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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 

(VO2) is one of the potential candidates for smart window materials due to its ability to 

reversibly transit from monoclinic VO2(M) to rutile VO2(R) at a near room temperature. 

As a result of this transition, the infrared radiation (IR) transparent VO2(M) abruptly 

becomes IR opaque and effectively regulates the heat intake by solar radiation. Despite the 

promising potential, VO2 has not been commercialized due to various technical difficulties 

which hinder its feasibilities outside of laboratories environment: high transition 

temperature (�2c) of 68oC; low luminous transmission (Tlum) of around 40%; and low solar 

modulation (�ûTsol) less than 25%. Currently, various methods have been used to fabricate 

VO2 thin films in attempts to improve its intrinsic properties and improve the efficiency of 

high quality VO2 thin film fabrication process. One of those methods is high-power 

impulse magnetron sputtering (HiPIMS). HiPIMS is a physical vapor deposition method 

that utilizes high power density in short periodic pulses to increase the energy of sputtered 

atoms while protecting the integrity of the target, promising higher film quality than 

traditional methods of evaporation or conventional sputtering. This thesis detailed the 

development of HiPIMS deposition techniques for VO2-based devices with enhanced 

thermochromic performance. 

 

In chapter 4, a HiPIMS deposition technique for VO2(M) thin film on a commercial 

material, such as soda-lime glass substrate, was established with a high deposition rate of 

5.7 nm/min. The VO2(M) deposited on soda-lime glass exhibits excellent crystallinity and 

thermochromic properties (highest luminous transmission Tlum �§�� �������������� �D�Q�G�� �V�R�O�D�U��

�P�R�G�X�O�D�W�L�R�Q���ûTsol �§�������������L�Q���F�R�P�S�D�U�L�V�R�Q���Z�L�W�K���V�L�P�L�O�D�U�O�\���S�U�H�S�D�U�H�G���9�22 on high temperature 

glass and quartz substrates. The high crystallinity rendered by short deposition duration 

and high ionization in HiPIMS process opens opportunities to apply high quality VO2(M) 

thin film onto a variety of substrate more efficiently. 

 



  Abstract 
 

 
 

Expanding from the established foundational method in chapter 4, modification to the 

substrate was made through development of a template-based bottom-up approach to 

economically produce controlled biomimetic antireflective nanostructured coatings. The 

Greta-oto butterfly has transparent wings with extraordinary 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 reported a low-cost bottom-up approach by stacking 

monolayer-aligned AgNWs meshes, followed by deposition of overcoats. Such AgNWs 

mesh provides the template to grow nanostructures, imitating that on the Greta-�R�W�R�¶�V���Z�L�Q�J�V��

which consists of randomly situated nano-cones with controllable mean pitches and heights. 

The resulting nanostructure in VO2/AgNWs systems showed enhanced anti-reflections and 

thermochromism with up to 70% reduced omnidirectional reflectance, and 37% increase 

in Tlum �Z�K�L�O�H���U�H�W�D�L�Q�L�Q�J���ûTsol in comparison with pure VO2 film of similar thickness. 

 

VO2 is severely limited in commercialization potential due to its instability in the 

operational environment. Protective layering to combat VO2 degradation often requires 

extra fabrication steps which can be complex and costly. A new strategy to fabricate VO2 

nanorod nanocomposite thermochromic smart window with record high 33-year service 

life was discussed in chapter 6. By introducing seeding, one-step HiPIMS process was 

achieved which comprises of guided growth of VO2 nanorod embedded within amorphous 

V2O5 matrix. Furthermore, the unique nanorod structure with lowered transition 

temperature �2c of 56.6 °C has tunable solar modulation depending on the solar incident 

angle. This new strategy provides a solution to address VO2 �$�F�K�L�O�O�H�V�¶���K�H�H�O�����L�W�V���L�Q�V�W�D�E�L�O�L�W�\����

which could facilitate the applications of this near room temperature phase change 

materials with respect to not only thermochromic smart windows but also other 

applications. 

 

This thesis is a step-by-step investigation of VO2 thermochromic devices fabrication using 

HiPIMS process. The optimal deposition parameters and the appropriate substrate and 

process modifications are ascertained with the goal of improving VO2 thermochromism, 

optical modulation, and service life. 
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Lay Summary  

 

�$�V���W�K�H���Z�R�U�O�G���S�R�S�X�O�D�W�L�R�Q���U�H�D�F�K�L�Q�J���H�Y�H�U���F�O�R�V�H�U���W�R�������E�L�O�O�L�R�Q���S�H�R�S�O�H�����W�K�H���J�O�R�E�D�O���H�Q�H�U�J�\���G�H�P�D�Q�G��

�L�V���D�O�V�R���L�Q�F�U�H�D�V�L�Q�J���U�D�S�L�G�O�\���W�R���D�F�F�R�P�P�R�G�D�W�H���W�K�L�V���Q�X�P�E�H�U�����,�W���K�D�V���E�H�F�R�P�H���L�P�S�R�U�W�D�Q�W���W�R���U�H�G�X�F�H��

�W�K�H���H�Q�H�U�J�\���G�H�P�D�Q�G���E�\���D�G�R�S�W�L�Q�J���H�Q�H�U�J�\���V�D�Y�L�Q�J���V�W�U�D�W�H�J�L�H�V�����$�V���W�K�H���P�D�L�Q���E�D�U�U�L�H�U���E�H�W�Z�H�H�Q���W�K�H��

�R�X�W�G�R�R�U�� �D�Q�G�� �L�Q�G�R�R�U�� �H�Q�Y�L�U�R�Q�P�H�Q�W���� �H�Q�H�U�J�\�� �H�I�I�L�F�L�H�Q�W���Z�L�Q�G�R�Z�� �L�V�� �W�K�H�� �O�R�J�L�F�D�O�� �S�O�D�Q���W�R�� �D�F�K�L�H�Y�H��

�W�K�L�V�� 

 

�7�K�H�U�P�R�F�K�U�R�P�L�F���P�D�W�H�U�L�D�O�V���D�U�H���G�H�I�L�Q�H�G���D�V���R�Q�H���W�K�D�W���F�D�Q���W�X�U�Q���R�S�D�T�X�H���R�U���W�U�D�Q�V�S�D�U�H�Q�W���G�H�S�H�Q�G�L�Q�J��

�R�Q���L�W�V���W�H�P�S�H�U�D�W�X�U�H�����9�D�Q�D�G�L�X�P���G�L�R�[�L�G�H�����9�2������ �L�V���R�Q�H���V�X�F�K���P�D�W�H�U�L�D�O�V�����$�W���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H����

�9�2�����E�D�V�H�G���Z�L�Q�G�R�Z���E�O�R�F�N�V���K�H�D�W���I�U�R�P���W�K�H���V�X�Q�����N�H�H�S�L�Q�J���W�K�H���U�R�R�P���F�R�R�O�����$�W���O�R�Z���W�H�P�S�H�U�D�W�X�U�H����

�9�2�����E�D�V�H�G���Z�L�Q�G�R�Z���D�O�O�R�Z�V���K�H�D�W���I�U�R�P���W�K�H���V�X�Q���W�R���J�R���W�K�U�R�X�J�K�����K�H�D�W�L�Q�J���X�S���W�K�H���U�R�R�P�����+�R�Z�H�Y�H�U����

�9�2�����E�D�V�H�G���Z�L�Q�G�R�Z���L�V���Q�R�W���F�R�P�P�H�U�F�L�D�O���U�H�D�G�\���G�X�H���W�R���L�W�V���K�L�J�K���V�Z�L�W�F�K�L�Q�J���W�H�P�S�H�U�D�W�X�U�H���D�W���������ƒ�&����

�X�Q�G�H�V�L�U�D�E�O�H���F�R�O�R�X�U�����O�R�Z���K�H�D�W���E�O�R�F�N�L�Q�J���D�E�L�O�L�W�\�����D�Q�G���O�R�Z���V�H�U�Y�L�F�H���O�L�I�H�� 

 

HiPIMS is a recent method of production that has the potential to create better performing 

VO2-based window. This thesis discussed step-by-step the development of HiPIMS as a 

VO2 producing method. In the first 3 chapters, the background information as well as the 

techniques used in the thesis were introduced and explained. Chapter 4 described the 

method to produce the simplest form of VO2-based window without any enhancement, 

which was shown to perform better than similar reported VO2-based window. Subsequent 

chapters expanded on what achieved in chapter 4 and established methods to further 

improve VO2 performance. Chapter 5 described how the structure on the glasswing 

butterfly can be replicated and the improvement it provided to the heat blocking ability of 

VO2-based window. In chapter 6, the HiPIMS process was modified to produce record high 

service life VO2-based window. 

 

In short, this thesis detailed the development of HiPIMS and its associating modifications 

to produce high performing VO2-based energy efficient window. The established methods 

in this thesis open avenue for future development of not only VO2-based devices, but also 

of similar optical materials. 
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�)�L�J�X�U�H�������� �)�O�R�Z�F�K�D�U�W���R�Q���W�K�H���V�W�U�X�F�W�X�U�H���R�I���W�K�H���W�K�H�V�L�V������ 

 

�)�L�J�X�U�H�������� Basic setup 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/what-is-sputtering/] 

 

�)�L�J�X�U�H�������� �3�K�D�V�H���G�L�D�J�U�D�P���R�I���9�2�[���>�7�D�N�H�Q���I�U�R�P���*�U�L�I�I�L�W�K�V���H�W���D�O���������������@ 

 

Figure 2.3 Characterizations of VO2 deposited by reactive DCMS without annealing. 

(a-b) Raman spectra of thin films produced at varying O2/Ar flow ratio. (c) Optical and (d) 

electrical properties of samples in (a). [Taken from Yuce et al., 2017] 

 

Figure 2.4 Characterizations of VO2 deposited by reactive DCMS without annealing. (a) 

SEM images of VO2 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 Characterizations of VO2 deposited by reactive DCMS without annealing. (a) 

XRD spectra of VO2 on different substrate. (b) Raman spectra of VO2 on different ZnO 

thickness. (c) SEM images of samples in (b). (d) Optical and (e) electrical properties of 

VO2 on 235nm ZnO buffer layer. [(a) Taken from Zhu et al., 2016; (b)-(e) taken from Zhu 

et al., 2018] 

 

Figure 2.6 Characterization of VO2 thin film deposited by reactive DCMS with 

annealing. (a) XRD spectra of oxidized VO2 on m-plane sapphire. (b) XRD patterns of 

vanadium oxide film before and after annealing. (c) SEM images of VO2 samples on 

different substrate before and after 1000s of annealing. Electrical properties of VO2 

samples in 15c before (d) and after (e) annealing. (f) XPS spectra VO2 thin film with 
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different O2/Ar ratio after annealing: 25%, 32.5%, 42.5%, and 50% respectively. [(a)-(e) 

Taken from Dou et al., 2015; (f) taken from Xu et al., 2015] 

 

Figure 2.7 (a) Spinodal decomposition process to achieve TiO2-VO2 nanocomposite 

matrix. (b) Optical performance of A1 (sample fabricated by process in (a)), C1 (no 

annealed sample), V1 (pure VO2 sample) by G.Sun et al, 2016. (c) Z. Chen et al. �������������¶�V��

work. (c1) and (c3) TEM images of the V-Ti separation after annealing, inset shows the 

SAED pattern. (c2) and (c4) Combined STEM and energy-dispersive X-ray spectroscopy 

mapping of V-blue and Ti-green 

 

Figure 2.8 Characterization of VO2 deposited by RFMS: (a) XRD patterns, (b) 

transmission spectra, (c) transition temperature for each sample, (d) AFM images of each 

sample, (e-f) 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 VO2 thin film against substrate bias applied. [(a)-(d) Taken from Jiang et al., 

2014; (e)-(f) taken from Panagopoulou et al., 2015; (g) taken from Azhan et al., 2015; (h)-

(i) taken from Azhan et al., 2016] 

 

Figure 2.9 (a) Deposition parameter and (b) optical properties of VO2 thin film by 

RFMS and HiPIMS. (c) Measured discharge voltage during deposition vs O2 fraction. (d) 

Transmission spectra of VO2 thin film with no bias and varying bias and constant O2 

fraction of 8.7%. (e) Schematic of a reactive HiPIMS chamber. [(a)-(b) 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 Nakamura et al., 2004]. (b) 

Schematic of an ICMS system [Taken from Kana et al., 2008]. (c) Schematic of an ion-

beam-assisted sputtering system. XRD spectra of VO2 on Ti/Si substrate (d), and ITO/glass 

substrate (e) [Taken from Mian et al., 2014]. 
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Figure 2.11 (a) Optical simulation set-up of moth-eye structure. (b) AFM cross-sectional 

profile. (c) SEM cross-sectional profile of d = 210 nm. (d) Transmittance spectra in 

�������í���������� �Q�P�� �U�D�Q�J�H�� �D�W�� ������������ �ƒ�&�� �I�R�U�� �S�O�D�Q�D�U�� �D�Q�G�� �$�5�� �V�D�P�S�O�H�V�� �Z�L�W�K�� �������� �Q�P�� �W�K�L�F�N�Q�H�V�V����

respectively [(a) Taken from Taylor et al., 2013; (b-d) taken from Qian et 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) High-resolution 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 Gaussian profile 

with a mean height of h = 500nm and a variance of �1h = 100nm. Experimental reflectance 

spectra of transparent region with (e) fixed 623 nm wavelength and (f) entire visible 

spectrum. (g-i) Optical simulations of the random microhairs structure. [Taken from 

Siddique et al., 2015] 

 

Figure 2.13 (a) Photograph of a fused silica sample plate. (b-c) 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 Papadopoulos et al., 2019] 
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�7�D�\�O�R�U���H�W���D�O���������������@ 

 

Figure 3.2 ���D�����6�F�K�H�P�D�W�L�F���R�I���%�U�D�J�J�¶�V���O�D�Z�������E�����6�F�K�H�P�D�W�L�F���R�I���J�U�D�]�L�Q�J���L�Q�F�L�G�H�Q�W���D�Q�J�O�H���;�5�'��

�V�H�W���X�S���Z�L�W�K���F�R�Q�V�W�D�Q�W���L�Q�F�L�G�H�Q�W���D�Q�J�O�H�����&�����D�Q�G���P�R�Y�L�Q�J���G�H�W�H�F�W�R�U���S�R�V�L�W�L�R�Q������������ 

 

�)�L�J�X�U�H�������� �6�F�K�H�P�D�W�L�F���R�I���D���V�L�P�S�O�H���8�9���Y�L�V���1�,�5���V�S�H�F�W�U�R�P�H�W�H�U���V�H�W�X�S�� 

 

Figure 3.4 Homebrew setup to measure varying incident angle transmittance. 

 

�)�L�J�X�U�H�������� �6�F�K�H�P�D�W�L�F�� �R�I�� �D�� �V�L�P�S�O�H�� �$�)�0�� �P�D�F�K�L�Q�H�� �>�7�D�N�H�Q�� �I�U�R�P��

�K�W�W�S�V�������Z�Z�Z���Q�D�Q�R�D�Q�G�P�R�U�H���F�R�P���Z�K�D�W���L�V���D�W�R�P�L�F���I�R�U�F�H���P�L�F�U�R�V�F�R�S�\�@�� 
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�)�L�J�X�U�H�������� �6�F�K�H�P�D�W�L�F���R�I���6�7�(�0���L�P�D�J�L�Q�J���P�H�W�K�R�G�R�O�R�J�\�� 

 

�)�L�J�X�U�H�������� �6�F�K�H�P�D�W�L�F���R�I���;�3�6���L�P�D�J�L�Q�J���P�H�W�K�R�G�R�O�R�J�\�� 

 

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

�Y�D�F�X�X�P���S�X�P�S�����$�U�J�R�Q���J�D�V���L�Q�S�X�W�����D�Q�G���2�[�\�J�H�Q���J�D�V���L�Q�S�X�W���D�U�H���O�D�E�H�O�O�H�G���³�3�X�P�S�´�����³�$�U�´�����D�Q�G���³�22�´��

�U�H�V�S�H�F�W�L�Y�H�O�\�����³�+�L�3�,�0�6�´���L�Q�G�L�F�D�W�H�V���W�K�H���W�D�U�J�H�W�����&�R�Q�W�U�R�O���I�R�U���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���W�K�H���V�X�E�V�W�U�D�W�H���E�L�D�V��

�D�U�H���³�W�K�H�U�P�R�F�R�X�S�O�H�´���D�Q�G���³�E�L�D�V���V�X�S�S�O�\�´���U�H�V�S�H�F�W�L�Y�H�O�\�� 

 

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

 

Figure 4.3  (a) Raman spectrum of VO2(M) at low temperature against VO2(R) at high 

temperature. (b) Raman spectrum in situ heating. 

 

Figure 4.4  (a) Hysteresis loop of VO2 thin film deposited on soda-�O�L�P�H�������E�����2c of VO2 

thin film deposited on soda-lime 

 

Figure 4.5  (a) XRD spectra of VO2 (M) on different substrates. (b) Zoomed-in of (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 1x1 ��m AFM phase images of 1000s (95 nm) 

deposited VO2 (M) on soda-lime, 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 VO2 and associated lattice changes. (b) NIR-

UV-vis of VO2(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 VO2(M) thin films of varying thickness, and (b) their 

respective optical performance parameters 

 

Figure 4.9  1x1 ��m AFM phase images of (a) 40 nm and (b) 180 nm thick VO2(M) on 

soda-lime respectively 

 

Figure 4.10  Optical photo of (a) 40, (b) 65, (c) 95, (d) 120, and (e) 180 nm thick VO2(M) 

thin films on soda-lime from left to right. 

 

Figure 4.11  (a) XRD spectrum of VOx thin film deposited on soda-lime glass with 

increasingly longer deposition duration. Raman spectrum of VOx thin film deposited for 

2500s and 3700s at (b) 30 °C and (c) 90 °C. 

 

Figure 5.1 Fabrication process to create AgNWs duo-layer template Ax/y sample with 

x00 rpm stirring speed and y/2 minutes of deposition for each layer. VO2 coated VAx/y 

sample and SiO2 coated SAx/y sample are then deposited with appropriate techniques. 

 

Figure 5.2 (a-b) 3D-AFM images of AgNWs duo-layer template (a), and same template 

after SiO2 deposition (b); note the different height scales. (c) Schematic of how height and 

pitch of nano-cone peaks were measured. (d) Examples of morphological cross-section 

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 AgNWs duo-layer template (blue) as well as 

mean height (black) and mean pitch (red) values of SiO2/AgNWs samples against changing 

AgNWs deposition duration and constant agitation speed (400 rpm). (b) Plot of measured 

density of AgNWs duo-layer template (blue) as well as mean height (black) and mean pitch 

(red) values of SiO2/AgNWs samples against changing AgNWs agitation speed and 

constant deposition time (30 mins). Height and pitch data are represented along with ± 

StdEM. Density data are represented with ± SD 
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Figure 5.5 (a) Reflectance measured at 8° unpolarized source for varying AgNWs 

deposition duration. (b) Rlum at 8° plotted against AgNWs deposition duration. Rlum data 

are represented with ± SD. Insets are schematic of AgNWs orientation of template at low 

and high deposition time. See 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. (b) Rlum at 8° plotted against AgNWs deposition speed Rlum data are 

represented with ± SD. Insets are schematic of AgNWs orientation of template at low and 

high deposition speed. See Figure A6g for transmission spectrum. 

 

Figure 5.8 (a) Rlum of multiple samples plotted against changing incident angle for 

unpolarized source. (b) Rlum at 8° plotted against mean height of each sample. (c) Rlum at 8° 

plotted against mean pitch of each sample. Rlum data are represented with ± SD. 

 

Figure 5.9 (a-c) Cross-section STEM of a nano-cone peaks on the VA5/60 sample. (a) 

Dotted lines indicate AgNWs portion of the system, clear distinction can be seen between 

the glass substrate portion (Glass) and the deposited thin film portion (VO2). (b) Zoomed-

in of the AgNWs portion with two measured d-spacing value d1 = 0.234 nm and d2 = 0.209 

nm corresponding to the (111) and (200) plane respectively, inset is the FFT of b. (c) 

Zoomed-in of the VO2 portion with measured d-spacing value d = 0.319 nm corresponding 

to the (011) plane, inset is the FFT of c. (d) STEM-EDX colour coded for the cross-section 

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

8° incident angle of VA5/30 compared to VA0/00 sample. 

 

Figure 5.10 (a) Reflectance at 8° incident angle of VA5/30 compared to VA0/00 sample. 

(b) Rlum of varying incident angle of VA5/30 compared to reference VA0/00 sample. (c) 

Thermochromic performance of VA samples in the range of 250 �± �����������Q�P���D�W���������•���D�Q�G��

�������•�� 
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Figure 5.11  Tlum �D�Q�G���ûTsol plotted against Height/Pitch ratio of corresponding AgNWs 

template, the Tlum of reference VA0/00 sample is indicated on the y-axis accordingly. 

 

Figure 6.1 Schematic depicting the fabrication process of the V2O5/VO2 composite film. 

 

Figure 6.2  ���D�����������[�����������P2 AFM image of semi-coated film (process was stopped in the 

transition state between the end of vanadium seeding and the start of the O2 injection). (b) 

�������[�����������P2 zoomed-in AFM image of black cut-�R�X�W���I�U�R�P�����D���������F�����������[�����������P2 AFM image 

of fully deposited V2O5/VO2 composite film. 

 

Figure 6.3 (a) Schematic cross-section demonstrating durability enhancing mechanism 

of the composite film. (b-c) Bright-field and dark field STEM image of V2O5/VO2 

composite film, respectively; red and blue (dashed) circled areas are corresponding 

crystalline structures of the same sample that can be seen differently in both bright and 

dark field image. 

