofthermochromic coatings in a commercial applicationTake .
298 K andRHyse= 60%. Parameters during accelerated aging test are as follbwased:
. . D RHgse 7KLV UHVXOWH G Th&stability $st §vas
deemed complete when there is an observed drop of ~10&sénwhen compared to

pristine sample.

Figure 6.9  (ab) UV-vis-NIR spectra of pristine and aged®/VVO,composite film with (a) 70
nm and (b) 180 nm thickness. @©ptical photographs of 70 nm thick-0s/\VO, composite film
VKRZLQJ ILOP FRORXU SURJUHVVLRQu groghessiod bE §O3/VO.G 1RUPD

composite film with different thickness.
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The colour evolution of 70 nm thick composite film is recordeéigure 6.9c. Pristine

film had yellowish colour with a purple tint. After th& Bay of accelerated aging test, the
colour changed to dark yellow. Further aging pass 15 days changed the film to become
light yellow. The colour changes correspond to thertation of VQ to form V-0s.

The UV-vis-NIR spectrum of composite films are shown Higure 6.2b in their
respective pristine and fully aged condition. The pristine composite film had respectable
thermochromic performance comparing to literaf@& at Tium D QT %16.3%

for 70 nm film andTium D QTso €12.1% for 180 nm film. After 29 days being
subjected to elevated temperature under normal humidity, the 70 nm composite film can
retain up to 85% of its modulation function, droggpfrom 6.3% to 5.3%Higure 6.9l).

This is equivalent to about 19 years in service environment. By increasing the thickness of
the composite film to 180 nm, it is possible to prolong the simulated service life past 30
years. After 50 days of accelerataging test, 180 nm composite film retain up to 95% of

its modulation function, from 12.1% to 11.6%dure 6.9). With an AF of 240, 50 days

of aging is equivalent to about 33 years in service environment. This is a record high service
life for VO2-based hermochromic devices (Table 6.1), exceeding the typical commercial

standard of at least 10 years of functionality.

It is important to note that the durability of Y@nctional layer directly correlates to the

rate of diffusion of oxygen into V&mnatrix. In typical metal transition oxide coating, there
might be crystal imperfection caused by lattice mismatch, which promotes oxygen
migration from the air to V@matrix via the metal oxide coating, albeit slower than with

no diffusion barrier. By wrappinghé crystal V@ nanorod with amorphous2®s, the
method here achieved two goals: (1) to minimize lattice mismatch due to -crystal
amorphous interface and (2) to use a stable oxide as a barrier, minimizing oxygen
admission into the film matrix. The combinexbult of these two factors is a Yfonctional

layer that last much longer than conventional transition metal oxide coating reported in

literature.
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Due to the directional structure of the functional @) nanorod, it is predicted that the
composite film would have tunable performance corresponding to different incident light
angle.Figure 6.1@ is a schematic of how the nanorod structure may interact with different
incoming light angle. Composite filnase measured with UVis-NIR at variable angle to
investigate this relationshipigure 6.1®-c show the effect of increasing incident angle on

the UV-vis-NIR spectrum. By increasing incident angle from 0° to 45°, the luminous
transmittanceTum) decreas¢/ IURP WR ZKLOH WHK aitl PRGXOI
VRODU P R Grixrigndasds Qrastically from 12.2% and 6.6% to 17.3% and 12.9%,
respectively. The changes in modulation power can be attributed to increased interaction
between incident lighand VQ(M) nanorod as incident angle increases. At 0° incident
angle, light is coming in parallel to the plan of the nanorod, minimizing their interaction.
At larger than 0° incident angle, incoming light interact with the whole length of the rod at
incressing degree, resulting in more IR and solar modulation. By having increased
modulation with changing incident angle, fabricated composite samples are suitable to be

used in temperate climate location in which incident sunlight changes with $2&akon
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Figure 6.10 (a) Schematic of different incident light angle with season changes with respect to
fabricated \VOs/VO,composite film. (b) UWis-NIR of pristine 70 nm thick V&V.0s composite
film with 0°, 15°, 30°, and 45° incident angle. T&n D Q Griddiof pristine 70 nm thick ¥Os/VO,

composite film with 0°, 15°, 30°, and 45° incident angle. Data are represented as +SD.