 

Figure 6.4 (a) Zoomed-in STEM image of composite film cross-section; inserts are FFT 

of A and B squared areas, respectively. (b) Zoomed-in STEM image of area B in (a). 

 

Figure 6.5 (a) HAADF of composite film cross-section; yellow-dashed circled areas are 

examples of nanorod structure. (b-d) EDX mapping of area in (a) for O-yellow, V-red, and 

Si-cyan, respectively. (e) EDX element mapping signal of area in (a-d). 

 

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 V2O5/VO2 composite film cross-section shown in (a). 

 

Figure 6.7  (a) XRD spectra of pristine V2O5/VO2 composite film of different thickness. 

(b) XRD spectra of pristine and aged 180 nm thick V2O5/VO2 composite film, respectively. 

(c) XPS spectra of pristine 180 nm thick V2O5/VO2 composite film. 
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Figure 6.8 (a) Metal-insulator-transition hysteresis and (b) �2c of 70 nm thick V2O5/VO2 

composite film, respectively. (c) Metal-insulator-transition hysteresis, (d) �2c, and (f) UV-

vis-NIR spectra of pristine and aged of 180 nm thick V2O5/VO2 composite film, 

respectively. 

 

Figure 6.9 (a-b) UV-vis-NIR spectra of pristine and aged V2O5/VO2 composite film with 

(a) 70 nm and (b) 180 nm thickness. (c) Optical photographs of 70 nm thick V2O5/VO2 

composite film showing film colour progression with aging. (d) No�U�P�D�O�L�]�H�G�� �ûTsol 

progression of V2O5/VO2 composite film with different thickness. 

 

Figure 6.10  (a) Schematic of different incident light angle with season changes with 

respect to fabricated V2O5/VO2 composite film. (b) UV-vis-NIR of pristine 70 nm thick 

VO2/V2O5 composite film with 0°, 15°, 30°, and 45° incident angle. (c) Tlum �D�Q�G���ûTIR/sol of 

pristine 70 nm thick V2O5/VO2 composite film with 0°, 15°, 30°, and 45° incident angle. 

Data are represented as ±SD. 

 

Figure 7.1 �6�D�P�S�O�H���F�R�Q�W�H�Q�W���I�U�R�P���W�K�H���S�U�R�M�H�F�W���³�+�L�J�K�O�\���F�U�\�V�W�D�O�O�L�]�H�G���9�22 fabricated using 

HiPIMS 

 

Figure 7.2 �6�D�P�S�O�H���F�R�Q�W�H�Q�W���I�U�R�P���W�K�H���S�U�R�M�H�F�W���³�8�Q�L�Y�H�U�V�D�O���W�H�P�S�O�D�W�H���J�U�R�Z�W�K���R�I��Greta-oto-

inspired anti-�U�H�I�O�H�F�W�L�Y�H���V�W�U�X�F�W�X�U�H�´ 

 

Figure 7.3 �5�H�V�X�O�W���K�L�J�K�O�L�J�K�W�V���R�I���S�U�R�M�H�F�W���³�X�O�W�U�D-durable VO2 �I�R�U���V�P�D�U�W���Z�L�Q�G�R�Z���D�S�S�O�L�F�D�W�L�R�Q�´ 

 

Figure A1  (a-d) 2D-AFM of monolayer AgNWs template with constant 30 minutes 

AgNWs deposition duration and different agitation speed. (e-f) 2D-AFM of monolayer 

AgNWs template with different AgNWs deposition duration and constant 400 rpm 

agitation speed. (g) AgNWs density plotted against changing deposition duration for 500 

rpm and 400 rpm agitation speed. (h) AgNWs density plotted against changing agitation 

speed for constant 30 minutes deposition duration. 
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Figure A2 (a-c) 2D-AFM of duo-layer AgNWs template with different AgNWs 

deposition duration and constant 400 rpm agitation speed. (d-i) 2D-AFM of duo-layer 

AgNWs template with constant 30 minutes AgNWs deposition duration and different 

agitation speed. Arrows indicate the intended directions of nanowires.  

 

Figure A3 (a-c) 3D-AFM of SiO2/AgNWs samples with different AgNWs deposition 

duration and constant 400 rpm agitation speed. (d-f) 3D-AFM of SiO2/AgNWs samples 

with different AgNWs agitation speed and constant 30 minutes deposition duration. (g-i) 

3D-AFM image of VO2/AgNWs sample with different AgNWs deposition duration and 

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

 

Figure A4 Optical photos of (a) reference sample SiO2 on glass SA0/00. (b) Dou-layer 

template A4/30. (c-e) SiO2/AgNWs samples (c) SA4/30, (d) SA4/60, and (e) SA8/30, 

respectively. 

 

Figure A5 (a) Distribution of nano-cone peaks height value for SiO2/AgNWs samples 

with varying agitation speed (rpm). (b) Distribution of nano-cone peaks pitch value for 

SiO2/AgNWs samples with varying agitation speed (rpm). (c) Distribution of nano-cone 

peaks height value for SiO2/AgNWs samples with varying deposition duration (min). (d) 

Distribution of nano-cone peaks pitch value for SiO2/AgNWs samples with varying 

deposition duration (min). 

 

Figure A6 (a) Comparison of mean height and mean pitch between similar parameters 

bare AgNWs nanomesh A5/30, SiO2/AgNWs sample SA5/30, and VO2/AgNWs sample 

VA5/30. (b-e) Varying incident angle reflectance spectra for (b) SA0/00, (c) SA4/15, (d) 

SA4/30, and (e) SA4/60 sample. (f-g) Supplementary transmission spectrum for Figure 5.5 

and Figure 5.7. 

 

Figure A7 (a) STEM-EDX signal of VO2/AgNWs multilayer system. Transition 

temperature of (b) VA0/00 and (c) VA5/60 sample. (d-e) Rlum of VA samples plotted 
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against (d) Height and Pitch separately and (e) Aspect Ratio (Height/Pitch) of 

corresponding AgNWs template.  

 

Figure A8 (a) STEM of V2O5/VO2 composite film cross-section. (b) FFT of the STEM 

in (a). 

 

Figure A9  (a) Bright-field and (b) corresponding dark-field STEM image of V2O5/VO2 

composite film cross-section taken with upper left quadrant detector. Insert is the detector 

indicator. 

 

Figure A10 (a) Bright-field and (b) corresponding dark-field STEM image of V2O5/VO2 

composite film cross-section taken with upper right quadrant detector. Insert is the detector 

indicator. 

 

Figure A11 (a) Bright-field and (b) corresponding dark-field STEM image of V2O5/VO2 

composite film cross-section taken with bottom right quadrant detector. Insert is the 

detector indicator. 

 

Figure A12 Bright-field and (b) corresponding dark-field STEM image of V2O5/VO2 

composite film cross-section 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 thick V2O5/VO2 

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

evolution as the aging process progresses. 
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�L�Q�W�R���Z�D�O�O�V��[4]�����X�V�L�Q�J���F�R�R�O���F�R�D�W�L�Q�J�V���R�Q���U�R�R�I�V��[5],���D�Q�G���X�W�L�O�L�]�L�Q�J���V�P�D�U�W���Z�L�Q�G�R�Z���F�R�D�W�L�Q�J�V��[6]���� 

�� 

�$�V���R�Q�H���R�I�� �W�K�H���P�D�L�Q���J�D�W�H�Z�D�\�V���W�R���F�R�Q�G�X�F�W���K�H�D�W���E�H�W�Z�H�H�Q���W�K�H���L�Q�Q�H�U�� �D�Q�G���R�X�W�H�U���H�Q�Y�L�U�R�Q�P�H�Q�W����

�Z�L�Q�G�R�Z�V�� �D�U�H�� �H�Q�H�U�J�\�� �L�Q�H�I�I�L�F�L�H�Q�W�� �G�X�H�� �W�R�� �D�Q�� �X�Q�G�H�V�L�U�D�E�O�H�� �K�H�D�W�� �H�[�F�K�D�Q�J�H���� �Z�L�W�K�� �K�H�D�W��

�D�F�F�X�P�X�O�D�W�L�R�Q���G�X�U�L�Q�J���V�X�P�P�H�U���D�Q�G���K�H�D�W���O�H�D�N�D�J�H���G�X�U�L�Q�J���Z�L�Q�W�H�U��[7, 8]�����0�H�D�Q�Z�K�L�O�H�����W�K�H���J�O�R�E�D�O��

�I�O�D�W���J�O�D�V�V���P�D�U�N�H�W���L�V���H�V�W�L�P�D�W�H�G���D�W���Q�H�D�U�O�\���8�6�'���������E�L�O�O�L�R�Q���L�Q�������������Z�L�W�K���D�Q���D�Q�Q�X�D�O���J�U�R�Z���U�D�W�H���R�I��

���������� �>���@���� �-�R�L�Q�L�Q�J�� �W�K�H�V�H�� �W�Z�R�� �U�H�D�V�R�Q�V���� �H�Q�H�U�J�\�� �H�I�I�L�F�L�H�Q�W�� �V�P�D�U�W�� �Z�L�Q�G�R�Z�V�� �K�D�Y�H�� �U�H�F�H�L�Y�H�G��

�V�L�J�Q�L�I�L�F�D�Q�W���D�W�W�H�Q�W�L�R�Q���I�U�R�P���E�R�W�K���W�K�H���L�Q�G�X�V�W�U�L�D�O���D�Q�G���D�F�D�G�H�P�L�F���V�H�F�W�R�U�V���L�Q���U�H�F�H�Q�W���\�H�D�U�V���� 

 

�6�P�D�U�W���Z�L�Q�G�R�Z�V���D�U�H���G�H�I�L�Q�H�G���E�\���W�K�H�L�U���D�E�L�O�L�W�\���W�R���U�H�J�X�O�D�W�H���W�K�H���W�U�D�Q�V�P�L�W�W�D�Q�F�H���R�I���D���F�H�U�W�D�L�Q���S�R�U�W�L�R�Q��

�R�I���W�K�H���V�R�O�D�U���U�D�G�L�D�W�L�R�Q���V�S�H�F�W�U�D�����Z�K�L�F�K���F�R�Q�V�L�V�W�V���R�I���X�O�W�U�D�Y�L�R�O�H�W�����8�9�������Y�L�V�L�E�O�H���D�Q�G���L�Q�I�U�D�U�H�G�����,�5����

�U�D�G�L�D�W�L�R�Q���� �9�D�U�L�R�X�V�� �P�D�W�H�U�L�D�O�V�� �Z�L�W�K�� �G�L�I�I�H�U�H�Q�W�� �U�D�G�L�D�W�L�R�Q���U�H�J�X�O�D�W�L�Q�J�� �P�H�F�K�D�Q�L�V�P�V�� �K�D�Y�H�� �E�H�H�Q��

�V�W�X�G�L�H�G�����Q�D�P�H�O�\���S�K�R�W�R�F�K�U�R�P�L�F�����H�O�H�F�W�U�R�F�K�U�R�P�L�F���D�Q�G���W�K�H�U�P�R�F�K�U�R�P�L�F���� 

 

�2�Q�H�� �V�X�F�K�� �P�D�W�H�U�L�D�O�� �L�V�� �Y�D�Q�D�G�L�X�P�� �G�L�R�[�L�G�H�� ���9�2�������� �D�� �W�K�H�U�P�R�F�K�U�R�P�L�F�� �P�D�W�H�U�L�D�O�� �Z�L�W�K�� �P�H�W�D�O�±

�L�Q�V�X�O�D�W�R�U���W�U�D�Q�V�L�W�L�R�Q�����0�,�7�����D�W���Q�H�D�U���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H��[10]�����%�H�O�R�Z���L�W�V���W�U�D�Q�V�L�W�L�R�Q���W�H�P�S�H�U�D�W�X�U�H��

���2�F�������9�2�����K�D�V���D���P�R�Q�R�F�O�L�Q�L�F���V�W�U�X�F�W�X�U�H���D�Q�G���L�V���W�U�D�Q�V�S�D�U�H�Q�W���W�R���Q�H�D�U���,�5�����8�S�R�Q���U�H�D�F�K�L�Q�J���D�E�R�Y�H���L�W�V��

�2�F�����9�2�����D�G�R�S�W�V���D���U�X�W�L�O�H���V�W�U�X�F�W�X�U�H�����D�Q�G���E�H�F�R�P�H�V���P�H�W�D�O�O�L�F���D�Q�G���R�S�D�T�X�H���W�R���Q�H�D�U���,�5��[11]�����%�D�V�H�G��
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�R�Q���L�W�V���S�U�R�S�H�U�W�L�H�V�����9�2�����L�V���D�W�W�U�D�F�W�L�Y�H���D�V���D���V�P�D�U�W���Z�L�Q�G�R�Z���P�D�W�H�U�L�D�O���E�H�F�D�X�V�H���R�I���D���F�R�X�S�O�H���R�I���V�L�P�S�O�H��

�U�H�D�V�R�Q�V�������������L�W�V���P�R�G�X�O�D�W�L�Q�J���D�E�L�O�L�W�\���R�Q�O�\���D�I�I�H�F�W�V���W�K�H���Q�H�D�U���,�5���D�Q�G���G�R�H�V���Q�R�W���D�I�I�H�F�W���W�K�H���Y�L�V�L�E�O�H��

�V�S�H�F�W�U�X�P�����W�K�X�V���H�I�I�H�F�W�L�Y�H�O�\���F�R�Q�W�U�R�O�O�L�Q�J���K�H�D�W���L�Q�W�D�N�H���E�\���V�R�O�D�U���U�D�G�L�D�W�L�R�Q���Z�K�L�O�H���P�L�Q�L�P�L�]�L�Q�J���W�K�H��

�H�Q�H�U�J�\�� �Q�H�H�G�H�G�� �I�R�U�� �L�O�O�X�P�L�Q�D�W�L�R�Q���� �������� �Q�R�� �H�[�W�H�U�Q�D�O�� �H�Q�H�U�J�\�� �L�V�� �U�H�T�X�L�U�H�G�� �W�R�� �D�F�W�L�Y�D�W�H�� �W�K�H��

�P�R�G�X�O�D�W�L�R�Q�����D�V���W�K�H���U�H�V�S�R�Q�V�H���L�V���V�S�R�Q�W�D�Q�H�R�X�V���Z�K�H�Q���W�K�H���H�Q�Y�L�U�R�Q�P�H�Q�W���W�H�P�S�H�U�D�W�X�U�H���U�H�D�F�K�H�V���2�F��

[12, 13]���� �+�R�Z�H�Y�H�U���� �9�2�����K�D�V�� �Q�R�W�� �\�H�W�� �E�H�H�Q�� �F�R�P�P�H�U�F�L�D�O�L�]�H�G�� �Z�L�G�H�O�\�� �G�X�H�� �W�R�� �V�R�P�H�� �L�Q�W�U�L�Q�V�L�F��

�O�L�P�L�W�D�W�L�R�Q�V�����)�L�U�V�W�����W�K�H���2�F���R�I���E�X�O�N���9�2�������0�����L�V���D�W���D�E�R�X�W���������•�����Z�K�L�F�K���L�V���W�R�R���K�L�J�K���I�R�U���S�U�D�F�W�L�F�D�O��

�X�V�D�J�H�����$�W���W�K�H���V�D�P�H���W�L�P�H�����9�2�����K�D�V���O�R�Z���V�R�O�D�U���P�R�G�X�O�D�W�L�R�Q�����û�7�V�R�O�����D�Q�G���O�X�P�L�Q�R�X�V���W�U�D�Q�V�P�L�W�W�D�Q�F�H��

���7�O�X�P�������7�K�H���W�K�H�R�U�H�W�L�F�D�O���S�U�H�G�L�F�W�H�G���û�7�V�R�O���R�I���9�2�����L�V�����������Z�L�W�K���D���P�R�G�H�U�D�W�H���7�O�X�P���R�I���D�E�R�X�W����������

[14]���� �Z�K�L�O�H�� �W�K�H�� �W�\�S�L�F�D�O�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �U�H�V�X�O�W�V�� �L�Q�G�L�F�D�W�H���û�7�V�R�O���D�W�� �O�H�V�V�� �W�K�D�Q�� �������� �D�Q�G���7�O�X�P���D�W��

�D�S�S�U�R�[�L�P�D�W�H�O�\����������[15]�� 

 

�,�Q���D���T�X�H�V�W���W�R���L�P�S�U�R�Y�H���W�K�H���R�S�W�L�F�D�O���S�U�R�S�H�U�W�L�H�V���R�I���9�2�����D�Q�G���W�R���O�R�Z�H�U���L�W�V���2�F�����Y�D�U�L�R�X�V���I�D�E�U�L�F�D�W�L�R�Q��

�P�H�W�K�R�G�V���K�D�Y�H���E�H�H�Q���X�V�H�G�����L�Q�F�O�X�G�L�Q�J���E�X�W���Q�R�W���O�L�P�L�W�H�G���W�R���F�K�H�P�L�F�D�O���Y�D�S�R�X�U���G�H�S�R�V�L�W�L�R�Q�����&�9�'����

[16]���� �K�\�G�U�R�W�K�H�U�P�D�O��[17-19]���� �V�R�O�±�J�H�O�� �V�\�Q�W�K�H�V�L�V��[20-22]���D�Q�G�� �S�K�\�V�L�F�D�O�� �Y�D�S�R�X�U�� �G�H�S�R�V�L�W�L�R�Q��

���3�9�'�������3�9�'���E�U�R�D�G�O�\���U�H�I�H�U�V���W�R���D���Y�D�U�L�H�W�\���R�I���Y�D�F�X�X�P���G�H�S�R�V�L�W�L�R�Q���P�H�W�K�R�G�V���X�V�H�G���W�R���G�H�S�R�V�L�W���W�K�L�Q��

�I�L�O�P�V���Y�L�D���W�K�H���F�R�Q�G�H�Q�V�D�W�L�R�Q���R�I���D���Y�D�S�R�U�L�]�H�G���I�R�U�P���R�I���W�K�H���G�H�V�L�U�H�G���I�L�O�P���P�D�W�H�U�L�D�O���R�Q�W�R���Y�D�U�L�R�X�V��

�V�X�E�V�W�U�D�W�H�V���� �6�R�P�H�� �Z�L�G�H�O�\�� �X�V�H�G�� �3�9�'�� �W�H�F�K�Q�L�T�X�H�V�� �L�Q�F�O�X�G�H�� �S�X�O�V�H�G�� �O�D�V�H�U�� �G�H�S�R�V�L�W�L�R�Q�� ���3�/�'������

�H�Y�D�S�R�U�D�W�L�R�Q�� �G�H�F�R�P�S�R�V�L�W�L�R�Q�� ���(�'���� �D�Q�G�� �V�S�X�W�W�H�U�L�Q�J�����7�K�H�V�H�� �P�H�W�K�R�G�V�� �L�Q�Y�R�O�Y�H�� �S�X�U�H�O�\�� �S�K�\�V�L�F�D�O��

�S�U�R�F�H�V�V�H�V�����V�X�F�K���D�V���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H���Y�D�F�X�X�P���H�Y�D�S�R�U�D�W�L�R�Q���Z�L�W�K���V�X�E�V�H�T�X�H�Q�W���F�R�Q�G�H�Q�V�D�W�L�R�Q���R�U��

�S�O�D�V�P�D�� �V�S�X�W�W�H�U�� �E�R�P�E�D�U�G�P�H�Q�W���� �,�Q�� �W�K�H�� �F�D�V�H�� �R�I�� �9�2�������0���5���� �W�K�L�Q�� �I�L�O�P�V�� �I�D�E�U�L�F�D�W�L�R�Q���� �S�X�U�H��

�Y�D�Q�D�G�L�X�P���� �9���2������ �9�2�����R�U�� �9���2�����L�V�� �F�R�P�P�R�Q�O�\�� �X�V�H�G�� �D�V�� �W�K�H�� �W�D�U�J�H�W�����7�K�H�� �S�D�U�W�L�D�O�� �S�U�H�V�V�X�U�H�� �R�I��

�R�[�\�J�H�Q���L�Q���W�K�H���G�H�S�R�V�L�W�L�R�Q���F�K�D�P�E�H�U���L�V���D�F�F�X�U�D�W�H�O�\���F�R�Q�W�U�R�O�O�H�G���W�R���S�U�H�Y�H�Q�W���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���R�W�K�H�U��

�Y�D�Q�D�G�L�X�P���R�[�L�G�H�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���Y�D�O�H�Q�F�H�V�����D�Q�G���W�K�H���V�X�E�V�W�U�D�W�H�V���D�U�H���K�H�D�W�H�G���W�R���U�H�O�D�W�L�Y�H�O�\���K�L�J�K��

�W�H�P�S�H�U�D�W�X�U�H�V���W�R���S�U�R�P�R�W�H���W�K�H���F�U�\�V�W�D�O�O�L�]�D�W�L�R�Q���R�I���9�2�������0���5������ 

 

�&�R�P�S�D�U�H�G���W�R���3�9�'���W�H�F�K�Q�L�T�X�H�V�����P�R�V�W���R�I���F�X�U�U�H�Q�W���U�H�V�H�D�U�F�K���X�V�L�Q�J���V�R�O�X�W�L�R�Q���E�D�V�H�G���S�U�R�F�H�V�V�H�V���W�R��

�G�H�S�R�V�L�W���9�2�����K�D�Y�H���L�Q�W�U�L�Q�V�L�F���O�L�P�L�W�D�W�L�R�Q�V���V�X�F�K���D�V���Q�R�Q���X�Q�L�I�R�U�P�L�W�\�����Z�H�D�N�H�U���E�R�Q�G�L�Q�J���W�R���V�X�E�V�W�U�D�W�H��

�D�Q�G�� �G�L�I�I�L�F�X�O�W�� �F�R�D�W�L�Q�J�� �P�L�F�U�R�V�W�U�X�F�W�X�U�H�� �F�R�Q�W�U�R�O���� �7�K�H�U�H�I�R�U�H���� �I�R�U�� �P�H�D�Q�L�Q�J�I�X�O���� �O�D�U�J�H���V�F�D�O�H��

�D�S�S�O�L�F�D�W�L�R�Q���R�I���9�2�����E�D�V�H�G���V�P�D�U�W���Z�L�Q�G�R�Z�V���W�R���W�D�N�H���S�O�D�F�H�����D���3�9�'���S�U�R�F�H�V�V���F�R�P�S�D�W�L�E�O�H���W�R���W�K�H��

�J�O�D�V�V���P�D�Q�X�I�D�F�W�X�U�L�Q�J���L�Q�G�X�V�W�U�\���Q�H�H�G���W�R���E�H���F�U�H�D�W�H�G�����Z�K�L�F�K���F�R�X�O�G���D�F�F�X�U�D�W�H�O�\���F�R�Q�W�U�R�O���W�K�H���F�R�D�W�L�Q�J��
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�P�L�F�U�R�V�W�U�X�F�W�X�U�H�� �D�Q�G���F�U�\�V�W�D�O�O�L�Q�L�W�\���� �D�Q�G���S�U�R�Y�L�G�H���I�U�H�H�G�R�P���D�Q�G���F�R�Q�Y�H�Q�L�H�Q�F�H���L�Q���P�R�G�L�I�\�L�Q�J���W�K�H��

�F�R�D�W�L�Q�J���F�R�P�S�R�V�L�W�L�R�Q���D�Q�G���V�W�U�X�F�W�X�U�H���W�R���D�F�K�L�H�Y�H���R�S�W�L�P�D�O���R�S�W�L�F�D�O���S�U�R�S�H�U�W�L�H�V�� 

 

������ �3�U�R�E�O�H�P���6�W�D�W�H�P�H�Q�W 

 

�+�L�J�K���S�R�Z�H�U�� �L�P�S�X�O�V�H�� �P�D�J�Q�H�W�U�R�Q�� �V�S�X�W�W�H�U�L�Q�J�� ���+�L�3�,�0�6���� �L�V�� �D�� �U�H�F�H�Q�W�O�\�� �G�H�Y�H�O�R�S�H�G�� �3�9�'��

�W�H�F�K�Q�L�T�X�H�� �Z�K�L�F�K�� �X�W�L�O�L�]�H�V�� �K�L�J�K�� �Y�R�O�W�D�J�H�� �D�Q�G�� �K�L�J�K���S�R�Z�H�U�H�G�� �V�K�R�U�W�� �H�Q�H�U�J�\�� �E�X�U�V�W�V�� ���S�X�O�V�H�V���� �W�R��

�P�D�L�Q�W�D�L�Q���W�K�H���S�O�D�V�P�D���I�R�U���V�S�X�W�W�H�U�L�Q�J���L�Q���R�U�G�H�U���W�R���D�F�K�L�H�Y�H���K�L�J�K�H�U���I�L�O�P���T�X�D�O�L�W�\���W�K�D�Q���W�U�D�G�L�W�L�R�Q�D�O��

�3�9�'���P�H�W�K�R�G�V��[23, 24]�����$���V�W�U�L�N�L�Q�J���I�H�D�W�X�U�H���R�I���+�L�3�,�0�6���L�V���L�W�V���K�L�J�K���G�H�J�U�H�H���R�I���L�R�Q�L�]�D�W�L�R�Q���R�I���W�K�H��

�V�S�X�W�W�H�U�H�G���P�H�W�D�O���D�Q�G���K�L�J�K���U�D�W�H���R�I���P�R�O�H�F�X�O�D�U���J�D�V���G�L�V�V�R�F�L�D�W�L�R�Q�����Z�L�W�K���P�L�Q�L�P�X�P���W�K�H�U�P�D�O���O�R�D�G�V��

�R�Q�� �W�K�H�� �F�D�W�K�R�G�H�V�� �D�Q�G�� �V�X�E�V�W�U�D�W�H�V�� �W�R�� �E�H�� �F�R�D�W�H�G���� �'�X�H�� �W�R�� �W�K�H�� �K�L�J�K�� �G�H�J�U�H�H�� �R�I�� �L�R�Q�L�]�D�W�L�R�Q�� �R�I��

�G�H�S�R�V�L�W�L�R�Q���V�S�H�F�L�H�V�����W�K�H�L�U���H�Q�H�U�J�\���V�W�D�W�H�V���G�X�U�L�Q�J���G�H�S�R�V�L�W�L�R�Q���F�R�X�O�G���E�H���D�F�F�X�U�D�W�H�O�\���F�R�Q�W�U�R�O�O�H�G���E�\��
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�L�Q�F�O�X�G�L�Q�J���9�2�����D�Q�G���6�L�2���� 

3. �(�V�W�D�E�O�L�V�K�L�Q�J�� �P�H�W�K�R�G�V�� �D�Q�G�� �S�D�U�D�P�H�W�H�U�V�� �I�R�U�� �I�D�E�U�L�F�D�W�L�R�Q�� �R�I�� �U�H�F�R�U�G�� �K�L�J�K�� �V�H�U�Y�L�F�H�� �O�L�I�H�W�L�P�H����

�O�R�Z���2�F���9�2�����Q�D�Q�R�U�R�G���9���2�����D�P�R�U�S�K�R�X�V���F�R�P�S�R�V�L�W�H���X�V�L�Q�J���R�Q�H���V�W�H�S���+�L�3�,�0�6���S�U�R�F�H�V�V�� 
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�&�K�D�S�W�H�U������� 

 

�/�L�W�H�U�D�W�X�U�H���5�H�Y�L�H�Z�� 

 

�,�Q���W�K�L�V���F�K�D�S�W�H�U�����O�L�W�H�U�D�W�X�U�H���U�H�O�D�W�L�Q�J���W�R���W�K�H���W�K�H�V�L�V���Z�D�V���U�H�Y�L�H�Z�H�G�����7�K�H���F�K�D�S�W�H�U��

�Z�D�V���G�L�Y�L�G�H�G���L�Q�W�R���W�Z�R���P�D�L�Q���S�R�U�W�L�R�Q�V�����7�K�H���I�L�U�V�W���S�R�U�W�L�R�Q���G�H�W�D�L�O�H�G���V�S�X�W�W�H�U�L�Q�J��

�W�H�F�K�Q�L�T�X�H�V�� �D�Q�G�� �W�K�H�L�U�� �D�S�S�O�L�F�D�W�L�R�Q�V�� �Z�L�W�K�� �U�H�V�S�H�F�W�� �W�R�� �I�D�E�U�L�F�D�W�L�R�Q�� �R�I��

�W�K�H�U�P�R�F�K�U�R�P�L�F�� �9�2�����I�L�O�P�V���� �7�K�H�� �V�H�F�R�Q�G�� �S�R�U�W�L�R�Q�� �G�L�V�F�X�V�V�H�G�� �W�K�H�� �D�Y�D�L�O�D�E�O�H��

�V�W�U�D�W�H�J�L�H�V�� �W�R�� �H�Q�K�D�Q�F�H�� �W�K�H�U�P�R�F�K�U�R�P�L�F�� �S�H�U�I�R�U�P�D�Q�F�H�� �D�Q�G�� �R�Y�H�U�F�R�P�H��

�L�Q�W�U�L�Q�V�L�F���O�L�P�L�W�D�W�L�R�Q���R�I���9�2�������'�L�V�F�X�V�V�H�G���V�W�U�D�W�H�J�L�H�V���L�Q�F�O�X�G�H�G���P�R�G�L�I�L�F�D�W�L�R�Q���W�R��

�W�K�H�� �I�D�E�U�L�F�D�W�L�R�Q�� �S�U�R�F�H�V�V�� �D�Q�G���R�U�� �V�X�E�V�W�U�D�W�H���� �R�U�� �Q�D�Q�R���V�W�U�X�F�W�X�U�L�Q�J�� �R�I�� �W�K�H��

�I�X�Q�F�W�L�R�Q�D�O���9�2�����O�D�\�H�U������ 

 

 

 

 

 

 

 

 

 

 

�B�B�B�B�B�B�B�B�B�B�B�B�B�B�B�B 

*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 applications. Journal of Materials Chemistry C, 7(8), pp.2121-2145. (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 

�µ�W�D�U�J�H�W���¶�� �L�V�� �E�R�P�E�D�U�G�H�G�� �E�\�� �H�Q�H�U�J�H�W�L�F�� �J�D�V�H�R�X�V�� �L�R�Q�V�� �L�Q�� �µ�S�O�D�V�P�D���¶�� �.�L�Q�H�W�L�F�� �H�Q�H�U�J�\�� �I�U�R�P�� �W�K�H��

incoming ions is transferred to the particles on the surface of the target, breaking the bonds 

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. 

 
Figure 2.1 Basic setup 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/what-is-sputtering/] 

 

The first crucial factor is the sputtering gas, which normally consists of ultrapure argon for 

non-reactive deposition or a mixture of argon with other reactive gas (O2, N2, CH4, H2S, 

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 plasma is dependent 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 gaseous ions and 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 thin film are greatly dependent on the structure and temperature of 

the substrate. Post-annealing 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 sputtering 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 the type of power supplied to the system during sputtering, there 

are several types of system, such as direct current sputtering, radio-frequency sputtering, 

magnetron sputtering, high-power impulse magnetron sputtering (HiPIMS), and ion-beam 

sputtering. Depending on the type of sputtering gas, systems can also be classified as either 

reactive or non-reactive sputtering. The methods to use these systems in depositing a VO2 

thin film are discussed in subsequence sections. 

 

2.1.1 Reactive DC-magnetron sputtering (DCMS) 

 

Reactive DC-magnetron sputtering is characterized by its three main features: 

(1) The sputtering gas is a combination of Argon and reactive gas.  

(2) The DC power is used as the electrical source for ionization during sputtering.  

(3) Magnetron sputtering is an add-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 ionization rate, and increasing the deposition 

rate of the system. 

By using a DC power source, this technique is the lowest cost and simplest technique for 

metal deposition. Figure 2.1 shows a schematic of this technique when DC is used as the 

Sputtering Target Power. However, this is also a limitation because only conductive 

materials can be used as the target. 
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In the case of VO2 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 (II to V) so it is important to achieve the correct oxidation 

state for VO2. According to Kang [1], the composition of a VOx 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 VO2 deposition 

in practice due to the lack of control between the ratio of sputtered vanadium and oxygen 

in the gas mixture. Thus, factors such as the O2/Ar ratio, 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 diagram of VOx as a function of substrate temperature 

and oxygen partial pressure reported by Griffiths and Eastwood in 1974 [2]. This gives a 

general idea of how each stated parameter affects the phases in a sputtered VOx film. The 

detailed effects of each parameter are discussed in the following sections. 

 

 
Figure 2.2 Phase diagram of VOx [Taken from Griffiths et al., 1974] 

 

Without post annealing process. Without any post-annealing process, the effects of 

factors such as the reactive gas ratio and substrate temperature can be observed more 

clearly. Yuce et al. fabricated a VO2 thin film on a c-cut sapphire (Al2O3(0001)) substrate 

by optimizing the reactive oxygen flow ratio (Figure 2.3b) while keeping constant the 
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550 °C substrate temperature, 50 W power and 0.85 Pa operational pressure [3]. Raman 

spectra of the thin films in Figure 2.3a show a direct correlation between the increased 

presences of V2O5 in the deposited film and the increasing oxygen flow ratio. This is 

consistent with how a higher ratio of reactive oxygen flow (2.50�±3.00%) leads to a higher 

oxygen mole fraction, which then results in a higher oxidation state of vanadium after 

reaction. Vanadium(V) was formed instead of Vanadium(IV). The optical properties and 

electrical properties (Figure 2.3c-d) of the deposited VO2 also confirmed the abundant of 

VO2 at 2.25% O2 as the MIT was clear at this level but was not significant at a higher 

oxygen level. It can be concluded It can be concluded that the flow ratio of O2 directly 

affects the O2 mole fraction and thus, the phase formation of VOx. 

 

 
Figure 2.3 Characterizations of VO2 deposited by reactive DCMS without annealing. (a-b) 

Raman spectra of thin films produced at varying O2/Ar flow ratio. (c) Optical and (d) electrical 

properties of samples in (a). [Taken from Yuce et al., 2017] 

 

Zhao et al. conducted an experiment in which seven samples of VO2 films of 120 nm 

thickness were produced on a c-sapphire substrate at different substrate temperatures from 

���������•���W�R�����������•�����Z�K�L�O�H���W�K�H���R�W�K�H�U���S�D�U�D�P�H�W�H�U�V���Z�H�U�H���N�H�S�W���F�R�Q�V�W�D�Q�W�������������3�D�������������22/Ar flow 

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 

structure as seen from the cross-section 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 

porous 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 vanadium oxide 

from V5+ �Æ V4+ �Æ V3+ from low to high temperature. The presence of intermediate phases 

during the transition from V2O5 to VO2 and from VO2 to V2O3 was the main reason why 

there were double peaks in the XRD spectra. This result showed the influence of substrate 

temperature on the stoichiometry of the deposited vanadium oxide film. 

 

 
Figure 2.4 Characterizations of VO2 deposited by reactive DCMS without annealing. (a) SEM 

images of VO2 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] 

 

A crucial aspect of any sputtering deposition set-up is the choice of substrate. c-cut sapphire 

was used by both Zhao et al. and Yuce et al. due to its ability to operate at high temperature, 

�Z�K�L�F�K�� �Z�D�V�� �K�L�J�K�H�U�� �W�K�D�Q�� �������� �•�� �L�Q�� �E�R�W�K�� �U�H�S�R�U�W�V���� �,�Q�� �S�U�D�F�W�L�F�H���� �V�R�G�D-lime glass is a better 

substrate for testing because of its potential real-life application. However, soda-lime 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 VO2. 

 

Zhu et al. [5] deposited VO2 on soda-lime glass subst�U�D�W�H���D�W���W�K�H���O�R�Z���W�H�P�S�H�U�D�W�X�U�H���R�I�����������•��

with 3 different buffer layers of TiO2, SnO2 and SiO2. The other parameters did not deviate 

so much from other reported reactive DCMS set-ups: 80 W power, 0.55 Pa operation 
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pressure, 3.25% O2/Ar flow ratio. The XRD patterns in Figure 2.5a show that TiO2 is not 

a suitable buffer layer because it was not able to hinder the diffusion of Na into VO2, thus 

causing the detection of NaV3O8 and NaV2O5. The SiO2-buffered sample showed the 

presence of (M) phase VO2 with its characteristic peak. However, peaks from the V3O5 

phase were also present. This means that the SiO2 buffer layer did not manage to help create 

a pure VO2 thin film. Only the SnO2 buffered sample was relatively pure.  

 

 
Figure 2.5 Characterizations of VO2 deposited by reactive DCMS without annealing. (a) XRD 

spectra of VO2 on different substrate. (b) Raman spectra of VO2 on different ZnO thickness. (c) 

SEM images of samples in (b). (d) Optical and (e) electrical properties of VO2 on 235nm ZnO 

buffer layer. [(a) Taken from Zhu et al., 2016; (b)-(e) taken from Zhu et al., 2018] 

 

Zhu et al. [6] proceeded further in this area by testing the deposition of VO2 on different 

thicknesses of ZnO-coated soda-lime glass in order to investigate the effect of the buffer 

layer thickness on deposited VO2�����$���O�R�Z���W�H�P�S�H�U�D�W�X�U�H���R�I�����������•���Z�D�V���X�V�H�G�����Z�L�W�K���W�K�H���R�W�K�H�U��

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

O2/Ar flow ratio. It was found that a thicker buffer layer promoted the crystallinity of VO2 

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

VO2 with and without different ZnO buffer thicknesses in Figure 2.5c. 

 

The studies discussed in this section are representative of work in this field and included 

here to demonstrate the effect of having a buffer layer on VO2 thin 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 process. Post-annealing in reactive DCMS is 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 film. Yu et al. deposited VO2 film on a 

polished silicon substrate at room temperature using varying O2/Ar flow ratios, 0.06 Pa 

operation pressure and 90W power [7]. A low temperature of the substrate undoubtedly 

resulted in amorphous VO2�����Z�K�L�F�K���U�H�T�X�L�U�H�G���U�H�F�U�\�V�W�D�O�O�L�]�D�W�L�R�Q���D�W�����������•���I�R�U�������K���L�Q���D���Q�L�W�U�R�J�H�Q��

atmosphere. Nitrogen was used as an inert gas so it would not affect the established 

stoichiometry of the amorphous VO2 film. The atmospheric or ambient pressure also 

contributed to keeping the stoichiometry. 

 

Not only used as a remedy to low-temperature depositions, but post-annealing is also used 

to further improve the quality of VO2 deposited at high temperature. Dou et al. reported 

comprehensive findings on this by conducting a 2-step annealing process on deposited VO2 

(m/a/r-plane sapphire, 2% O2���$�U���I�O�R�Z���U�D�W�L�R���������3�D�������������•����[8]. After deposition, VO2 film 

�Z�D�V���F�U�\�V�W�D�O�O�L�]�H�G���D�W���������� �•�� �I�R�U���������� �V���L�Q���������� �3�D���D�W�P�R�V�S�K�H�U�H���� �I�R�O�Oowed by air oxidizing in 

�D�W�P�R�V�S�K�H�U�L�F�� �S�U�H�V�V�X�U�H�� �D�W�� �������� �•�� �I�R�U�� �������� �V���� �������� �V���� �������� �V�� �D�Q�G�� ���������� �V���� �7�K�H�� �;�5�'�� �S�D�W�W�H�U�Q�V��

(Figure 2.6a) showed a significant decrease in VO2 presence with the increase in air 

oxidizing time. As expected, the V2O5 presence also increased due to the further oxidation 

of vanadium to the V5+ state. 

 

In contrast, Huang et al. [9] conducted a post-annealing process in an O2-lacking 

environment to transform the mixed phase vanadium oxide obtained from deposition to 

purer stoichiometry VO2. In this report, vanadium oxide film was deposited in a 12.5% 

O2���$�U�� �I�O�R�Z�� �U�D�W�L�R���� ���������� �3�D�� �R�S�H�U�D�W�L�R�Q�� �S�U�H�V�V�X�U�H���� �������� �:�� �S�R�Z�H�U�� �D�Q�G�� �������� �•�� �V�X�E�V�W�U�D�W�H��

temperature. XRD patterns of the deposited film revealed the presence of a mixed VO2 and 

V2O5 phase. After annealing in an Ar atmosphere, the V2O5 was eliminated, as seen in the 

XRD patterns in Figure2.6b. 
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The atmosphere for the post-annealing process was the deciding factor for achieving a VO2 

thin film. An inert atmosphere could be used for the crystallization of an amorphous 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 VO2 thin film deposited by reactive DCMS with annealing. (a) 

XRD spectra of oxidized VO2 on m-plane sapphire. (b) XRD patterns of vanadium oxide film 

before and after annealing. (c) SEM images of VO2 samples on different substrate before and after 

1000s of annealing. Electrical properties of VO2 samples in 15c before (d) and after (e) annealing. 

(f) XPS spectra VO2 thin film with different O2/Ar ratio after annealing: 25%, 32.5%, 42.5%, and 

50% respectively. [(a)-(e) Taken from Dou et al., 2015; (f) taken from Xu et al., 2015] 

 

VO2 deposition on m-, a- and r-plane 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 into a similar 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 post-annealing time. The similar 

microstructure resulting from the longer annealing time was believed to be V2O5, which 

agrees with XRD spectra in Figure2.6a. 

 

While the effect of having different substrates may not last after annealing, the effect of 

different O2/Ar flow ratios is reported to be conserved, as reported by Xu et al. In their 

report, VO2 thin film was deposited on a Si(100) substrate at room temperature, 200 W 

power, 0.63 Pa and O2/Ar ratios of 25%, 32.5%, 42.5% and 50%. The deposited film was 

�D�Q�Q�H�D�O�H�G���L�Q���Y�D�F�X�X�P���I�R�U�������K���D�W�����������•��[10]. Based on the XPS spectra (Figure 2.6f), it could 

be observed that the vanadium oxide undergoes oxidation from V3+ �Æ  V4+ �Æ V5+ with 

the increasing amount of O2. This is consistent with what was reported by Yuce et al. as 

mentioned in the previous section. It can be concluded that if the annealing time does not 

transform VO2 to V2O5, it has no influence on the effect of the different reactive gas flow 

ratios. 

 

 

Figure 2.7 (a) Spinodal decomposition process to achieve TiO2-VO2 nanocomposite matrix. (b) 

Optical performance of A1 (sample fabricated by process in (a)), C1 (no annealed sample), V1 

(pure VO2 sample) by G.Sun et al, 2016. (c) Z. Chen et al. �������������¶�V�� �Z�R�U�N���� ���F������ �D�Q�G�� ���F������ �7�(�0��

images of the V-Ti separation after annealing, inset shows the SAED pattern. (c2) and (c4) 

Combined STEM and energy-dispersive X-ray spectroscopy mapping of V-blue and Ti-green 

 

Post-annealing can be a powerful tool to remedy and correct the stoichiometry of the VOx 

film or to complete the fabrication process. However, excessive annealing causes the 
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formation of V2O5 from VO2 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, post-annealing can also be utilized 

to fabricate composite films of VO2 through a spinodal decomposition mechanism. Sun et 

al. [11, 12] and Chen et al. [13] managed to fabricate a self-assembled multiplayer structure 

TiO2�±VO2 thin film (Figure 2.7a and b) by sputtering amorphous VxTi1-xO2 at room 

temperature, followed by annealing this amorphous film to achieve a composite structure. 

The final matrix, as seen in Figure 2.7c, had alternating V-rich and Ti-rich phases. As 

reported by Sun et al. [11] in Figure 2.7b, the optical properties the VO2 thin film were 

boosted significantly by doping with TiO2 through this spinodal decomposition process.  