6.4 Conclusion

In this study, a onstepsputtering process using HiPIMS technology is introduced to
fabricate ultrastable thermochromic V£nanorod imbedded in amorphousO¢ matrix
composite film. The onstep HIPIMS process consists of short duration vanadium metal
seeding followed by delayed, ramping injection, which facilitate the guided growth of
VO2 nanorod. The composite structure has a lo@=156.6 °C and long simulated service
life of up to 33 years, a record high for Y&ability. Furthermore, the composite film has

directional optical properties, allowing it to be tuneable for seasonal usage with changing
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incident angle. This orstep sptiering process initiates a new strategy to fabricate & VO
based thermochromic smart window with good solar modulation, lower transition
temperature and long service life. Further optimization of this process to be mass
production capable may lead to paial commercialization of V@smart windows with

added functionality in future.
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&KDSWHU

&RQFOXVLBOWRPOBQGDWLRQV

,Q WKLV FKGBIWHXSVWUWKGBIHFMW Y LQ WKLV WKHVLV +L:
Rl KLIJK FU\VWDD XLPIIWHU 9D O XR XSSV RERAKWAMR R
HQJLQHHRWRNEYDUHBIORMMILYH VWUXFWXUH DQC(
ZLWKHDU VHUYLFH OLIH IRU VPDUW ZLQGRZ DSS(
/KH UHVXOWYV IURP HDFK SURMHFW ZHUH OLQNHC
SDLQW WKH ELJJHU SLFWXUHBDRMHG 3/,Pb WGM IR QIGR
ZLWK HQKDQFHG FU\WWDOOLQGWYH UWWLHUWP OEKKWR
)XUWKHUPRUH SRWHQWLDO DQG OLPLWDWLRQ
HVWDEOLVKHG LQ WKH WKHVLVY ZHUH DOVR GLVI
GLUHFWLRQVY EDVHG RQ FXUUHQW PHWKRGV DQG
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7.1 Conclusiors

7.1.1 Discussion on®*HiPIMS deposition of high crystallinity VO 2~

Figure 71 6DPSOH FRQW H QW HiRIRPdapdsitonSobHgh dhystallirity VO

In this project, pure Véexhin film without cation impurities and other vanadium states was
fabricated on various glass substsateluding commercial sodiéme glass HTglass, and
quartz The project served as the preliminary study into usage of HiPIMS for fabrication
of VO2(M), which is still a relatively new endeavour. The compositidam D Q Gsol
changes with different thickness, substrate, and oxygen flowrate were reported in detalil
(Figure 7.1). While there was no modification such as f&in@turing or elemental doping

in this work, the thermochromic performance of the fabricated t\i@ film was superior

to reported in literature (simildium EXW ZLWK DW O HDMNMWHowetedh WRYHG 0
reported process was proven to be only viable for thin film deposition due to the thickness
limit for pure V. Thicker VQ application such as eleotrics would need further fine

tune of the fabrication parameters. Nevertheldss ptoject provided a novel, streamline

way to deposit pure and highly crystallized ¥@in film on commercial substrate.
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Moreover, because eHliabrication process on sodiane glass was achieved with minimal
substrate preparation and no post sputtering annealing, further modification could be easily
added which promised further thermochromic improvements. This project is the

foundation for subsequent results in this thesis.

7.1.2 Discussionon3D XQLYHUVDO UuR Bppivach BRNYWeREretaoto-
inspired ant- UHIOHFWLYH VWUXFWXUH"

Figure72 6DPSOH FRQWH QW alliRePsaif dbtist Batt&uld &pprdach to

engineelGreta-oto-inspiredantireflective structuré

In this project, a universal template growth method to achigneta-oto-inspired ant
reflective structure was developed usingldyier AgNWs nanomesh. The final
nanostructure consisted of randomly distributed r@ore, simila to structures on the
wings of the glasswing butterfigretaoto (Figure 7.2). Height and pitch (distance from
each other) of nanoones were found to be following a Gaussian and Galton distribution,
respectively. These naramnes were also found to bespensible for the omnidirectional
antireflective properties of the final nanostructure. Meanwhile. the mean of the height and
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pitch could be controlled using the deposition time and agitation speed during template
fabrication. Thus, the antéflectivity of the final product is tuneable by template
fabrication parameters. The template was found to be effective with botha&iO/G

thin film with widely different deposition process and condition, making it potentially
universal. In addition, V&JAgNWs mutilayer system achieved up to 37%um
improvement and 70% omnidirectional reductionRafm with no adverse effects on
WKHUPRFKURPLF $shl UJR ThisDpipfeet provided a nevseenbefore
universal template growth of randondystributed functional nanostructure. It opened up

a new approach for fabrication of new biomimetic nanostructure which had not been

achieved before.