 

2.1.2 Reactive RF-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 an alternate 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 the target. Figure 2.1 shows a schematic 

of this technique when AC of 13.56 MHz is used as the Sputtering Target Power. By 

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, insulating and semiconducting materials. This means that metallic VOx 

materials can be used as a sputtering target. This is further discussed in the nonreactive 

sputtering section. 

 

Reactive RF-magnetron sputtering is very similar to its DC counterpart and so the 

traditional parameters, such as O2/Ar 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 used, ranging 

from 100 W [14] to as high as 450W [15]. This increased sputtering power also eliminates 
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the annealing step in most reported papers, except when room temperature deposition is 

attempted [16]. 

 

 
Figure 2.8 Characterization of VO2 deposited by RFMS: (a) XRD patterns, (b) transmission 

spectra, (c) transition temperature for each sample, (d) AFM images of each sample, (e-f) 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 VO2 thin film against 

substrate bias applied. [(a)-(d) Taken from Jiang et al., 2014; (e)-(f) taken from Panagopoulou et 

al., 2015; (g) taken from Azhan et al., 2015; (h)-(i) taken from Azhan et al., 2016] 
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Despite the similarity to its DC counterpart, the effects of conventional parameters are still 

investigated for VO2 thin film deposited with reactive RF-magnetron. Jiang et al. reported 

investigations on a series of VO2 samples on quartz �J�O�D�V�V���D�W�����������•���Z�L�W�K�����������:���5�)���S�R�Z�H�U��

under 1.0 Pa of varying O2 flow [17, 18]. Instead of the traditional stoichiometry change 

with varying the O2/Ar flow ratio, the report gave a fresh viewpoint on the effect of the 

O2/Ar flow ratio on single-phase VO2 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 the O2/Ar flow ratio was increased from 

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

�F�����Z�H�U�H���D�O�V�R���U�H�S�R�U�W�H�G���Z�L�W�K���D�Q���H�[�F�H�S�W�L�R�Q�D�O���W�U�D�Q�V�L�W�L�R�Q���W�H�P�S�H�U�D�W�X�U�H���R�I���������•���I�R�U���W�K�H���������V�D�P�S�O�H�� 

 

Some effects of different substrates and substrate temperatures were also reported. 

Panagopoulou et al. deposited VO2 �D�W�����������•���D�Q�G�����������•���R�Q���Y�D�U�L�R�X�V���V�X�E�V�W�U�D�W�H���P�D�W�H�U�L�D�O�V����

glass/ZnON, glass/SnO2, commercial glass and a silicon substrate [19]. XRD analysis 

(Figure 2.8e and f) produced non-surprising results indicating a better-formed VO2 using 

�W�K�H�� �K�L�J�K�H�U�� �V�X�E�V�W�U�D�W�H�� �W�H�P�S�H�U�D�W�X�U�H�� �R�I�� �������� �•���� �%�U�R�D�G�H�U�� �S�H�D�N�V�� �I�U�R�P�� �W�K�H�� �������� �•�� �V�D�P�S�O�H�V��

provided evidence of secondary phases, whether different VO2 phases or different VOx 

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 acting on the target. Azhan et al. conducted a series of 

experiments using reactive RF-magnetron sputtering and RF substrate bias to deposit VO2 

on a single crystal sapphire substrate [20, 21]. This set-up is shown in Figure 2.8g. By using 

RF substrate bias during deposition, the reported transition temperature of the VO2 film 

�Z�D�V�� ������ �•�� �I�R�U�� ������ �:�� �E�L�D�V�L�Q�J�� �S�R�Z�H�U���� �7�K�L�V�� �L�V�� �D�Q�� �H�[�W�U�H�P�H�O�\�� �J�R�R�G�� �Y�D�O�X�H�� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H��

�F�R�Q�Y�H�Q�W�L�R�Q�D�O�� �W�U�D�Q�V�L�W�L�R�Q�� �W�H�P�S�H�U�D�W�X�U�H�� �R�I�� ������ �•���� �+�R�Z�H�Y�H�U���� �I�L�O�P�V�� �G�H�S�R�V�L�W�H�G�� �Z�L�W�K�� �D�� �K�L�J�K�H�U��

biasing power showed significant decreases in MIT ability. A balance between the 

transition temperature and MIT properties is thus needed so that VO2 films deposited by 

this method can be considered for further application. 
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2.1.3 Reactive pulsed direct current magnetron sputtering (pDCMS) 

 

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 range of MHz, 

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, such as substrate bias, 

can also be used in this case while being traditionally redundant in conventional DCMS 

[22]. 

 

2.1.4 Reactive high-power impulse magnetron sputtering (HiPIMS) 

 

High-power impulse magnetron sputtering or HiPIMS is a recently developed technology 

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 energy burst (pulse) 

to generate plasma. Because of this plasma generation mechanism, high-density 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 molecular gas dissociation compared to 

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

density than films from other methods. 

  

Using HiPIMS for VO2 deposition is still a relatively new research area. Due to the 

theoretical higher film density, it is expected that high-quality VO2 could be deposited with 

�P�X�F�K���O�R�Z�H�U���W�H�P�S�H�U�D�W�X�U�H�����������������•�����F�R�P�S�D�U�H�G���W�R���L�W�V���'�&���D�Q�G���5�)���F�R�X�Q�W�H�U�S�D�U�W���Z�L�W�K�R�X�W���X�V�L�Q�J��

any post-annealing process. This allows for a wider range of substrate selection; even a 

polymeric substrate has been attempted [23]. 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 been no report 
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yet on the effect of these parameters on similarly prepared VO2 samples. HiPIMS systems 

are compatible with additional substrate bias. Results both with [15, 22-24] and without 

[25] substrate bias have been reported. 

 

HiPIMS vs RFMS. Loquai et al. conducted comparison between VO2 deposited on B270 

glass using HiPIMS and RFMS [23]. The processing parameters utilized, as seen in Fig. 

17a, were comparable between both deposition processes, except for a different O2/Ar flow 

ratio. From the transmission spectra (Figure 2.9b and c), the optical properties of VO2 film 

by both depositions processed were also similar despite the difference in O2 flow. This 

means that HiPIMS could produce similar grade VO2 with half the amount of O2 as 

compared to RFMS. 

 

HiPIMS vs pDCMS. Aijaz et al. conducted an extensive study on the effect of substrate 

temperature, O2/Ar flow ratio and substrate bias on the quality of VO2 thin films deposited 

by both HiPIMS and pDCMS [22]. An average power of 600 W was used for both HiPIMS 

(500 Hz, pulse on-time of 100 ms) and pDCMS (100 kHz, pulse off-time 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 insulating film could be singled out. Thus, the stoichiometry 

of the VO2 film could be identified. The thermochromic performance of VO2 by HiPIMS 

at different O2 fractions, temperature and substrate bias is shown in Figure 2.9d. As 

concluded in previous sections, increasing the O2 fraction leads to a transition from V3+ �Æ 

V4+ �Æ V5+. This was reaffirmed in this report. Comparison with VO2 by pDCMS showed 

that HiPIMS is able to produce functional thermochromic VO2 at a much lower substrate 

temperature. 
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Figure 2.9 (a) Deposition parameter and (b) optical properties of VO2 thin film by RFMS and 

HiPIMS. (c) Measured discharge voltage during deposition vs O2 fraction. (d) Transmission spectra 

of VO2 thin film with no bias and varying bias and constant O2 fraction of 8.7%. (e) Schematic of 

a reactive HiPIMS chamber.  

[(a)-(b) 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%20kamm

er.jpg]. 

 

2.1.5 Inductively coupled plasma-assisted 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, reaching a density 

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

 

Reports on VO2 deposition using ICPS are limited to a couple of research group due to the 

niche set-up [26-30]. Mian and Okimura compared conventional RFMS and ICPS using 

�O�R�Z�� �W�H�P�S�H�U�D�W�X�U�H�� ���������� �•���� �G�H�S�R�V�L�W�L�R�Q�� �D�Q�G�� �W�U�D�G�L�W�L�R�Q�D�O�� �W�H�P�S�H�U�D�W�X�U�H�� ���������� �•����[26]. XRD 

spectra comparison (Figure 2.10d and e) showed an exceptional quality of the VO2 thin 

�I�L�O�P���G�H�S�R�V�L�W�H�G���D�W�����������•���E�\���,�&�3�6�����7�K�H���;�5�'���S�H�D�N�V���I�U�R�P���W�K�H�����������•���V�D�P�S�O�H�V���I�U�R�P���E�R�W�K���W�K�H��

ITO �D�Q�G���6�L���V�X�E�V�W�U�D�W�H���Z�H�U�H���F�R�P�S�D�U�D�E�O�H�����H�Y�H�Q���V�K�D�U�S�H�U���W�K�D�Q���W�K�H�����������•���S�H�D�N�V���E�\���F�R�Q�Y�H�Q�W�L�R�Q�D�O��

RFMS. 

 

2.1.6 Inverted cylindrical magnetron sputtering (ICMS)  

 

ICMS is another modification of the conventional RFMS set-up. Instead of additional 

magnetic coils, like in ICPS, a perpendicular cathode and anode set-up is used (Figure 

2.10b). This set-up 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 on VO2 deposition by ICPS is rare but the reported results 

to date are comparable to those achieved with a conventional system [31, 32]. 

 

2.1.7 Ion-beam-assisted sputtering (IBS) 
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Figure 2.10 (a) Schematic of ICPS system [Taken from Nakamura et al., 2004]. (b) Schematic 

of an ICMS system [Taken from Kana et al., 2008]. (c) Schematic of an ion-beam-assisted 

sputtering system. XRD spectra of VO2 on Ti/Si substrate (d), and ITO/glass substrate (e) [Taken 

from Mian et al., 2014]. 

 

Ion-beam-assisted 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 towards target materials at an angle so that ejected particles 

are deposited on the substrate surface (Figure 2.10c). Because ions are injected into the 

chamber using ion guns, the operating pressure in an IBS system is much lower than that 

in conventional plasma sputtering. 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 as VOx. However, IBS is still mainly used for 

the non-reactive sputtering of vanadium metal thin films instead [33, 34]. Reactive IBS 

requires a dual ion-gun configuration to control O2 and Ar separately [35]. 
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2.1.8 Non-reactive sputtering methods 

 

A non-reactive VO2 sputtering system either uses a VOx ceramic 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 VO2. 

 

Ceramic target system. As mentioned in the previous section, the molar ratio of vanadium 

and oxygen during sputtering is one of the most crucial factors to achieve stoichiometric 

VO2. A method to by-pass this issue is to use a VO2 ceramic target as the source material 

during sputtering. Theoretically, the vanadium to oxygen ratio in the produced film should 

be the same as in the source. Yu et al. reported a typical process to produce stoichiometric 

VO2 using this method [36]. Non-reactive RFMS was used to sputter VO2 ceramic onto 

Eagle XG glass with a pure Ar atmosphere. Post-annealing 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 suitable to be sputtered using a DC power. However, VO2 is unique because it 

exhibits metallic properties at room temperature. Thus, DCMS was also attempted and 

shown to be successful by Sun et al. [37]. VO2 is not the only ceramic target that can be 

used as a thin film source, and a V2O5 target has also been tested [38]. Due to having a 

different stoichiometry, an additional annealing process in an O2-rich environment is 

required to reach the final VO2 thin film. 

 

Vanadium target system with pure argon sputtering. A VO2 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 sputtering 

system [39-44]. There are also reports, however, on IBS being used instead [33, 34]. 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. The 

crystallinity and morphology of the as-deposited 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 VO2 film. Details are not discussed here as they are not 
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the focus of this thesis. However, it is important to note that this is one of the main synthesis 

routes of a VO2 film through a sputtering system. 

 

Table 2.1 Summary of sputtering techniques, their advantages, and disadvantages. 

Technique Power 
supply Advantage Disadvantage Ref 

DCMS DC  �x Cheap 
�x Readily available 
�x Easy to pair with 

post-annealing 
process  

�x Only for conductive 
target 

�x Limited sputtering 
power 

�x Relatively low energy 
sputtered particles 

[3-13] 

RFMS AC �x Can use non-
conductive target 

�x Higher sputtering 
power than DC 

�x Relatively high 
energy sputtered 
particles 

�x More expensive than 
DC 

 

[14-
21] 

p-DCMS Pulsed 
DC 

�x Can use non-
conductive target 

�x Mid-range 
compromise 
between RF and DC 
sputtering for both 
cost and power 

�x More expensive than 
DC 

 

[22] 

HiPIMS  HiPIMS  �x Can use non-
conductive target 

�x Extremely high 
sputtering power 

�x High energy 
sputtered particles 

�x High density film 

�x Very expensive 
�x Sputtered energy is 

too high and is 
harder to control 

�x Require highly 
specialized power 
source and chamber 

[15, 
22-25] 

ICPS DC or 
AC 

�x High energy 
sputtered particles 
with medium 
sputtering power 

�x Require highly 
specialized and 
niche setup 

[26-
30] 

ICMS AC �x Deposition of 
complex geometric 
substrate 

�x Require highly 
specialized and 
niche setup 

[31, 
32] 
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IBS Nil  �x No sputtering target 
power source 

�x Sputtering is 
controlled by an ion-
beam 

�x Compatible with 
hard-to-control 
stoichiometry 
compounds 

�x Expensive 
�x Require duo ion-

beam gun for 
reactive setup 
(separate O2 and Ar 
control) 

[33-
35] 

 

2.2 Strategies to improve performance of VO2 thin films using PVD 

 

As discussed in the beginning of this review, VO2 is not a perfect material and the multiple 

intrinsic limitations of VO2 need to be addressed before it can be applied commercially. 

Over the years, concurrently with attempts to fabricate high quality pure VO2, various 

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

the following strategies is proposed to solve at least one of the main problems of pure VO2, 

namely the high transition temperature �2c, low Tlum �D�Q�G���ûTsol, and substrate effects. 

 

2.2.1 Elemental doping 

 

Table 2.2 Effects of selected doping on optical properties of VO2 

Dopant Limit  �(�I�I�H�F�W���R�Q���2c Effect on Tlum Effect on �û�7sol 

Eu3+ 4 at.% �;���������Û�&���D�W���� �9 �9 

Mg2+ 7 at.% �;�����Û�&���D�W���� �9 �9 

W6+ 2.5 at.% �;�������Û�&���D�W���� �; �; 

F- 2.1 at.% �;�������Û�&���D�W���� N. A. N. A. 

Mo6+ 2.5 at.% �;�������Û�&���D�W���� �9 �; 

Nb5+ 4 at.% �;�����Û�&���D�W���� �; �; 

P3- 1 at.% �;�������Û�&���D�W���� N. A. N. A. 

Fe3+ 1.4 at.% �;�����Û�&���D�W���� N. A. N. A. 

Sb3+ 7 at.% �;�����Û�&���D�W���� �9 N. A. 

Zr 4+ 11 at.% N. A. �9 �9 
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The deposition of VO2 was performed to investigate its MIT properties with different 

fabrication parameters and conditions. In order to manipulate the transition temperature of 

VO2, the doping of various elements into the VO2 matrix has become a common strategy. 

Table 2.2 [45] shows a non-exhaustive list of the dopants that have been investigated over 

the years and their effects on the intrinsic properties of VO2. Tungsten is the most common 

dopant due to its ability to greatly reduce the transition temperature of VO2 at the expense 

of reduced optical properties. Therefore, reports of doped VO2 have mainly focused on W 

[45-47], followed by Al [48], Mg [45, 49-51], and surprisingly Si [52, 53]. DCMS and 

RFMS are most common methods used to fabricate doped VO2. For these processes, there 

are multiple methods where the dopant amount can be controlled: 

 

(1) A limited 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 used [46, 48, 49, 52, 

53]. This is the most common set-up as a single-target configuration with one power 

source is applicable. 

(2) The dopant and vanadium can also be co-sputtered as two targets, using different 

power sources [50, 51]. This is less common due to the limited accessibility of the 

co-sputtering configuration. 

(3) An alloy of a dopant with vanadium can also be used as a sputtering target [47]. 

This is the least common method due to the limited choice of dopant and the dopant 

ratio that can be tested. 

(4) An amorphous solid solution of a dopant and vanadium can be co-deposited on the 

substrate, followed by annealing to spinodally decompose the matrix into a nano-

composite structure. Similar systems and crystal structures are needed for this to be 

possible [11]. 

 

Aside from common rare earth elements and transition metals listed in Table 2.2, noble 

metals such as Au [54, 55] and Ag [56-58] have been studied as potential doping elements 

in recent years. The surface plasmon resonance (SPR) properties exhibit by those elements 
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at near-IR-vis wavelength open up the possibilities of localized heating to decrease �2c of 

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 of VO2. Buffer layers serve as a shortcut to broaden 

the possibilities of the surfaces to grow a VO2 thin film while keeping glass as the 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 of VO2 thin films. Typically, it acts as 

a diffusion barrier to prevent impurities from the substrates, such as sodium ions in soda 

lime glass, from diffusing into VO2 during deposition, and it can also be used as the basis 

for the epitaxial growth of a VO2 thin film as well as a seed layer that can facilitate the 

crystallization of VO2 under unconventional deposition conditions, such as low deposition 

temperature [5, 6, 59-61]. Several studies on different compounds including but not limited 

to SiNx [59], ZnO [5, 6, 60], V2O3 [61, 62], TiO2 [5, 60], and SnO2 [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. Montero et al. [63] used In2O3:Sn (ITO) as a conductive 

layer on soda lime glass to enhance the effect of substrate bias during the RFMS deposition 

of a VO2 thin film. In this study, a buffer layer was used to expand the fabrication condition 

of VO2, activating an otherwise insulating material as a suitable substrate. Other 

researchers attempted to directly improve the performance of 

 

VO2 thin film with an appropriate buffer layer. For instance, Chang et al. [64] successfully 

showed that a Cr2O3 buffer layer could enhance the optical properties of VO2 thin film, 

achieving respectable values of �ûTsol = 12.2% and Tlum = 46.0%, which are enhanced by 

4.4% and 9.6% compared with pure VO2.   
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Antireflection coating and multilayer structure. Because buffer layers are largely used 

as a strategy to achieve high-quality VO2 thin films, their effect on the optical performance 

of VO2 is mostly indirect and unrecognized in most studies utilizing them. This is due to 

the upper most layer of the matrix still being VO2. The interaction with incident light is 

mostly unmodified with or without a buffer. Hence, an antireflection (AR) coating has been 

�D�G�R�S�W�H�G���D�V���D���V�W�U�D�W�H�J�\���W�R���L�P�S�U�R�Y�H���W�K�H���R�S�W�L�F�D�O���S�U�R�S�H�U�W�L�H�V�����ûTsol and Tlum) as well as to reduce 

interaction between O2 in the atmosphere with VO2 thin film, which has been proven to be 

easily oxidized to V2O5 with prolonged uncontrolled exposure [73]. Combining the AR 

coating and buffer layers into a VO2 matrix opens up more avenues for development. The 

properties of the VO2 matrix are more flexible as they are now dependent on changes to 

not only the VO2 thickness and crystallinity but also to the type of buffers, type of AR 

coatings, and their thickness, respectively. A non-exhaustive summary of studies using AR 

coatings and multilayer structure is listed in Table 2.3. It is observed that there is a delicate 

balance between the enhancement of Tlum �D�Q�G���ûTsol. An 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 balance of these two parameters.  

 

Table 2.3 Optical performance enhancement of selected VO2 system using AR coating 

 

 

 

 

Buffer layer AR coating Effect on Tlum �(�I�I�H�F�W���R�Q���û�7sol Ref 

- ZrO2 �9���������� - [65] 

- Al xOy - - [66] 

TiO2 TiO2 

�;�������� �9�������� [67] 

�9�������� �9�������� 
[68] 

�9������ �9�������� 

�9�������� �9�������� [69] 

�9���������� �;����  [70] 

SiNx SiNx �+�L�J�K�H�V�W���9���������� �+�L�J�K�H�V�W���9�������� [71] 

WO3 WO3 �9�������� �;�������� [72] 
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2.2.3 Biomimetic structures for enhanced optical properties 

 

 
Figure 2.11 (a) Optical simulation set-up of moth-eye structure. (b) AFM cross-sectional profile. 

(c) SEM cross-sectional profile of d = 210 nm. (d�����7�U�D�Q�V�P�L�W�W�D�Q�F�H���V�S�H�F�W�U�D���L�Q���������í�����������Q�P���U�D�Q�J�H���D�W��

25/90 °C for planar and AR samples with 140 nm thickness, respectively [(a) Taken from Taylor 

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

 

In recent years, the development of new technologies has turned to nature for inspiration. 

�7�K�H���D�E�L�O�L�W�\���W�R���F�D�P�R�X�I�O�D�J�H���D�Q�G���E�O�H�Q�G���L�Q���Z�L�W�K���R�Q�H�¶�V���H�Q�Y�L�U�R�Q�P�H�Q�W���L�V���D�P�R�Q�J���W�K�H���P�R�V�W���F�R�Y�H�W�H�G��

properties for a lot of optically dependent devices. Camouflage in nature is achieved by 

having either one or a combination of the following factors: low absorption, low reflection, 
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or low scattering of light [74]. By combining this ability with available optical materials, 

it presents a new research direction in which bioinspired nanostructure 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 VO2 

thin films: doping and layering had been discussed. Being different from the above 

methods, bioinspired structures to improve VO2 thin films optical performance come 

majorly as a modification to substrate to influence the morphology of the overlay VO2 thin 

film. 

 

 
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) 

High-resolution 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 Gaussian profile with a mean height of h = 500nm and a 

variance of �1h = 100nm. Experimental reflectance spectra of transparent region with (e) fixed 623 

nm wavelength and (f) entire visible spectrum. (g-i) Optical simulations of the random microhairs 

structure. [Taken from Siddique et al., 2015] 
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Taylor et al. proposed a moth-eye functionalized surface to enhance the Tlum and �û�7sol 

based on FDTD calculations. The study reported possible moth-eye structure which can 

enhance �û�7sol of selected VO2 thin film to about 70.3% while maintaining a Tlum as high as 

23.1%. Different from the multilayer systems in Table 2.3 which operate by creating 

constructive and destructive interference bands to enhance Tlum and �û�7sol, moth-eye 

structure and its variations enhance transmission by creating wide-angle antireflective 

surface through subwavelength surface engineering (Figure 2.11a) [75]. The feasibility of 

this proposal was subsequently proven by Qian et al. [76]. Figure 2.11b-d is the 

comprehensive summary demonstrating the effect of adjusting the height and pitch of the 

moth-eye nipple structure to the optical performance of overlaying VO2 thin films. The 

presence of a moth-eye structure increased Tlum and �û�7sol of VO2 thin films with obvious 

increases in T% compared to planar sample. The aspect ratio (height-to-pitch ratio) is the 

deciding factor of how the moth-eye would affect the VO2 overlaying film. The higher the 

aspect ratio, the higher the enhancing factor. However, preparation of moth-eye structure 

on substrate, typically SiO2 (quartz) is complex and often expensive. Fabrication methods 

including but not limited to usage of template [77-79], reactive ion etching [80], 

lithography [81, 82], or spinodal decomposition [83]. The listed methods are not suitable 

for mass production application.  

 

The limiting factor in fabrication methods of moth-eye 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 options from nature, 

Siddique et al. reported a random nanostructure on the glasswing butterfly, Greta-oto, 

which has remarkable omnidirectional anti-reflection properties [84]. Figure 2.12b-c 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 moth-eye nipple with 

high aspect ratio. The difference is in the randomness of the size and 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 features, the 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° (Figure 2.12d-e). Follow 

up on the theoretical optimization outlined in this study, Papadopoulos et al. reported a 

replicated structure similar to that of the glasswing fabricated on quartz glass SiO2 using 

circularly polarized ultrashort laser pulses. Shown in Figure 2.13 is the demonstration of 

the resulted patterned quartz glass and relevant optical reflectance spectra. The double-side 

patterned specimen exhibited extraordinary decreases in reflectance compared to that of 

flat, un-patterned one. While the fabrication of this glasswing nanostructure is much 

cheaper than that of moth-eye, 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. (b-c) 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 Papadopoulos et al., 2019] 
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2.3 Outstanding questions 

 

Despite the extensive efforts by several research groups all over the globe in recent years, 

VO2 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 deposit VO2 

due to its relative simplicity to control the stoichiometry, high crystallinity, and high 

performance. However, the high temperature and high-vacuum conditions required for the 

deposition continue to be a hindrance to the mass production of VO2-based materials for 

commercial usages.  

 

While they can easily be fabricated nowadays, the optical and thermochromic 

performances of VO2 thin films continue to be a significant roadblock [85]. At this moment, 

while it is possible to achieve a near room temperature �2c for VO2 thin films through doping, 

it often comes with it a sacrifice to either Tlum �R�U���ûTsol due to the resulting impurities and 

irregularities in the films caused by the introduction of foreign atoms into the matrix. 

Meanwhile, Tlum and �û�7sol have been increased by a variety of methods with limited effects, 

such as a multi-layered architecture (i.e., buffer layers [5, 6, 19, 27, 50, 52], or sandwich 

structure [73]), or nano-patterning of VO2 [86, 87]. However, it is of utmost important for 

all these three key parameters to be improved simultaneously. Further studies into VO2 

performance optimization should adhere to this line of thought. On the other hand, the 

addition of functional layers onto the VO2-based smart window architecture has opened up 

the question of whether multi-functional smart windows can be achieved. Further research 

into this area by adding sub-functions, such as self-cleaning or self-healing ability, would 

keep VO2-based smart windows competitive among the energy conservation research 

landscape and functional windows [88-92].  

 

It is to be noted that most studies about VO2 focus on material properties and ignore the 

product feasibility aspect of smart windows. Currently, most deposition of high-quality 

VO2 thin films is limited to experimental substrates, such as fused silica, and the transition 

to regular soda-�O�L�P�H���Z�L�Q�G�R�Z���J�O�D�V�V���L�V���V�W�L�O�O���D���F�K�D�O�O�H�Q�J�H���G�X�H���W�R���W�K�H���L�V�V�X�H���R�I���V�R�G�L�X�P�¶�V���G�L�I�I�X�V�L�R�Q��

and substrate mismatch. A method to circumvent this is to insert buffer layers, but this is 
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complicated and detrimental to the crystal formation. Furthermore, the mass production of 

VO2 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 of VO2 thin films as a 

thermochromic material as well as to bridge the gap between the laboratory standards and 

industry large-scale production. Continuing efforts to reduce the deposition temperature, 

enhance the crystallinity and uniformity as well as performance improvement and 

upscaling are needed to promote the commercialization of VO2 in thermochromic smart 

window applications. 
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�K�X�P�D�Q���H�\�H���D�Q�G���î �æ�â�ß�����$�0���������L�Q���)�L�J�X�U�H�������������L�V���W�K�H���V�R�O�D�U���L�U�U�D�G�L�D�Q�F�H���V�S�H�F�W�U�X�P���R�I���W�K�H���6�X�Q���W�R���W�K�H��

�V�X�U�I�D�F�H���R�I���W�K�H���(�D�U�W�K�����D�L�U���P�D�V�V��� �������������L�Q�W�H�U�V�H�F�W�L�R�Q���D�Q�J�O�H���E�H�W�Z�H�H�Q���W�K�H���V�X�Q�O�L�J�K�W���D�Q�G���K�R�U�L�]�R�Q���L�V��

�����ƒ�����D�V���I�X�Q�F�W�L�R�Q�V���R�I���Z�D�Y�H�O�H�Q�J�W�K�������������7�����������2�����L�V���W�K�H���W�U�D�Q�V�P�L�W�W�D�Q�F�H���R�I���O�L�J�K�W���D�W���Z�D�Y�H�O�H�Q�J�W�K������

�P�H�D�V�X�U�H�G���D�W���W�H�P�S�H�U�D�W�X�U�H���2�����7�K�H���V�R�O�D�U���P�R�G�X�O�D�W�L�R�Q�����û�7�V�R�O�����F�D�Q���E�H���W�K�H�Q���F�D�O�F�X�O�D�W�H�G���E�\�� 

�� �6�æ�â�ßL �6�æ�â�ß�:�ì O�ì�Ö�; F �6�æ�â�ß�:�ì P�ì�Ö�;      ���������� 
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���������� �; ���U�D�\���G�L�I�I�U�D�F�W�L�R�Q�����;�5�'�� 

 

XRD is the crucial characterization technique to understand the crystal structure of the 

material. Fundamentally, XRD makes use of the diffraction occurs when incident x-ray of 

similar wavelength to the space between lattice is scattered by the periodic crystal structure 

of the material. The scattered x-ray, whether constructive or destructive interference, is 

�F�R�O�O�H�F�W�H�G���D�V���V�L�J�Q�D�O���Z�L�W�K���D���P�R�Y�L�Q�J���G�H�W�H�F�W�R�U���D�Q�G���W�K�H�Q���S�O�R�W�W�H�G���D�J�D�L�Q�V�W���W�K�H���D�Q�J�O�H�����W�K�H�W�D��������������

�8�V�L�Q�J���%�U�D�J�J�¶�V���/�D�Z�����H�T�X�D�W�L�R�Q������������ the diffraction angle can be corelated to the distance 

between parallel plane (dhkl) and thus, the plane can be identified. 

�ãL �t�@�Û�Þ�ß�•�‹�•�à        (3.5) 

�,�Q���W�K�L�V���H�T�X�D�W�L�R�Q���������L�V���W�K�H���Z�D�Y�H�O�H�Q�J�W�K���R�I���[-ray, d is the d-spacing between two lattice plane 

�D�Q�G������is the incident angle of x-ray. 

 

 

Figure 3.2 ���D�����6�F�K�H�P�D�W�L�F���R�I���%�U�D�J�J�¶�V���O�D�Z�������E�����6�F�K�H�P�D�W�L�F���R�I���J�U�D�]�L�Q�J���L�Q�F�L�G�H�Q�W���D�Q�J�O�H���;�5�'���V�H�W���X�S��

�Z�L�W�K���F�R�Q�V�W�D�Q�W���L�Q�F�L�G�H�Q�W���D�Q�J�O�H�����&�����D�Q�G���P�R�Y�L�Q�J���G�H�W�H�F�W�R�U���S�R�V�L�W�L�R�Q��������). Taken from Ref [2]. 

 

Microstructure characterization of thin films in this thesis was performed by grazing 

incident angle x-�U�D�\�� �G�L�I�I�U�D�F�W�L�R�Q���Z�L�W�K���'���� �'�L�V�F�R�Y�H�U�\���%�U�X�N�H�U�����)�L�J�X�U�H�������������� �7�K�H�����W�K�H�W�D������������

scanning range was 10° �Æ 80° with 0.05° steps. The incident angle was varied from 0.5° 

to 2.0° for each sample depending on the thickness of the film. The usage of grazing angle 

XRD was to control penetration depth of x-ray into the sample, ensuring that recorded 

signal is from the crystalline thin film layer and not the amorphous substrate. In situation 

where multiple different layers of thin films are stacked together, controlling the grazing 

incident angle of the x-ray source allowed possible characterization of each layer separately.  
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���������� �5�D�P�D�Q���V�S�H�F�W�U�R�V�F�R�S�\ 

 

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 material. 

Instead of x-ray, 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 material. Depending 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 Raman spectrum.  

 

Temperature dependent Raman spectrum analysis in the range of 100-1000 cm-1 

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 

�U�H�F�R�U�G�H�G���D�W���D���I�L�[�H�G���L�Q�W�H�U�Y�D�O���R�I���H�Y�H�U�\���������•�����7�K�L�V���W�H�P�S�H�U�D�W�X�U�H���L�Q�W�H�U�Y�D�O���Z�D�V���V�H�W���W�R���S�U�R�Y�L�G�H��

sufficient time for recording of signal.  
 

���������� �8�9���Y�L�V���1�,�5���V�S�H�F�W�U�R�V�F�R�S�\ 

 

 

�)�L�J�X�U�H�������� �6�F�K�H�P�D�W�L�F���R�I���D���V�L�P�S�O�H���8�9���Y�L�V���1�,�5���V�S�H�F�W�U�R�P�H�W�H�U���V�H�W�X�S�� 

 

�8�9���Y�L�V���1�,�5�� �V�S�H�F�W�U�R�V�F�R�S�\�� �L�V�� �X�V�H�G�� �W�R�� �P�H�D�V�X�U�H�� �W�K�H�� �D�E�V�R�U�E�D�Q�F�H���� �W�U�D�Q�V�P�L�W�W�D�Q�F�H���� �D�Q�G��

�U�H�I�O�H�F�W�D�Q�F�H���R�I���V�D�P�S�O�H�V���Z�L�W�K�L�Q���W�K�H���Z�D�Y�H�O�H�Q�J�W�K���E�H�W�Z�H�H�Q���������������������Q�P�����$���V�L�P�S�O�H���8�9���Y�L�V���1�,�5��
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�V�S�H�F�W�U�R�P�H�W�H�U���F�R�Q�I�L�J�X�U�D�W�L�R�Q���L�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H�������������7�K�H���O�L�J�K�W���I�U�R�P���W�K�H���U�D�G�L�D�W�L�R�Q���V�R�X�U�F�H���L�V��

�S�D�V�V�H�G���W�K�U�R�X�J�K���D���P�R�Q�R�F�K�U�R�P�D�W�R�U���R�U���D���S�U�L�V�P���W�R���L�V�R�O�D�W�H���G�L�I�I�H�U�H�Q�W���Z�D�Y�H�O�H�Q�J�W�K�V�����7�K�H���O�L�J�K�W���L�V��

�W�K�H�Q���V�H�S�D�U�D�W�H�G���L�Q�W�R���W�Z�R���E�H�D�P�V���E�\���D�Q���D�U�U�D�\���R�I���P�L�U�U�R�U�V���W�R���U�H�I�H�U�H�Q�F�H���D�Q�G���V�D�P�S�O�H���S�R�V�L�W�L�R�Q�����7�K�H��

�G�H�W�H�F�W�R�U���U�H�F�R�U�G�V���D�Q�G���F�R�P�S�D�U�H�V���W�K�H���L�Q�W�H�Q�V�L�W�\���R�I���O�L�J�K�W���I�U�R�P���W�K�H���V�D�P�S�O�H���W�R���W�K�H���U�H�I�H�U�H�Q�F�H���D�Q�G��

�R�X�W�S�X�W���W�K�H���D�E�V�R�U�E�D�Q�F�H�����W�U�D�Q�V�P�L�W�W�D�Q�F�H�����D�Q�G���U�H�I�O�H�F�W�D�Q�F�H���R�I���V�D�P�S�O�H�V���D�F�F�R�U�G�L�Q�J�O�\�����'�H�S�H�Q�G�L�Q�J��

�R�Q�� �W�K�H�� �V�H�W�X�S�� �D�Q�G�� �H�T�X�L�S�P�H�Q�W���� �F�D�O�L�E�U�D�W�L�R�Q�� �Z�L�W�K�� ������ �D�Q�G�� ���������� �U�H�I�H�U�H�Q�F�H�� �W�U�D�Q�V�P�L�W�W�D�Q�F�H�� �D�U�H��

�U�H�T�X�L�U�H�G�� 

 

 

Figure 3.4 Homebrew setup to measure varying incident angle transmittance. 

 

Temperature dependent normal transmittance spectra of VO2 and AgNWs/VO2 thin films 

on glass substrates within the range of 250-2500 nm was measured with UV-vis-NIR Cary 

5000 spectrophotometer at 10-nm steps. Spectrometer values from 790-860 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 literature [3, 4]. 

Transmittance spectra were collected at 20 °C and 90 °C for cold (�ì O�ì�Ö����and hot (�ì P �ì�Ö�� 
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temperature representative respectively. Varying incident angle transmittance spectra of 

samples within the range of 400-700 nm was measured with a homebrew setup as shown 

in Figure 3.4.  

 

Fixed 8° incident angle reflection spectra of samples within the range of 400-700 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 attached to a Lambda 1050 Spectrometer. 

 

���������� �$�W�R�P�L�F���)�R�U�F�H���0�L�F�U�R�V�F�R�S�\�����$�)�0�� 

 

�$�)�0���L�V���D���Q�R�Q���G�H�V�W�U�X�F�W�L�Y�H�����Q�R�Q���R�S�W�L�F�D�O���L�P�D�J�L�Q�J���W�H�F�K�Q�L�T�X�H���Z�K�L�F�K���X�W�L�O�L�]�H�V���D���F�D�Q�W�L�O�H�Y�H�U���Z�L�W�K��

�V�K�D�U�S���W�L�S���W�R���P�H�D�V�X�U�H���W�K�H�� �W�R�S�R�O�R�J�\�� �D�Q�G���P�R�U�S�K�R�O�R�J�\�� �R�I���V�D�P�S�O�H���� �'�X�U�L�Q�J���P�H�D�V�X�U�H�P�H�Q�W�����W�K�H��

�U�H�V�R�Q�D�Q�F�H�� �R�I�� �W�K�H���F�D�Q�W�L�O�H�Y�H�U�� �L�V�� �U�H�F�R�U�G�H�G�� �E�\�� �D�� �S�K�R�W�R�G�L�R�G�H���� �:�L�W�K�R�X�W�� �L�Q�W�H�U�D�F�W�L�R�Q�� �Z�L�W�K�� �W�K�H��

�V�D�P�S�O�H���� �W�K�H�� �F�D�Q�W�L�O�H�Y�H�U�� �U�H�V�R�Q�D�W�H�V�� �D�W�� �D�� �I�L�[�H�G�� �I�U�H�T�X�H�Q�F�\���� �:�K�H�Q�� �L�Q�W�H�U�D�F�W�H�G�� �Z�L�W�K�� �W�K�H�� �V�D�P�S�O�H��

�V�X�U�I�D�F�H�����W�K�L�V���U�H�V�R�Q�D�W�H�V���I�U�H�T�X�H�Q�F�\���F�K�D�Q�J�H�V���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���D�W�W�U�D�F�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���V�K�D�U�S���W�L�S��

�D�Q�G�� �W�K�H���V�D�P�S�O�H�� �V�X�U�I�D�F�H���� �0�H�D�Q�Z�K�L�O�H���� �W�K�H�� �D�W�W�U�D�F�W�L�R�Q�� �I�R�U�F�H�� �L�V�� �G�H�S�H�Q�G�H�Q�W�� �R�Q�� �W�K�H�� �G�L�V�W�D�Q�F�H��

�E�H�W�Z�H�H�Q���W�K�H���W�L�S���D�Q�G���W�K�H���V�X�U�I�D�F�H�����7�K�X�V�����E�\���P�D�S�S�L�Q�J���W�K�H���U�H�V�R�Q�D�W�H�V���I�U�H�T�X�H�Q�F�\���Z�K�L�O�H���W�K�H���W�L�S��

�V�F�D�Q�Q�L�Q�J���W�K�U�R�X�J�K���W�K�H���V�D�P�S�O�H���V�X�U�I�D�F�H�����D�Q���L�P�D�J�H���Z�L�W�K���W�K�H���P�R�U�S�K�R�O�R�J�\���R�I���W�K�H���V�X�U�I�D�F�H���F�D�Q���E�H��

�I�R�U�P�H�G���� �2�Q�H�� �R�I�� �W�K�H�� �P�D�L�Q�� �D�G�Y�D�Q�W�D�J�H�V�� �R�I�� �$�)�0�� �R�Y�H�U�� �R�W�K�H�U�� �L�P�D�J�L�Q�J�� �W�H�F�K�Q�L�T�X�H�� �V�X�F�K�� �D�V��

�V�F�D�Q�Q�L�Q�J�� �H�O�H�F�W�U�R�Q�� �P�L�F�U�R�V�F�R�S�\�� ���6�(�0���� �L�V�� �W�K�D�W�� �L�W�� �F�D�Q�� �E�H�� �X�V�H�G�� �R�Q�� �Q�R�Q���F�R�Q�G�X�F�W�L�Y�H�� �V�X�U�I�D�F�H��

�Z�L�W�K�R�X�W���G�H�V�W�U�R�\�L�Q�J���W�K�H���V�D�P�S�O�H�� 

 

AFM is non-destructive for non-conductive surface like VO2 and SiO2. 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 the biomimetic structure in chapter 5. Surface 

morphology of AgNWs nanomesh template and subsequent thin films were captured by 

�%�U�X�N�H�U�¶�V���,�F�R�Q���'�L�P�H�Q�V�L�R�Q���D�Q�G���1�;�������D�W�R�P�L�F���I�R�U�F�H���P�L�F�U�R�V�F�R�S�H�����$�)�0�����D�W���V�H�Y�H�U�D�O���G�L�P�H�Q�V�L�R�Q��

�Y�D�U�\�L�Q�J���I�U�R�P���������[�����������P2 �W�R�������[���������P2. Analysis was done using Nanoscope 1.5 and XIE 

software on image data from each microscope respectively. 
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�)�L�J�X�U�H�������� �6�F�K�H�P�D�W�L�F���R�I���D���V�L�P�S�O�H���$�)�0���P�D�F�K�L�Q�H���>�7�D�N�H�Q���I�U�R�P��

�K�W�W�S�V�������Z�Z�Z���Q�D�Q�R�D�Q�G�P�R�U�H���F�R�P���Z�K�D�W���L�V���D�W�R�P�L�F���I�R�U�F�H���P�L�F�U�R�V�F�R�S�\�@�� 

 

���������� �6�F�D�Q�Q�L�Q�J���7�U�D�Q�V�P�L�V�V�L�R�Q���(�O�H�F�W�U�R�Q���0�L�F�U�R�V�F�R�S�\�����6�7�(�0���� 

 

 

�)�L�J�X�U�H�������� �6�F�K�H�P�D�W�L�F���R�I���6�7�(�0���L�P�D�J�L�Q�J���P�H�W�K�R�G�R�O�R�J�\�� 
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�6�F�D�Q�Q�L�Q�J���W�U�D�Q�V�P�L�V�V�L�R�Q���H�O�H�F�W�U�R�Q���P�L�F�U�R�V�F�R�S�H���L�V���D���W�\�S�H���R�I���W�U�D�Q�V�P�L�V�V�L�R�Q���H�O�H�F�W�U�R�Q���P�L�F�U�R�V�F�R�S�H��

���7�(�0���� �Z�K�L�F�K�� �K�D�V�� �E�H�H�Q�� �I�L�W�W�H�G�� �Z�L�W�K�� �D�G�G�L�W�L�R�Q�D�O�� �V�F�D�Q�Q�L�Q�J�� �F�R�L�O�V�� �D�Q�G�� �G�H�W�H�F�W�R�U�V�� �W�R�� �I�X�Q�F�W�L�R�Q��

�V�L�P�L�O�D�U�O�\���W�R���D�Q���6�(�0�����,�Q���W�\�S�L�F�D�O���7�(�0�����W�K�H���S�U�R�E�H���L�V���D���V�S�U�H�D�G���H�O�H�F�W�U�R�Q���E�H�D�P�����H���E�H�D�P�����Z�K�L�F�K��

�L�V���L�Q�F�L�G�H�Q�W���R�Q�W�R���D�Q���D�U�H�D���R�I���W�K�H���V�D�P�S�O�H�����7�K�H���L�P�D�J�H���L�V���I�R�U�P�H�G���E�\���H�O�H�F�W�U�R�Q���W�U�D�Q�V�P�L�W�W�H�G���W�K�U�R�X�J�K��

�W�K�H�� �V�D�P�S�O�H�� �D�Q�G�� �F�R�O�O�H�F�W�H�G�� �E�\�� �D�� �S�D�U�D�O�O�H�O�� �G�H�W�H�F�W�R�U���� �6�7�(�0�� �F�D�Q�� �E�H�� �V�H�H�Q�� �D�V�� �D�� �K�\�E�U�L�G�� �E�H�W�Z�H�H�Q��
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4.1 Introduction  

 

Several methods such as chemical vapour deposition (CVD) [1], hydrothermal [2-4], sol-

gel synthesis [5-8], pulse laser deposition [9-11], electron beam deposition [12], and 

magnetron sputtering [13-18], etc have been used in VO2 studies. However, to facilitate 

the application of VO2 as functional coating material (smart windows, temperature sensors, 

camouflage, etc) [19] only a handful of transparent substrates are utilized such as quartz 

glass [14, 20, 21], B270 glass [22, 23], sapphire [24-26], and soda-lime glass [17, 27] to 

name a few. Even among those, soda-lime glass, or float glass, is the most crucial substrate 

for feasibility test due to the fact that it is the material for common window glass [28]. 