7.1.3 Discussion on 3G X U D E @ Mith9 23-year service life for smart window

application ”

Figure 7.3 5HV XOW KL JK O LdualeNRwits BBRadtsériceslifdor smart
ZLQGRZ DSSOLFDWLRQ"
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In this project, through innovative seeded growth o, Vi@norod on glass substrate, two
major improvements to VOwere achieved: (1) th& of the materialwas significantly
lowered from ~68 °C to ~56 °C; (2) record high equivalent service lifetime of VO
thermochromic smart window was achieved at ~33 years, way above the industry standard
of 10 years. Furthermore, the fabrication process of final-Ngorod/\éOs-amorphous
composite required no additional deposition or annealing, which was a first ireltis

Due to the directional nature of nanorod structure, the modulation properties of the
composite could be tuned to changing incident sunlight angle of different seasons. The
resulting composite from this project possessed a lowgreatremely longservice life,

and seasonal thermochromic performance. This project provided-stemenethod to
produce neacommercialready VQ-based smart window.

7.1.4 Summary of the thesis

The projects in this thesis focus on the fabrication ot $@art window using HiIPIMS
process and development of modification made to the fundamental method to achieve
higher performance V&smart window. Firstly, background information is provided. This
includes the energy shortage leading to development of snmalow, VO, as a potential

smart window material due to its thermochromism, and HiPIMS as a new method to
fabricate VQ. Sputtering techniques as a whole is discussed in detail with examples related
to VO: fabrication from literature. Possible modificat®to fabrication process and YO
based devices are also identified with focus on biomimetic and-steuwuring as
potential directions. In chapter 3, thermochromic performance calculation methods and
characterization techniques are discussed with baakgt rationale, as well as list of used

equipment.

Each subsequent three chapters are dedicated to their respective project. the highly
crystallized VQ fabricated using HIPIMS in chapter 4 serves as the foundation for the
other projects. It establishetie fabrication parameters as well as the gap in which

modification to the process and Y@evice could be made. The biomimeGera-oto-
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inspired antireflective structure in chapter 5 is the result of modification made to the
substrate using AgNWs tempdéacombined with standard HiPIMS process established in
earlier chapter. The development of the first bottggrapproach to randomly distributed
biomimetic nanostructure is a dpyoduct of the modification efforts but it becomes the
bigger outcome from thiproject than the improvement of Y@evice thermochromic
performance. This patented novel templaésed approach heralds in a new era for
biomimetic fabrication. In Chapter 6, instead of the substrate, modification was made to
the HiIPIMS process to aghed novel V@nanorod/\éOs-amorphous composite in one
step fabrication. The resulting thin film composite possesses several advantages over
normal VQ thin film: (1) lower 2 (2) tuneable solar modulation, and (3) record high
service lifetime. Eaclproject in this thesis is a building block towards the goal of a

commercial ready V&based smart window in the near future.

7.2 Recommendations

7.2.1 Exploring other materials for biomimetic structure

In chapter 5, usage of AQNWSs as template materée due to its abundance and ease of
handling. It is theorised that due to the lack of interaction between the template and the
subsequent film on top, any chemically stable metal nanowire can be used as template
material in place of silverCandidate such as AuNWSs[1], CuNWs [2] should be
considered and studiedhese materials are suitable because they are available to be
fabricated as staralone nanowires with diameters in the range o860nmon any
substrateAuNWs and CuNWs would also not react with ¥@nsure the purity of VO

thin film during layering. On a more novel sense, AgNWs, AuNWs and CuNWs are all
conductive. They are the prime candidate as electrodes for sba&d electrical

application device.

Similarly, overcoat film materials in chapter 5 were also chosen due to the constrain of this
thesis. VQ s given as it is the object of study and 5i©the basic component of glass as

well as a popular capsulation material for ¥Other materials seing applications that
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favour less reflectivity should be explored and studied in further detail. In summary, the
novel templatédbased approach to fabricated biomimetic structure reported here is still

uncharted territories that do not limit to usage oNXgs, VO, or SiQ. Further studies to

mix and match template and overcoat film materials are recommended to deepen

understanding of their relationship.

7.2.2 Commercial ready VOz-based smart window

Due to the time constrain, no study combiniamplatebased approach in chapter 5 and
seeded growth in chapter 6 has been done. It is recommended that subsequent studies to be
done in order to confirm the compatibility of these two approaches. It should be noted that
the seeded growth of \\Ohanorodhas diameter and distance {20 nm and 40 nm,
respectively) smaller than the average pitch of the nanomesh templatelGa@am).