Unfortunately, fabrication of VO2 usually requires high temperature of above 400 °C for 

thin film crystallization [1, 18]. At this temperature, there is certain risk of cation impurities 

in soda-lime substrate being able to diffuse into the VO2 matrix [17]. A number of solutions 

have been proposed and tested to reduce and eliminate this problem such as decreasing the 

�I�D�E�U�L�F�D�W�L�R�Q���W�H�P�S�H�U�D�W�X�U�H���W�R���D�V���O�R�Z���D�V���������•��[27, 29-32], or using buffer layers (i.e., TiO2, 

SnO2, ITO, etc.) as diffusion barrier [17, 27, 33-35]. Each of these solutions have its own 

limitation. Lower fabrication temperature causes lower crystallinity of VO2 film and 

possible formation of V2O5 instead of VO2 [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 mass-producing VO2 coated windows for 

industrial applications.  

 

High-power impulse magnetron sputtering (HiPIMS) is a recently developed physical 

vapour deposition (PVD) technique which utilizes high voltage and high-powered short 

energy bursts (pulses) to maintain the plasma for sputtering in order to achieve higher film 

quality than traditional PVD methods [22, 36]. However, HiPIMS techniques have lower 

deposition rate compared to traditional PVD processes because bombardment of target is 

done in pulses [37]. This largely limit applications of HiPIMS in a commercial setting 

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

a high duty cycle HiPIMS process was used to study the feasibility of depositing VO2 (M) 

on soda-lime float glass substrate at Tdep �§�����������ƒ�&���D�W�����������Q�P���P�L�Q�����I�D�V�W�H�U���G�H�S�R�V�L�W�L�Rn rate than 
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reported HiPIMS processes which range from 0.6 nm/min [22] to 4.8 nm/min [23]. The 

microstructure, surface topology, and optical properties of VO2 (M) on soda-lime substrates 

were investigated and compared with similarly deposited VO2 (M) on heat-resistant HOYA 

N105 silicate glass (HTglass), and quartz glass. 

 

4.2 Experimental setup 

 

VO2 thin films with different thickness were deposited using Cemecon CC800/9 ML PVD 

system. A not-to-scale schematic top view of the deposition chamber is shown in Figure 

4.1. The 390 cm2 99.9% 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 provided using 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 inside the chamber 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 bias application 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 propan-2-ol and 

blown dried with N2 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 further pre-cleaned by MF 

(mid-frequency) sputter etching for 1800s using 300 sccm of Ar gas at constant pressure 

of 250 mPa at 650 V with a frequency of 240 kHz, 1600 ns on-time. For subsequent VO2 

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 with a pulse 

frequency of 1500 Hz and a pulse on-�W�L�P�H���R�I�������������V�����Z�K�L�F�K���U�H�V�X�O�W�H�G���L�Q���D���G�X�W�\���F�\�F�O�H���R�I������������

The average power was ramped up from 700 W to 3000 W in 30s to reach an average 

power density of 7.66 Wcm-2. O2 gas at flow rate of 53 sccm was introduced after the 
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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 VO2 

film. The pressure was kept at 500 mPa during deposition process. The thickness of VO2 

thin films were controlled by deposition time. Deposition rate was estimated using a stylus 

�S�U�R�I�L�O�R�P�H�W�H�U�����7�D�\�O�R�U���+�R�E�V�R�Q�¶�V���)�R�U�P���7�D�O�\�V�X�U�I�������������D�W���D�S�S�U�R�[�L�P�D�W�H�O�\�����������Q�P���P�L�Q���� 

 

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

�S�X�P�S�����$�U�J�R�Q���J�D�V���L�Q�S�X�W�����D�Q�G���2�[�\�J�H�Q���J�D�V���L�Q�S�X�W���D�U�H���O�D�E�H�O�O�H�G���³�3�X�P�S�´�����³�$�U�´�����D�Q�G���³�22�´���U�H�V�S�H�F�W�L�Y�H�O�\����

�³�+�L�3�,�0�6�´���L�Q�G�L�F�D�W�H�V���W�K�H���W�D�U�J�H�W�����&�R�Q�W�U�R�O���I�R�U���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���W�K�H���V�X�E�V�W�U�D�W�H���E�L�D�V���D�U�H���³�W�K�H�U�P�R�F�R�X�S�O�H�´��

�D�Q�G���³�E�L�D�V���V�X�S�S�O�\�´��respectively. 

 

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 optimal O2 content to grow VO2 thin films. In this 

section, VO2 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 stoichiometry as well as to adhere to limitations of equipment.  

 

 

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

 

Figure 4.2 shows the XRD spectra of 180 nm thick VO2 thin films being grown on stainless 

steel substrate using different O2 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 the stainless-steel substrate respectively [38]. XRD peaks 24.4°, 

33.0°, 36.3°, 41.4°, 54.2° of film grown in the lower O2 flow rate of 40 sccm can be indexed 

to (012), (104), (110), (113), (116) plane of V2O3 (PDF#00-034-0187) respectively. This 

is evidence of O2 deficiency during the reaction leading to V2O3 formation. By increasing 

the O2 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 VO2 (PDF#00-043-1051). No other peaks of either V2O3 or V2O5 were detected. 

The absence of both V2O3 and V2O5 footprints in this sample shows that this is close to the 

optimal O2/Ar ratio for pure VO2 deposition. By continuing to increase the O2 flow rate to 

65 sccm, presence of V2O5 could be indexed at 20.2° which corresponds to (001) plane of 

V2O5 (PDF#00-041-1426), coupled with the decreased intensity of the VO2 peaks as 

compared to samples with lower O2 flow rate. When an excessive O2 flow rate of 100 sccm 

was used, the presence of V2O5 can be observed prominently with peaks matching the 

intensity of the remaining VO2 peaks. Analysis of these XRD patterns suggested the 

evolution of VOx from V2O3, toVO2 to V2O5, which leads to the optimal O2 flow rate for 

this process to be determined in the range of 50-60 sccm. 

 

 
Figure 4.3  (a) Raman spectrum of VO2(M) at low temperature against VO2(R) at high 

temperature. (b) Raman spectrum in situ heating. 

 

To further confirm the successful deposition of pure VO2 thin films using the selected 

parameters, temperature-dependent Raman spectroscopy was done on VOx thin film 

deposited on silicon substrate using 53 sccm O2 flow rate. Preparation of VOx thin film 

was changed from stainless steel to silicon wafer substrate due to limitations of instruments. 

Figure 4.3a present the spectra of VOx film measured at different temperature. At 25 °C, 

Raman peaks of 193, 224, 312, 289, 495, and 614 cm-1 can all be attributed to VO2 (M), 

which is consistent with other published work [39]. In contrast, Raman spectrum of the 

same sample at 90 °C showed no peaks, aside from the substrate peak, which is a known 
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behaviour of VO2 (M) after transforming to VO2 (R) phase at temperature above 68 °C [40]. 

Figure 4.3b demonstrates the gradual transformation of VO2 (M) to VO2 (R) with the 

gradual fading of all characterizing peaks when temperature was increased from room 

temperature at 25 °C to 90 °C. Reversibility of the sample is also shown with the increasing 

�S�H�D�N�V�¶���L�Q�W�H�Q�V�L�W�\���Z�K�H�Q���W�K�H���V�S�H�F�W�U�D���Z�H�U�H recorded during cooling from 90 °C to 25 °C. 

 

Transition temperature �2c of deposited VO2 thin film was further confirmed through 

hysteresis loop shown in Figure 4.4. �2c was calculated through the changes of measured 

transmittance at 2500 nm. Reported figure at �2c � �������������•���L�V���D�Q���D�Y�H�U�D�J�H���R�I���W�K�H���W�U�D�Q�V�L�W�L�R�Q��

temperatures from collected from both heating and cooling process. This �2c is within 

reasonable range of the theoretical �������•���R�I���S�X�U�H���9�22 and in agreement with the Raman 

measurement which indicates complete transformation of VO2 (M) to VO2 (R) when 

�W�H�P�S�H�U�D�W�X�U�H���Z�D�V���U�D�L�V�H�G���I�U�R�P���������•���W�R���������•���� 

 

 
Figure 4.4  (a) Hysteresis loop of VO2 thin film deposited on soda-�O�L�P�H�������E�����2c of VO2 thin film 

deposited on soda-lime 

 

4.3.2 Different substrates 
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Figure 4.5  (a) XRD spectra of VO2 (M) on different substrates. (b) Zoomed-in of (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 into VO2(M) thin films with thickness of 

95 nm on different glass substrates. Comparison between XRD spectra of VOx thin films 

(Figure 4.5a) demonstrates successful deposition of VO2(M) on different type of glasses. 

Considering the peaks for thin films on all substrates, VO2(M) prominent peaks of (011), 

(002), (220), and (022) planes can be identified and indexed to the appropriate angles 

according to database PDF#00-043-1051. While the general positions of peaks are similar, 

peaks intensity as well as exact peak positions shifted corresponding to changes in substrate. 

This is within expectation as different substrates cause different level of stress on the thin 

film matrix during deposition. Focusing on the most dominant peaks which is of (011) 

plane (Figure 4.5b), the intensity is strongest for VO2(M) on HTglass, followed by soda-

lime, while VO2 on quartz is barely stronger than other minor peaks. This, however, is not 

an indication of unsuccessful deposition of VO2 on quartz but is mainly an effect of strong 
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background signal on XRD spectrum. Due to the use of grazing incident angle XRD, 

background signal by both soda-lime and HTglass substrates were generally muted and the 

signal by VO2(M) thin films were more prominent (Figure 4.5c and d). However, as seen 

in Figure 4.5e, the constant 2° grazing incident 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 VO2 

on quartz are attributed to the underlying substrate. Changes to the grazing incident angle 

was not made to maintain uniformity of the data. 

 

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

of 0.1° between VO2(M) thin films on different substrates. These minor shifts can be 

attributed to the differences in the morphology of the thin films which can be observed in 

their respective AFM images (Figure 4.6c-e). VO2(M) on soda-lime is non-uniformed with 

mixture of small and large grain in sizes and a relatively rough surface with RMS = 26.8 

nm. Similar observation is also seen in HTglass with a slightly smaller value of RMS = 

25.9 nm and less variations between grain sizes. The grain boundaries of film on HTglass 

are also much more well-defined than those on soda-lime. The differences are more 

prevalent when HTglass and soda-lime sample are compared with quartz sample. Film on 

quartz is smoother than both former cases with RMS = 8.88 nm. Grain sizes for VO2(M) 

thin film on quartz are also less varied and more defined. 

 

Table 4.1  �7�K�H�U�P�D�O���(�[�S�D�Q�V�L�R�Q���&�R�H�I�I�L�F�L�H�Q�W�����.�����R�I���V�X�E�V�W�U�D�W�H�V���D�O�R�Q�J���Z�L�W�K��Tlum, �ûTsol, and RMS of 

this work and similarly reported work in literature  

Substrate �.���. -

1 

Deposition 

�W�H�P�S�H�U�D�W�X�U�H���• 

Estimated 

Thickness/nm 

Tlum/% �ûTsol/% RMS/nm Ref. 

Soda-

lime 

glass 

 

9.1 

× 

10-6  

420 

180 8.6  3.4 4.12 

This 

work 

150 15.6  10.6 18.4 

120 15.2  12.0  

95 24.4  8.8 26.8 

65 28.4  7.6  

40 30.4  6.7 27 

400 
80 29.0 5.0   

[41]  
77 28.5  5.0   



HiPIMS deposition of high crystallinity VO2 Chapter 4 

90 
 

300 
88 30.5 4.0  

85 28.5 3.0  

HTglass 

5.9 

× 

10-6 

420 

150 13.8  11.8 13.1 
This 

work 
95 22.0  10.6  25.9 

65 15.2  7.1   

Quartz 

0.59 

× 

10-6 

420 

150 10.7  13.0  7.86 
This 

work 
95 19.3  12.2  8.88 

65 30.1  9.9   

 

The RMS differences can be explained by examining the thermal properties of respective 

substrate. Soda-lime glass has the highest thermal expansion coefficient [42] among the 

three at about 9.0-9.5 × 10-6 K-1, followed by HTglass at about 6 × 10-6 K-1. Among the 

three substrates in this study, quartz glass has the lowest thermal expansion coefficient at 

about 0.59 × 10-6 K-1, which is one order of magnitude smaller than the other two. Due to 

this varying degree of thermal properties, the three substrates cause different levels of 

lattice mismatch to the VO2 �W�K�L�Q�� �I�L�O�P�� �D�I�W�H�U�� �G�H�S�R�V�L�W�L�R�Q�� �D�Q�G�� �F�R�R�O�� �G�R�Z�Q�� �I�U�R�P�� �������•���� �7�K�H��

different mismatch degree manifests in the thin film morphology. While VO2 film on soda-

lime glass substrate consists of different grain sizes from small to big grains, VO2 film on 

HTglass has smaller RMS, less variation and the boundaries between grains are more well-

defined. On the extreme end, VO2 on quartz is uniform with single digit nanometre range 

RMS (Table 4.1).  

 



HiPIMS deposition of high crystallinity VO2 Chapter 4 

91 
 

 
Figure 4.6  (a), (b), and (c) are the 1x1 ��m AFM phase images of 1000s (95 nm) deposited VO2 

(M) on soda-lime, HTglass, and quartz respectively. (d), (e), and (f) are the 3D height images of 

respective samples. 

 

NIR-UV-vis spectra in range of 250-2500 nm (Figure 4.7b) shows general good switching 

behaviour for thin films on all substrates. Calculated Tlum �D�Q�G���ûTsol from the NIR-UV-vis 

spectra are shown in Table 4.1. Linking back to morphology of VO2(M) thin film, more 

uniformly crystallized films (quartz) can be observed to have better switching capability 

than less uniform one (soda-lime) as shown Figure 4.7c. Compare with VO2(M) film on 

quartz, VO2(M) on soda-�O�L�P�H���K�D�V�����������O�R�Z�H�U���ûTsol. It is expected that more uniform VO2(M) 

is favoured to undergo more drastic MIT at similar temperature change. As shown in Figure 

4.7a, when VO2 undergoes MIT, there are changes to the lattice parameters as well as 
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structural changes. In systems such as VO2(M) on soda-lime, non-uniform lattice changes 

cause unnecessary stress, impeding the overall MIT process, causing non-total conversion 

to VO2(R), lowering �R�Y�H�U�D�O�O���ûTsol. On the other hand, in systems with uniform grains like 

on quartz, VO2 lattices transform orderly and completely into VO2���5�������J�L�Y�L�Q�J���K�L�J�K�H�U���ûTsol. 

However, the increase in uniformity of the VO2 thin film decreases its ability to transmit 

light as Tlum of VO2(M) on soda-lime is 26% higher than quartz counterpart.  Translating 

this to smart windows scenario means that VO2 on soda-lime has better lumination 

application but poorer solar modulation ability 

 

 
Figure 4.7 (a) Schematics of the MIT of VO2 and associated lattice changes. (b) NIR-UV-vis 

of VO2(M) thin films of varying substrates, and (c) their respective optical performance parameters 

 

4.3.3 Varying VO 2 thin  film thickness on soda-lime glass 
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Figure 4.8  (a) NIR-UV-vis of VO2(M) thin films of varying thickness, and (b) their respective 

optical performance parameters 

 

VO2 thin films on soda-lime substrate of different thickness from 40 to 180 nm were 

investigated. Film thickness has a direct and profound effect on the optical performance of 

fabricated thin 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 

deposited thin films while also showing an obvious decline in the ability to transmit visible 

light with increasing deposition time. Calculation of luminous transmittance Tlum and solar 

�P�R�G�X�O�D�W�L�R�Q�� �ûTsol further backs this claim as demonstrated in Figure 4.8b. Samples with 

thickness from 40 nm to 120 nm have their Tlum �D�Q�G���ûTsol behave inversely proportional to 

each other. This trend is similar to what previously observed when changing substrates 

between soda-lime, HTglass, and quartz. This relationship between Tlum �D�Q�G���ûTsol is also 

commonly observed in many reported VO2 smart windows system [43].  
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Figure 4.9  1x1 ��m AFM phase images of (a) 40 nm and (b) 180 nm thick VO2(M) on soda-

lime respectively 

 

�3�K�D�V�H���L�P�D�J�H�V���R�I�����������[�����������P���R�E�W�D�L�Q�H�G���I�U�R�P���$�)�0���P�H�D�V�X�U�H�P�H�Q�W�V���S�U�R�Y�L�G�H���P�R�U�H���H�Y�L�G�H�Q�F�H��

for the relationship between morphology and optical performance (Tlum �D�Q�G�� �ûTsol). At 

shorter deposition time, the VO2 layer is non-uniform and consists 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 VO2 film is less subjected to the substrate lattice 

mismatch as well as having the advantage of growing on a crystalline surface, enabling 

epitaxial growth. At 1900s, uniform VO2 grains was achieved in Figure 4.9b. At this stage, 

the morphology resembles VO2 film on quartz. By enhancing morphology of the thin films 

with longer deposition process, better solar modulation was achieved at the cost of 

decreasing transparency because of increased thickness. However, VO2(M) thin films with 

thickness higher than the critical thickness divert from this trend. Peaking at 120 nm 

thickness, both Tlum �D�Q�G���ûTsol of thicker samples show a decreasing value with higher film 

�W�K�L�F�N�Q�H�V�V���� �7�K�L�V�� �W�X�U�Q�L�Q�J�� �S�R�L�Q�W�� �D�W�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� �������� �Q�P�� �R�I�� �ûTsol is well-documented in 

literature as a feature of increasing thin film thickness [44]. Compared with thinner samples, 

light penetration proves to be difficult. This can be seen in NIR-UV-vis spectrum (Figure 

4.8a) as well as the optical photo of samples (Figure 4.10). 
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Figure 4.10  Optical photo of (a) 40, (b) 65, (c) 95, (d) 120, and (e) 180 nm thick VO2(M) thin 

films on soda-lime from left to right. 

 

Houska et al reported deposition of good performance 77-80 nm VO2(M) thin film on soda-

lime glass at 400 °C using comparable HiPIMS technique without substrate bias [41]. To 

demonstrate the competitiveness of the reported process, 65 nm thick sample in this work 

is compared with the reported 77 nm sample. Tlum of 77 nm sample in Ref [41] is similar 

�W�R���Z�K�D�W���D�F�K�L�H�Y�H�G���K�H�U�H�����������������D�J�D�L�Q�V�W�����������������2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����ûTsol in this work is 1.5 

times higher than reported in Ref [39], 8% to 5%. This work has demonstrated that a more 

uniformed and organized VO2 ���0���� �I�L�O�P�� �U�H�V�X�O�W�H�G�� �L�Q�� �K�L�J�K�H�U�� �ûTsol. This logic can also be 

�D�S�S�O�L�H�G���W�R���H�[�S�O�D�L�Q���W�K�H���G�L�I�I�H�U�H�Q�W���ûTsol seen here. The higher energy level used here due to 

denser duty cycle (7.5% compared with 1%) and substrate bias (120 compared to 0 V) 

�K�H�O�S�H�G���W�R���D�F�K�L�H�Y�H���D���P�R�U�H���F�U�\�V�W�D�O�O�L�Q�H���I�L�O�P�����Z�K�L�F�K���K�D�V���W�K�H���K�L�J�K�H�U���ûTsol despite similar Tlum. 

Houska et al reported their findings as a solution to simplified VO2(M) 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 VO2(M) coating, the technique presented here is an alternating solution. It 

utilizes higher deposition rate, more than 3 times higher than reported by Houska et al (5.7 

nm/min compared to 1.8 nm/min) in order to achieve the same performance of VO2(M) 

coated soda-lime glass in a much shorter time to offset 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 (>10%) [37, 45-47]. A high duty cycles means more 

ions are created per pulse, compensating for the off-time, 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 which, in theory, 

forms low quality film. In this case, a combination of high substrate temperature and 

favourable deposition geometry due to high target-area to working-distance ratio offset the 

lack of energy in incident particles and ensure that high quality film can be formed [48, 

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 VO2 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. Photograph 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, words and 

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, VO2(M) thin film has a near completely black 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 right side which hinder the ability to 

read the pattern of the background. 
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Figure 4.11  (a) XRD spectrum of VOx thin film deposited on soda-lime glass with increasingly 

longer deposition duration. Raman spectrum of VOx thin film deposited for 2500s and 3700s at (b) 

30 °C and (c) 90 °C. 

 

However, applications beyond smart windows may require higher than 100 nm film 

thickness and might need up to micrometre scale for electronic applications.[19] 

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 contrast with that of a 700s 

sample confirm successful deposition of VO2 film at 2500s. On the other hand, presence 

of sodium impurities as well as higher oxidation state V2O5 was detected in 3700s sample. 

Numerous peaks which can be attributed to V2O5 (PDF#00-041-1426) and NaVO3 

(PDF#00-032-1197) are indexed in Figure 4.11a.  

 

Temperature dependent Raman spectroscopy further confirmed the presence of higher 

oxidation state. At 30 °C, non-VO2 peaks were detected for 3700s sample at 145 and 528 



HiPIMS deposition of high crystallinity VO2 Chapter 4 

98 
 

cm-1. Those peaks were subsequently identified as V2O5 in agreement with literature [50] 

(Figure 4.11b). Upon heating above �2c, Raman signal of 2500s sample expectedly changed 

to that of VO2 (R) in accordance with previous results and became featureless. In contrast, 

notable peaks remained on Raman signal from 3700s sample and all of them can be 

attributed to V2O5. This confirmed formation of V2O5 as deposition duration is lengthen. 

This phenomenon can be attributed to the extended heating duration during deposition 

which facilitated oxygen diffusion deep into the VO2 matrix. Meanwhile, with longer 

deposition and thicker film, the growth rate of the VO2 species was lowered after achieving 

highly crystalline surface at 1900s (Figure 4.9b). Oxygen became more dominant in the 

reaction while the amount of V4+ forming on the surface decreased with time. This resulted 

in a slow oxidization of VO2 film into V2O5 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 pure-VO2 thin film with the 

similar processing parameters. 

 

4.4 Conclusion 

 

Highly crystallized VO2 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 VO2(M) at this temperature 

on soda-lime glass, HTglass, and quartz glass despite the low average target power resulted 

from the high duty cycle. No trace of cation impurities was found in VO2 thin film 

deposited on soda-lime glass even after 1900 s of deposition. Optical performance of 

fabricated 95 nm VO2 coated glass samples are comparable to each other without drastic 

differences. Tlum varies within 6% with VO2-coated soda-lime glass having highest value 

�D�W�� �������������� �ûTsol has the reversed trend in which the VO2-coated soda-lime is the lowest 

value at 9.6%. Optical performance of VO2-coating on soda-lime with different thickness 

shows a clear trend of decreasing Tlum �D�Q�G�� �L�Q�F�U�H�D�V�L�Q�J�� �ûTsol until the turning point of 

approximately 120 nm, which is the upper limit of the coating for smart windows 
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application. AFM images of the coating confirms continuously smooth coating surface, 

which can also be achieved on soda-lime glass given sufficient deposition duration. Further 

investigation was done to determine the feasibilities of the technique for higher thickness 

VO2 coating. Deposition duration was found to be limited to less than 3700s when trace of 

V2O5 formation happens. While the formation of V2O5 due to the long deposition duration 

is proven, the mechanism which drives this phenomenon requires further effort to be fully 

understood. 

  

VO2 is a versatile material and HiPIMS is a promising technique to deliver high quality 

VO2 coating for its various application. This work proves the feasibility for VO2 smart 

soda-lime glass windows fabricated using HiPIMS with reasonably high deposition rate. 

However, this technique is limited with thin film deposition. For different applications such 

as electronics in which VO2 thickness is required to be in micrometres range, further 

investigation is needed to balance crystallinity and purity of the produced film to ensure its 

performance.  
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5.1 Introduction  

 

It is common in nature to find species that possess extraordinary functionalities derived 

from surface features. Plants [1], insects [2], and marine lives [3] 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 of nanometres to the size of hundreds of micrometres. For example, one of the 

most common biomimetic anti-reflective (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 nanostructures found on insects [4-7].  

 

In recent years, the wings of the butterfly Greta-oto has attracted attention due to their 

unique transparency despite the mismatch of refractive indices between the living tissues 

(n = 1.3-1.55) and air (n = 1) [2, 8, 9]. Greta-oto 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 ordered,[4] the nanopillars found on the wings of the Greta-oto are randomly 

distributed with random height and spacing following a Gaussian distribution. It has been 

reported by Siddique et al. that this randomness is the origin of the transparency of the 

wings which manifested in the form of an omnidirectional broadband anti-reflective 

structure [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 reflection [10-14]. 

 

However, to mimic complex naturally occurring anti-reflective structures, either ordered 

or disordered, is proven to be a challenge. The current approaches to fabricate such 

structures using circularly polarized ultrashort laser pulses [15], reactive ion etching [16], 

lithography [17, 18], or spinodal decomposition [16-19] involve costly and complicated 

top-down processes. These energy intensive multi-steps methods limit the exploitation of 

biomimetic anti-reflective structure in various applications. Thus, a more efficient method 

of production is needed.  
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Figure 5.1 Fabrication process to create AgNWs duo-layer template Ax/y sample with x00 rpm 

stirring speed and y/2 minutes of deposition for each layer. VO2 coated VAx/y sample and SiO2 

coated SAx/y sample are then deposited with appropriate techniques. 

 

Herein, this work presents a simple, easily controlled, and adaptable bottom-up technique 

utilizing agitation-assisted deposition of silver nanowires (AgNWs) nanomesh [20, 21]. 

Compared with the reported top-down approaches, the solution-process-fabricated AgNWs 

mesh is used to produce template-assisted-deposited omnidirectional broadband 

antireflective overcoats. On the surface of this structure, the irregularly arranged pillars 

with randomly distributed height and width found on the Greta-�R�W�R�¶�V���Z�L�Q�J���D�U�H���P�L�P�L�F�N�H�G��

through protrusion peaks forming at random intersections of monolayered aligned 

�F�U�L�V�V�F�U�R�V�V�L�Q�J�� �$�J�1�:�V�� ���)�L�J�X�U�H�� ������������ �0�R�U�H�� �L�P�S�R�U�W�D�Q�W�O�\���� �W�K�H�� �P�H�D�Q�� �³�K�H�L�J�K�W�´�� �D�Q�G�� �³�S�L�W�F�K�´�� �R�I��

such nanostructure are found 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 (SiO2) and vanadium dioxide (VO2) which are deposited 

with different techniques in different environment. The resulting nanostructure gave 

enhanced anti-reflections in both silica (SiO2/AgNWs) and vanadium dioxide 

(VO2/AgNWs) systems, which is shown by the reduced omnidirectional reflectance of up 

to 33% and 70%, respectively. Furthermore, VO2/AgNWs multilayer system exhibited 

both enhanced luminous (Tlum) and infrared (TIR) transmittance without sacrificing solar 

�P�R�G�X�O�D�W�L�R�Q�����ûTsol) which are often compromised by other means [22-24]. 
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5.2 Experimental setup 

 

Materials: PEI (M�Q���§�����������������J���P�R�O-1), polyvinylpyrrolidone (PVP, Mw �§���������������������V�L�O�Y�H�U��

nitrate, sodium chloride, ethylene glycol, and glycerol were used as received from Sigma-

�$�O�G�U�L�F�K���Z�L�W�K�R�X�W���I�X�U�W�K�H�U���S�X�U�L�I�L�F�D�W�L�R�Q�����8�O�W�U�D�S�X�U�H���Z�D�W�H�U�����U�H�V�L�V�W�L�Y�L�W�\��� �������������0������F�P�����0�L�O�O�L���4-

Gradient system) was used to process all aqueous solution.  

 

Synthesis of AgNWs: Uniform AgNWs were prepared according to literature.[25] 1.76 g 

of PVP (Mw �§�������������������Z�D�V���K�R�P�R�J�H�Q�R�X�V�O�\���G�L�V�V�R�O�Y�H�G���L�Q�W�R���������P�/���R�I���J�O�\�F�H�U�R�O���E�\���V�W�L�U�U�L�Q�J���D�W��

100 °C for 2 h. The solution was cooled to room temperature before 0.474 g of AgNO3 was 

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. At 100 °C, 60 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 AgNWs can be 

obtained by collecting the sediment and washed thoroughly with water by centrifuging at 

2000 rpm for 30 min. 

 

AgNWs nanomesh on glass substrate: soda-lime glass substrates (common microscope 

slide) were activated by 30 s, 100 W, 50 KHz O2-plasma etching, then dip coated with PEI 

using 2.5 mg mL-1 aqueous solution for 30 minute and rinsed in pure water (2 x 5 mins). 

The PEI-coated glass substrates were subsequently immersed and fixed to the wall of a 500 

ml beaker (about 3.5 cm away from the centre) and parallel to the magnetic stirrer. The 

deposition solution is AgNWs suspended in ethylene glycol-containing 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 before starting to deposit the second layer, perpendicular to the 

first layer.  

 

VO2/AgNWs on glass substrate: AgNWs nanomesh on glass is used as substrate for VO2 

deposition using High-power impulse magnetron sputtering (HiPIMS) technique detailed 
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in chapter 4 Approximately 70 nm of VO2 film (750 s of sputtering) was deposited on all 

samples.  

 

SiO2/AgNWs on glass substrate: AgNWs nanomesh on glass is used as substrate for VO2 

deposition using traditional RF-sputtering technique utilizing Kurt J. Lesker PVD 75 

system. Approximately 70 nm of SiO2 film (12000 s, 150 W, 1.2e-2 Torr) was deposited 

on all samples. 

 

5.3 Results and discussions 

 

5.3.1 Morphology control by AgNWs nanomesh  

 

 

Figure 5.2 (a-b) 3D-AFM images of AgNWs duo-layer template (a), and same template after 

SiO2 deposition (b); note the different height scales. (c) Schematic of how height and pitch of nano-

cone peaks were measured. (d) Examples of morphological cross-section from b: b1, b2, b3, and 

b4 represent blue, green, purple, and red lines respectively. 
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Initial investigation into usage of AgNWs mesh as template for biomimetic AR structure 

was conducted with monolayer AgNWs mesh. The monolayer nanowire mesh was 

fabricated using agitation-assisted technique reported in literature [20, 21] at 15 to 60 

minutes with 200 rpm to 500 rpm agitation speed on glass substrate. AFM images were 

captured (Figure A1a-f) to determine the density of nanowire deposited, defined as the 

percentage of area covered by nanowire in one captured image. Figure A1g-h show that 

increasing both deposition duration and agitation speed leads to higher AgNWs density of 

monolayer template. Based on this initial result, it was predicted that similar increment of 

density could be seen for duo-layer AgNWs template as a response to increasing deposition 

duration and agitation speed. 

 

Duo-layer AgNWs mesh templates were prepared to consider the effects of deposition 

duration and agitation speed on the behaviour and distribution of AgNWs following 

parameters in Table 5.1. Samples are designated according to their fabrication parameters, 

for example SA4/15 is SiO2/AgNWs multilayer sample with duo-layer of 400 rpm, 7.5 

minutes AgNWs template. AFM images were captured for duo-layer AgNWs mesh 

template (Figure S2) and after deposition of overcoating SiO2 films (Figure A3a-f). While 

the focus of the overall thesis is on VO2 thin film, SiO2 is used here as preliminary 

investigative tool due to its suitability for mass fabrication, low temperature deposition, 

and comparability to literature in which SiO2 is often used as the prime material to 

demonstrate antireflective properties [15]. 

 

Density was measured for template before thin film deposition while individual height (h) 

and pitch (p) values of peaks were measured after thin film deposition. Measuring 

methodology for height and pitch is described in Figure 5.2, by using multiple random, 

non-intersecting cross-section lines acquired from AFM images. The subsequent height 

and pitch data sets yielded a pair of distributions (Figure 5.3) for each sample. Height 

�Y�D�O�X�H�V���I�R�O�O�R�Z���D���U�R�X�J�K���*�D�X�V�V�L�D�Q�����Q�R�U�P�D�O�����G�L�V�W�U�L�E�X�W�L�R�Q���Z�K�L�O�H���S�L�W�F�K���Y�D�O�X�H�V���I�R�O�O�R�Z���D���*�D�O�W�R�Q�¶�V��

(lognormal) distribution. Distributions for all samples are shown in Figure A5. The mean 

height varies from approximately 90 nm to 140 nm, while the mean pitch ranges from 
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approximately �����������P���W�R�������������P�����0�H�D�Q���Y�D�O�X�H�V���R�I���U�H�F�R�U�G�H�G���K�H�L�J�K�W���D�Q�G���S�L�W�F�K���D�U�H���O�L�V�W�H�G���L�Q��

Table 5.1. 

 

AFM images before (Figure 5.2a) and after (Figure 5.2b) thin film deposition, SiO2 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 pure SiO2 film (RMS 

= 1.6 nm), fabricated composite film has a rough surface that consisted of randomly 

distributed nano-cone peaks, formed due to intersecting randomly distributed AgNWs (up 

to RMS = 97.7 nm for SA4/45) (Table 5.1). The random distribution nature of the AgNWs 

deposition process allows the multilayer film morphology to have valleys at places with no 

AgNWs and peaks at places with multiple intersecting AgNWs. The random nano-peaks 

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

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

 

Table 5.1  SiO2/AgNWs multilayer system morphology and optical performance 

Sample 

name 

Deposition 

time/min 

Agitation 

speed/rpm 

Mean 

height/nm 

Mean 

�S�L�W�F�K�����P 
RMS/nm Rlum @8°/% 

SA0/00 - - - - 1.6 7.5 

SA3/30 30 300 91.2 1.10 85.0 6.3 

SA4/15 15 

400 

99.3 0.90 58.0 7.0 

SA4/30 30 91.1 0.84 65.5 6.6 

SA4/45 45 141.7 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 AgNWs 

(Figure A2a-c) on glass substrate and lowering the distance between nanowires. Lower 

average pitch value is thus observed in samples with longer deposition time. Higher 

AgNWs density also creates higher possibility for AgNWs 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 nano-cone structure with 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 AgNWs duo-layer template (blue) as well as mean 

height (black) and mean pitch (red) values of SiO2/AgNWs samples against changing AgNWs 

deposition duration and constant agitation speed (400 rpm). (b) Plot of measured density of AgNWs 

duo-layer template (blue) as well as mean height (black) and mean pitch (red) values of 

SiO2/AgNWs samples against changing AgNWs 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 varying agitation speed and 

constant deposition time. While mean peak height increases significantly with increasing 
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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 in literature [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 mean peak 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 relatively constant with increasing deposition 

speed (SA6/30 and SA7/30).  

 

VO2/AgNWs (VA) samples have similar morphological pattern as observed in 

SiO2/AgNWs (SA) samples (Figure A3), but their mean height and pitch values differ from 

each other. As shown in Figure 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 

�W�K�H�� �G�H�S�R�V�L�W�L�R�Q�� �F�R�Q�G�L�W�L�R�Q�V�� �R�I�� �K�L�J�K�� �H�Q�H�U�J�\�� �E�R�P�E�D�U�G�P�H�Q�W�� �D�Q�G�� �K�L�J�K�� �W�H�P�S�H�U�D�W�X�U�H�� ���������� �•����

during HiPIMS deposition of VO2, as well as the crystalline nature of the VO2 film 

compared with the amorphous SiO2 layer.  

 

In summary, deposition of AgNWs on glass substrates using agitation-assisted deposition 

technique resulted in a template for the biomimetic systems consisting of randomly 

distributed cone-like peaks, similar to that of reported Greta-oto butterfly structure.[2] The 

height and pitch values of the nano-peaks, which follow random distributions, are 

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

 

5.3.2 SiO2/AgNWs multilayer system  
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Figure 5.5 (a) Reflectance measured at 8° unpolarized source for varying AgNWs deposition 

duration. (b) Rlum at 8° plotted against AgNWs deposition duration. Rlum data are represented with 

± SD. Insets are schematic of AgNWs orientation of template at low and high deposition time. See 

Figure A6f for transmission 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 optical results of studied SiO2/AgNWs samples according 

to their fabrication parameters. 

 

The effect of AgNWs deposition time on reflectance in the visible range of 380-780 nm is 

shown in Figure 5.5a-b. It can be observed that integrated reflectance (Rlum) decreases 

linearly with increasing AgNWs deposition duration due to the increase in density of 

AgNWs. The integrated reflectance Rlum is calculated from Figure 5.5a, and the value is 

presented in Figure 5.5b. As the control sample SA0/00 gives 7.5% Rlum and the SA4/60 

gives 5.1% Rlum, the calculated enhancement is around 33%. Figure 5.6 and A4 present 

AFM topography and optical photographs of SiO2/AgNWs samples. These images 

demonstrate how the density difference can be observed in both macro- and microscopic 

scale. The 30 minutes deposition difference between SA4/15 and SA4/45 sample resulted 

in more pronounced AR effect of Ag nanomesh on the latter as compared with the former. 

This translates to denser and more compact features seen in AFM image of SA4/45 (Figure 

5.6c). 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 AgNWs 

on substrate surface. 

 

 

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

 

Different from samples made with varying deposition duration, those with varying 

agitation speed have more complex integrated reflectance trend (Figure 5.7). Rlum increases 

along the agitation speed increasement from 300 rpm to 500 rpm and decreases from 500 

rpm 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 changes in Rlum trend here could be attributed to the improvement in 

NWs alignment with increasing in agitation speed. 
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Figure 5.7 (a) Reflectance measured at 8° unpolarized source for varying AgNWs deposition 

speed. (b) Rlum at 8° plotted against AgNWs deposition speed Rlum data are represented with ± SD. 

Insets are schematic of AgNWs orientation of template at low and high deposition speed. See 

Figure A6g for transmission spectrum. 

 

The omnidirectionality of the Greta-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 spectra in Figure A6b-e. The 

calculated Rlum from these spectra in Figure 5.8a demonstrate ability of the SiO2/AgNWs 

multilayer systems to significantly suppress R% as compared to the control sample through 

all incident angles. 

 

The relationship between integrated reflectance and mean height and mean pitch is 

visualized in Figure 5.8a-b, respectively. As mean height of nano-cone peaks increases, the 

integrated reflectance Rlum is seen to follow a downward polynomial trajectory as indicated 

in the fitting curve in Figure 5.8b. 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 it is between 90-150 nm. The outlier with large error bars indicates the 

robustness of this solution process as the template was produced from monolayer aligned 

AgNWs with 50-80 nm diameters. Unlike the relationship above, Rlum 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) Rlum of multiple samples plotted against changing incident angle for unpolarized 

source. (b) Rlum at 8° plotted against mean height of each sample. (c) Rlum at 8° plotted against mean 

pitch of each sample. Rlum data are represented with ± SD. 

 

5.3.3 VO2/AgNWs multilayer system 

 

After establishing the optimal parameters to control the anti-reflectivity through 

preliminary SiO2 result, the versality of the proposed bottom-up fabrication method is 

further demonstrated by integrating the biomimetic structure to a VO2 thermochromic 

smart window system. Unlike the SiO2 thin film, functional VO2 has temperature-

dependent optical properties due to its metal-insulator-transition (MIT) [24, 26-28]. 
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The cross-section of the VO2/AgNWs multilayer system in Figure 5.9a has a mountain-

like feature with a core made of AgNWs (dotted encircled areas) and an overcoat layer of 

VO2 thin film. In this particular case, the thickness of AgNWs can be measured at three 

different levels: 50 nm single NW on the right, 87 nm bundled NWs on the left, and 120 

nm highly bundled/intersecting NWs at the centre. Close up TEM images of Ag area 

(Figure 5.9b) and VO2 area (Figure 5.9c) with their FFT inset images once again confirm 

the dominant crystalline characteristic of both Ag and VO2 layers, respectively. The 

deposited VO2 film forms a relatively uniform overcoat on the AgNWs, filling in the voids 

between NWs. VO2 film contours itself on the patterned substrate, alternating between 

AgNWs occupied position and void on the glass surface.  

 

 
Figure 5.9 (a-c) Cross-section STEM of a nano-cone peaks on the VA5/60 sample. (a) Dotted 

lines indicate AgNWs portion of the system, clear distinction can be seen between the glass 

substrate portion (Glass) and the deposited thin film portion (VO2). (b) Zoomed-in of the AgNWs 

portion with two measured d-spacing value d1 = 0.234 nm and d2 = 0.209 nm corresponding to the 

(111) and (200) plane respectively, inset is the FFT of b. (c) Zoomed-in of the VO2 portion with 
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measured d-spacing value d = 0.319 nm corresponding to the (011) plane, inset is the FFT of c. (d) 

STEM-EDX colour coded for the cross-section in a. (e) XRD spectrum of VA5/60 sample 

measured at 2° grazing angle. (f) Reflectance at 8° incident angle of VA5/30 compared to VA0/00 

sample. 

 

Further characterization using cross-section specimen using STEM-EDX revealed the 

composition and distribution of elements present. Atomic percentage of element is 

relatively consistent with expected theoretical number based on present compound in the 

specimen: SiO2, VO2, and Ag (Figure 5.9d). Oxygen atomic percentage is close to twice 

the sum amount of vanadium and silicon (64.3% compared to theoretical 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 explains the presence of Ga and Pt in the 

element signal graph in Figure A7a. Ga ions 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 preserve the surface feature and contours of the specimen. 

Because of the re-deposition 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 is sufficient as an indication of relative position of VO2 film 

surrounding an AgNW core. Formation of an VO2/AgNWs multilayer structure is thus 

proven to be successful at microscopic scale. 