The nanomesh should be able to give ample space for the seeding to take place. In theory,
combining these two approacheosgld yield VO-based biomimetic smart window with

superior thermochromic performance, transition temperature, and service lifetime.
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E\OD\HUDVMBPEOHG YDQDGLXP GLR[GGIS HIRWEH QW VO WIHKRAS |
LQWH U I&KHRLAD O (QJLQHKBULQJ -RXUQDO

152



Appendix

$33(1',;

&KDSWHUXQLYHUVIERWREBIYSSURDFK WR HQMEXYBHUHGHWD
DOQWHIOHFWLYH VWUXFWXUH

Figure Al (ard) 2D-AFM of monolayer AgNWSs template with constant 30 minutes AgNWs
deposition duration and different agitation speed) @D-AFM of monolayer AgNWs template thi
different AQNWSs deposition duration and constant 400 rpm agitation speed. (g) AQNWs density plotted
against changing deposition duration for 500 rpm and 400 rpm agitation speed. (h) AgNWs density plotted

against changing agitation speed for constamhBites deposition duration.
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Figure A2  (ac) 2D-AFM of duolayer AQNWs template with different AQNWSs deposition duration
and constant 400 rpm agitation speedi) (AD-AFM of duolayer AQNWs template with constant 30

minutes AgNWs deposition durationddifferent agitation speed. Arrows indicate the intended directions

of nanowires.
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Figure A3  (a-c) 3D-AFM of SIO/AgNWs samples with different AQNWs deposition duration and
constant 400 rpm agitation speedf8D-AFM of SiO,/AgNWSs samples witdifferent AQNWs agitation

speed and constant 30 minutes deposition duratiei).39-AFM image of VO/AgNWs sample with
differentAgNWs deposition duration and constant 500 rpm agitation speed. Note the different height scale.

Figure A4  Optical photos of (a) reference sample Si@glass SA0/00. (b) Delayer template A4/30.
(c-e) SIQ/AgNWs samples (c) SA4/30, (d) SA4/60, and (e) SA8/30, respectively.
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Figure A5  (a) Distribution of nane@one peaks height value for SIBgNWs samplesvith varying
agitation speed (rpm). (b) Distribution of naoane peaks pitch value for SIBgNWs samples with
varying agitation speed (rpm). (c) Distribution of narome peaks height value for SIBgNWs samples
with varying deposition duration (min)d) Distribution of nanecone peaks pitch value for SIBgNWs

samples with varying deposition duration (min).
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Figure A6  (a) Comparison of mean height and mean pitch between similar parameters bare AQNWs
nanomesh A5/30, SKAgNWSs sample SA5/30, and V@AgNWs sample VA5/30. @) Varying incident
angle reflectance spectra for (b) SAO0/00, (c) SA4/15, (d) SA4/30, and (e) SA4/60 sénmle.

Supplementary transmission spectrum for Figure 5.5 and Figure 5.7.
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Figure A7 (a) STEMEDX signal of VQ/AgNWSs multiayer system. Transition temperature of (b)
VAO0/00 and (c) VA5/60 sample. {&)) Rum of VA samples plotted against (d) Height and Pitch separately
and (e) Aspect Ratio (Height/Pitch) of corresponding AgNWSs template.
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&KDSWHXMUDEOHZRWK\HDU VHUYLFH OLIH IRU VPDUW ZLQGR?Z

Figure A8  (a) STEM of \\Os/VO2composite film crossection. (b) FFT of the STEM in (a).

Figure A9 (a) Brightfield and (b) corresponding dafield STEM image of ¥Os/VO, composite

film crosssection taken with upper left quadrant detector. Insert is the detector indicator.
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Figure A10 (a) Brightfield and (b) corresponding dafield STEM image oW >0s/\VO, composite
film crosssection taken with upper right quadrant detector. Insert is the detector indicator.

Figure A11 (a) Brightfield and (b) corresponding dafield STEM image of YOs/VO, composite

film crosssection taken with bottomight quadrant detector. Insert is the detector indicator.
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Figure A12 Bright-field and (b) corresponding dafield STEM image of YOs/VO,composite film

crosssection taken with bottom left quadrant detector. Insert is the detector indicator.

Figure A13 UV-vis-NIR spectra evolution of (a) 70 nm and (b) 180 nm thie®*/O, compaosite
film from pristine to fully aged, respectively. The insert shows the colour evolution as the aging process

progresses.
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