 

Table 5.2  VO2/AgNWs systems morphology and thermochromic performance 

Sample 

name 

Deposition 

time/min 

Agitation 

speed/rp

m 

Mean 

height/

nm 

Mean 

pitch/

���P 

Tlum/% 
TIR(20)/

% 

TIR(90)/

% 

�ûTsol/

% 

VA0/00 - 

500 

- - 30.6 41.3 22.8 9.3 

VA5/15 15 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 45.5 28.5 9.2 
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VO2/AgNWs multilayer film was further analysed using grazing angle XRD at constant 2° 

(Figure 5.9e). Bare AgNWs template (black) shows strong (111) orientation and (220) to a 

lesser extent (PDF#00-004-0783). After undergoing 700s deposition process of VO2, Ag 

signal is almost undetectable at 2° grazing angle penetration depth. VO2 peaks (red) for 

adequate crystallinity at (011), (022) and (2̄31) according to PDF#00-043-1051 can be 

detected. This further confirms that crystalline VO2 thin 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 reflectance Rlum than that of pure VO2 VA0/00 reference sample with up 

to 70% Rlum improvement, 4.6% vs. 15.3% respectively. As shown in Figure 5.10b, 

reflectance improvement is sustained over several changing incident angles, which is 

similar to omnidirectional results observed in SA systems. No 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 VA0/00 sample. (b) 

Rlum of varying incident angle of VA5/30 compared to reference VA0/00 sample. (c) 

Thermochromic performance of VA samples in the range of 250 �± �����������Q�P���D�W���������•���D�Q�G���������•�� 

 

Comparison of thermochromic performance of various VA samples in wavelength between 

250 nm and 2500 nm is shown in Figure 5.10c. AgNWs have high absorption of light 

within wavelength around 400 nm [29]. Observation into the transmittance spectrum in 

Figure 5.10c indicates that addition of AgNWs into the VO2 film 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 (380-780 nm) of 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 A7b-c). Table 5.2, listing luminous transmittance (Tlum) of corresponding samples, 

clearly points to significant transmittance enhancement by the AgNWs underlying 

structure with respect to Tlum. The best performing sample VA5/60, which has the highest 
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(60 nm) and the densest peak de�Q�V�L�W�\�����S�L�W�F�K���§���������������P�����G�X�H���W�R���K�L�J�K�H�V�W���G�H�Q�V�L�W�\���R�I���$�J�1�:�V����

has 37% higher Tlum compared to that of control sample VA0/0, 30% vs. 42% respectively.  

 

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

due to additional absorption 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 nano-�F�R�Q�H���P�R�U�S�K�R�O�R�J�\���R�Y�H�U�F�R�P�H���V�L�O�Y�H�U�¶�V��

inherent trade-off and is able to have a positive effect on the transmittance of the overall 

VO2/AgNWs multilayer system. Additionally, VO2 film has inherent brown colour while 

AgNWs are white translucent. The addition of AgNWs into VO2 film would not affect the 

colour of the film negatively, as evidently in the visible range (380-780 nm) of Figure 5.10c. 

 

As observed in Figure A7d-e, all samples using the AgNWs nanomesh template has 

reduced integrated reflection compared with reference VA0/00 sample. This further proves 

the efficacy of this general approach to fabricate nanosized templated antireflection surface. 

It is also interesting to note that both Tlum and �ûTsol of VA samples increases with 

height/pitch ratio (Figure 5.11), overcoming one of the ultimate challenges in VO2-based 

thermochromic devices where �ûTsol and Tlum usually have an inverse relationship to each 

other [22-24, 28]. 

 

The biomimetic structure provided by the AgNWs nanomesh template decreases 

omnidirectional reflectance of VO2 thin film and greatly enhances its Tlum with further 

enhancement of thermochromic performance. The proposed template is shown to function 

efficiently to improve the omnidirectional antireflection in both SiO2 and VO2 systems, 

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

universality.   
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Figure 5.11  Tlum �D�Q�G���ûTsol plotted against Height/Pitch ratio of corresponding AgNWs 

template, the Tlum of reference VA0/00 sample is indicated on the y-axis accordingly. 

 

5.4 Conclusion 

 

In this work, a biomimetic AR multilayer system, inspired by the Greta-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 nano-cone peaks adopted from intersecting AgNWs 

mesh template. The mean height and pitch can be controlled by varying the duration and 

agitation speed used during deposition. The AgNWs template was demonstrated to provide 

enhanced optical performance to different thin film systems, namely VO2 and SiO2. 

SiO2/AgNWs multilayer system achieved up to 33% omnidirectional reduction of Rlum. In 

addition, VO2/AgNWs multilayer system achieved up to 37% Tlum improvement and 70% 

omnidirectional reduction of Rlum with no adverse effects on thermochromic performance 

���ûTsol�����2c). This robust and economical solution fabricated template process opens up new 

avenue for a simple, easily controlled, and universal bottom-up technique to fabricate 

biomimetic AR structure without usage of complex and expensive lithography or laser 

etching method. Adaptation of this technique allows for cost-efficient production of 

biomimetic nanostructured not constrained by material specification, opening up potential 

application in more optical devices. 
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�&�K�D�S�W�H�U����� 

 

�'�X�U�D�E�O�H���9�2�����Z�L�W�K���������\�H�D�U���V�H�U�Y�L�F�H���O�L�I�H���I�R�U���V�P�D�U�W���Z�L�Q�G�R�Z�V��

�D�S�S�O�L�F�D�W�L�R�Q�V 

 

�7�K�L�V�� �F�K�D�S�W�H�U�� �U�H�S�R�U�W�H�G�� �D�� �Q�H�Z�� �V�W�U�D�W�H�J�\�� �W�R�� �I�D�E�U�L�F�D�W�H�� �9�2���� �Q�D�Q�R�U�R�G��

�Q�D�Q�R�F�R�P�S�R�V�L�W�H���W�K�H�U�P�R�F�K�U�R�P�L�F���V�P�D�U�W���Z�L�Q�G�R�Z���Z�L�W�K���������\�H�D�U���V�H�U�Y�L�F�H���O�L�I�H����

�%�\���L�Q�W�U�R�G�X�F�L�Q�J���V�H�H�G�L�Q�J�����R�Q�H���V�W�H�S���+�L�3�,�0�6���S�U�R�F�H�V�V���Z�D�V���D�F�K�L�H�Y�H�G���Z�K�L�F�K��

�F�R�P�S�U�L�V�H�V���R�I�� �J�X�L�G�H�G�� �J�U�R�Z�W�K�� �R�I�� �9�2���� �Q�D�Q�R�U�R�G�� �H�P�E�H�G�G�H�G�� �Z�L�W�K�L�Q��

�D�P�R�U�S�K�R�X�V���9���2�����P�D�W�U�L�[�����)�X�U�W�K�H�U�P�R�U�H�����W�K�H���X�Q�L�T�X�H���Q�D�Q�R�U�R�G���V�W�U�X�F�W�X�U�H���Z�L�W�K��

�O�R�Z�H�U�H�G�� �W�U�D�Q�V�L�W�L�R�Q�� �W�H�P�S�H�U�D�W�X�U�H���2�F�� �R�I�� ���������� �ƒ�&�� �J�D�Y�H�� �W�X�Q�D�E�O�H�� �V�R�O�D�U��

�P�R�G�X�O�D�W�L�R�Q���D�F�F�R�U�G�L�Q�J���W�R���V�R�O�D�U���L�Q�F�L�G�H�Q�W���D�Q�J�O�H�����7�K�L�V���Q�H�Z���V�W�U�D�W�H�J�\���S�U�R�Y�L�G�H�V��

�D���V�R�O�X�W�L�R�Q���W�R���D�G�G�U�H�V�V���9�2�����$�F�K�L�O�O�H�V�¶���K�H�H�O�����L�W�V���L�Q�V�W�D�E�L�O�L�W�\���� 

 

 

 

 

 

 

 

 

 

�B�B�B�B�B�B�B�B�B�B�B�B�B�B�B�B 
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Materials Today Energy, 26, p.100978. (No written permission from Elsevier is required for thesis 

purposes.) 
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6.1 Introduction  

 

VO2 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 V2O5 under room temperature condition [1]. There has been a multitude 

of studies aimed to prevent the deterioration of VO2. The easiest way to prevent further 

oxidation is to encapsulate VO2 and prevent its interaction with high oxygen and moisture 

environment. Hence, most of the reported methods require additional fabrication steps to 

apply a transparent protective layer (such as TiO2 or SiO2) or to modify the upper most 

surface structure of VO2 film in order to isolate the functional layer from outer environment 

with the limited protection [2-10]. Table 6.1 summarizes results and proposed structures 

from recent studies which has attempted to solve VO2 stability. The equivalent service life 

(ESL) is calculated based on given information in literature using the accelerated aging 

formula (6.1).  

 

Table 6.1 Thermochromic and stability performance of structures in literature 
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This chapter reports a novel one-step method utilizing high-powered impulse magnetron 

sputtering (HiPIMS) to fabricate a record-high long service life and high-performance VO2 
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thin film on glass substrate. A unique VO2 nanorod structure is formed by introducing 

seeding guided growth along with manipulation of gas injection timing and target current 

during reactive sputtering, resulting in V2O5/VO2 thermochromic composite film (Figure 

6.1). Fabricated thin film is 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 

 

V2O5/VO2 composite films were deposited using a Cemecon CC800/9 ML PVD system. 

A not-to-scale schematic top view of the deposition chamber can be found in literature [16]. 

A 390 cm2 99.9% purity vanadium target was provided by the system manufacturer, 

Cemecon, and was situated about 50 mm from the substrate holder, 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 throughout the sputtering process. Stainless steel 

substrate holders were used for high electrical conductivity and high operational 

temperature. All substrates and holders were thoroughly cleaned using propan-2-ol and 

blown dried with N2 before loading into the chamber. 

 

 

Figure 6.1 Schematic depicting the fabrication process of the V2O5/VO2 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 500 cm3/min. 
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HiPIMS power was then supplied with a pulse frequency of 1500 Hz and a pulse on-time 

�R�I�������������V�����Z�K�L�F�K���U�H�V�X�O�W�H�G���L�Q���D���G�X�W�\���F�\�F�O�H���R�I�������������7�K�H���D�Y�H�U�D�J�H���S�R�Z�H�U���Z�D�V���U�D�P�S�H�G���X�S���I�U�R�P��

600 W to 3000 W in 48s to reach an average power density of 7.66 Wcm-2. (Figure 6.1). 

O2 was injected 10s after sputtering started. O2 flow rate was ramped from 15 cm3/min to 

53 cm3/min within 80s. Constant chamber pressure of 500 mPa and target current within 

the range of Itarget = 6.7-7.0 A were maintained throughout deposition process. After the 

deposition, samples were kept inside the chamber for up to 2 hours to cool down below 

���������•���E�H�I�R�U�H���Y�H�Q�W�L�Q�J�����'�H�S�R�V�L�W�L�R�Q���U�D�W�H���L�V���D�E�R�X�W�����������Q�P���P�L�Q�� 

 

6.3 Results and discussion 

 

6.3.1 Thin film  deposition  

 

 

Figure 6.2  ���D���� ������ �[�� ������ ���P2 AFM image of semi-coated film (process was stopped in the 

transition state between the end of vanadium seeding and the start of the O2 injection). (b) 10 x 10 

���P2 zoomed-in AFM image of black cut-�R�X�W�� �I�U�R�P�� ���D������ ���F���� ������ �[�� ������ ���P2 AFM image of fully 

deposited V2O5/VO2 composite film. 

 

While the VO2 deposition process here seems to be similar to the one reported in Chapter 

4, the key factor that allows for deposition of nanorod VO2 embedded inside V2O5 matrix 

is the introduction of seeding followed by delayed injection of O2. As 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 metal target for a short duration, 10s in this study. At the end of the 
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seeding phase, O2 is slowly injected into the chamber to react with both existing and 

incoming sputtered vanadium. The O2 flowrate is ramped up slowly within 80s. Figure 

6.2a-b are AFM images 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 O2 stoichiometric ratio, vanadium seeds from the 1st phase 

serve as the basis for guided growth of VO2 nanorod while the non-seeded areas develop 

into amorphous V2O5. The end result is a composited film consist of VO2 crystalline 

nanorod encased in amorphous V2O5 matrix. The resulted composite film has a relatively 

smooth surface (RMS = 2.6 nm) with no obvious grain boundaries (Figure 6.2c) that have 

been observed in pure crystalline VO2 film using similar deposition method [16]. Detailed 

parameters are recorded in the experimental section.  

 

6.3.2 Thin  film composition 

 

 

Figure 6.3 (a) Schematic cross-section demonstrating durability enhancing mechanism of the 

composite film. (b-c) Bright-field and dark field STEM image of V2O5/VO2 composite film, 

respectively; red and blue (dashed) circled areas are corresponding crystalline structures of the 

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

 

A cross-section schematic of the composite film is shown in Figure 6.3a. Due to the unique 

configuration of the composite film, it was predicted that the amorphous V2O5 can act as a 

buffer diffusion layer that protects the functional VO2 nanorod from environment, thus 

prolonging the service life of thermochromic VO2 functional devices. The theorized 
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composite configuration is proven using a combination of STEM, XRD, and XPS 

techniques. 

 

 
Figure 6.4  (a) Zoomed-in STEM image of composite film cross-section; inserts are FFT of A 

and B squared areas, respectively. (b) Zoomed-in STEM image of area B in (a). 

 

Figure 6.3b-c are the bright-field 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 bright-field image and brighter appearance 

in the dark-field image. The encircled 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 A8-A12. By selectively using detector of different quadrant, it is shown 

that the nanorod structures are relatively spaced out at a distance approximately 40 nm and 

are polycrystal in nature. The nanorod structures extent from the substrate-film reaching 

close to the film-air interface, approximately 140-165 nm in height and 20-35 nm in 

diameter. The nanorod structures are totally encased in the amorphous matrix and do not 

have any direct interaction with air. Figure 6.4a is a zoomed-in STEM of a nanorod tip and 

the film-air interface. The FFT insets of area A and B, respectively, further indicate the 

crystalline-amorphous differences between the nanorod and the matrix. Inset a-A indicate 

amorphous area with no distinct point after FFT. Inset a-B, on the other hand, can be 

indexed further and matched to (011) plane of VO2(M), indicating presence of crystalline 

structure.  The d-spacing of crystal structure in Figure 6.4a-B can be observed as d = 0.315 

in Figure 6.4b, which is the d-spacing for VO2 (011) plane.  
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Figure 6.5 (a) HAADF of composite film cross-section; yellow-dashed circled areas are 

examples of nanorod structure. (b-d) EDX mapping of area in (a) for O-yellow, V-red, and Si-cyan, 

respectively. (e) EDX element mapping signal of area in (a-d). 
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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 V2O5/VO2 

composite film cross-section shown in (a). 

 

EDX mapping of the composite film cross-section was also done during STEM operation 

(Figure 6.5-6.6). From the EDX mapping in Figure 6.5c, a concentration gradient of 

vanadium can be observed. More V atoms are mapped near the substrate-film interface and 

less so near the film-air 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 undergoes guided 

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 atomic percentage graph (Figure 

6.6). At the substrate-film interface, there are less O and more V, corroborate the seeding 

phase as vanadium seeds are deposited and low O2 flow are only ramping up after seeding 

is completed. The ramping of O2 flow rate is observed in the 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 assumption that glass substrate only consists of SiO2, the 

actual O:V ratio is within 2 and 2.5, which confirms the mixture of VO2 and V2O5 in the 

thin film.  

 

 

Figure 6.7  (a) XRD spectra of pristine V2O5/VO2 composite film of different thickness. (b) 

XRD spectra of pristine and aged 180 nm thick V2O5/VO2 composite film, respectively. (c) XPS 

spectra of pristine 180 nm thick V2O5/VO2 composite film. 
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Atomic composition of the composite film is further characterize using XRD. Figure 6.7a 

is the XRD spectrum of pristine composite samples of 180 and 70 nm thickness. Peaks in 

the spectrum can only be indexed to the appropriate VO2(M) peaks of (011), (002), (021), 

(220), (031), and (�t$31) with no eligible V2O5 peaks recorded, according to PDF# 00-043-

1051 for VO2 and PDF#00-041-1426 for V2O5. This result indicates only detectable 

amount of VO2(M) crystal and no V2O5 crystal. The widening of peaks shown here implies 

small crystallite size achieved. However, in this study, peak widening is a direct consequent 

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 lower intensity peaks than 

its thicker counterpart because of the fixed angle used during scanning, resulting in less 

amount of VO2 detected during XRD. Figure 6.7b is the XRD spectrum comparing pristine 

to 50-day aged 180 nm composite sample. There is no significant shift in peaks position 

and only slight drop in intensity for the aged sample. The small intensity drop is expected 

since VO2(M) is to be slowly converted to V2O5 during the aging process. The amount of 

intensity drops, however, indicate excellent protection 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 UV-vis-NIR. The composite film has a relatively small MIT hysteresis with 

exceptionally lower �2c = 56.6 °C as compared to conventional 68 °C (Figure 6.8a-b). The 

improved �2c can be attributed to the internal compressive stress in the composite 

microstructure. This stress is formed due to mismatch shrinkage between VO2(M) and 

V2O5 (linear thermal expansion coefficient �Ù�Ï �È�.
 = 1.7×10-5 K-1 [17], �Ù�Ï�. �È�1

= 3.5×10-5 K-1 

[18]) during cooling down from high temperature fabrication from 420 °C to 25 °C. 

Because V2O5 shrunk more than VO2(M), the compressive stress is formed, forcing a 

shorter V-V bond in VO2(M). The shorter bond length facilitates easier transition from 

VO2(M) to VO2(R), resulting in a lower �2c. This phenomenon has been discussed at length 

in literature [19]. 
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Figure 6.8 (a) Metal-insulator-transition hysteresis and (b) �2c of 70 nm thick V2O5/VO2 

composite film, respectively. (c) Metal-insulator-transition hysteresis, (d) �2c, and (f) UV-vis-NIR 

spectra of pristine and aged of 180 nm thick V2O5/VO2 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 stability. UV-

vis-NIR measurements of samples from 250-2500 nm were recorded every 24h in Figure 

A13. Accelerated aging factor (AF) of VO2/V2O5 composite samples was calculated using 

the Hallberg-Peck model [20], which states the following: 
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Ea is the activation energy (eV), which is 0.7 eV for VO2�����N���L�V���W�K�H���%�R�O�W�]�P�D�Q�Q�¶�V���F�R�Q�V�W�D�Q�W��

(8.617 × 10-5 eVK-1) and n is recommended as 3. Tuse and Ttest are the operating temperature 

and the acceleration test temperature (both in K), respectively. RHuse and RHtest are the 

acceleration test humidity and operating humidity, respectively. The operating temperature 

and humidity of thermochromic coatings in a commercial application are Tuse � �� ������ �•�� � ��

298 K and RHuse= 60%. Parameters during accelerated aging test are as followed: Ttest = 

�������� �•�� � �� �������� �.�� �D�Q�G��RHuse� �� ���������� �7�K�L�V�� �U�H�V�X�O�W�H�G�� �L�Q�� �D�Q�� �$�)�� �§�� ����������The stability test was 

deemed complete when there is an observed drop of ~10% in �ûTsol when compared to 

pristine sample. 

 

 

Figure 6.9 (a-b) UV-vis-NIR spectra of pristine and aged V2O5/VO2 composite film with (a) 70 

nm and (b) 180 nm thickness. (c) Optical photographs of 70 nm thick V2O5/VO2 composite film 

�V�K�R�Z�L�Q�J�� �I�L�O�P�� �F�R�O�R�X�U�� �S�U�R�J�U�H�V�V�L�R�Q�� �Z�L�W�K�� �D�J�L�Q�J���� ���G���� �1�R�U�P�D�O�L�]�H�G�� �ûTsol progression of V2O5/VO2 

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

film had yellowish colour with a purple tint. After the 5th day 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 the deterioration of VO2 to form V2O5. 

 

The UV-vis-NIR spectrum of composite films are shown in Figure 6.9a-b in their 

respective pristine and fully aged condition. The pristine composite film had respectable 

thermochromic performance comparing to literature [16] at Tlum � ���������������D�Q�G���ûTsol = 6.3% 

for 70 nm film and Tlum � �������������D�Q�G���ûTsol = 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, dropping from 6.3% to 5.3% (Figure 6.9d). 

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 accelerated aging test, 180 nm composite film retain up to 95% of 

its modulation function, from 12.1% to 11.6% (Figure 6.9d). 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 thermochromic 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 VO2 functional layer directly correlates to the 

rate of diffusion of oxygen into VO2 matrix. In typical metal transition oxide coating, there 

might be crystal imperfection caused by lattice mismatch, which promotes oxygen 

migration from the air to VO2 matrix via the metal oxide coating, albeit slower than with 

no diffusion barrier. By wrapping the crystal VO2 nanorod with amorphous V2O5, 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 combined result of these two factors is a VO2 functional 

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 VO2(M) nanorod, it is predicted that the 

composite film would have tunable performance corresponding to different incident light 

angle. Figure 6.10a is a schematic of how the nanorod structure may interact with different 

incoming light angle. Composite films are measured with UV-vis-NIR at variable angle to 

investigate this relationship. Figure 6.10b-c show the effect of increasing incident angle on 

the UV-vis-NIR spectrum. By increasing incident angle from 0° to 45°, the luminous 

transmittance (Tlum) decrease�V���I�U�R�P���������������W�R���������������Z�K�L�O�H���W�K�H���,�5���P�R�G�X�O�D�W�L�R�Q�����ûTIR) and 

�V�R�O�D�U���P�R�G�X�O�D�W�L�R�Q�����ûTsol) increases drastically 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 light and VO2(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 

increasing 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 season [21]. 
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Figure 6.10  (a) Schematic of different incident light angle with season changes with respect to 

fabricated V2O5/VO2 composite film. (b) UV-vis-NIR of pristine 70 nm thick VO2/V2O5 composite 

film with 0°, 15°, 30°, and 45° incident angle. (c) Tlum �D�Q�G���ûTIR/sol of pristine 70 nm thick V2O5/VO2 

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

 

6.4 Conclusion 

 

In this study, a one-step sputtering process using HiPIMS technology is introduced to 

fabricate ultra-stable thermochromic VO2 nanorod imbedded in amorphous V2O5 matrix 

composite film. The one-step HiPIMS process consists of short duration vanadium metal 

seeding followed by delayed O2 ramping injection, which facilitate the guided growth of 

VO2 nanorod. The composite structure has a lower �2c = 56.6 °C and long simulated service 

life of up to 33 years, a record high for VO2 stability. 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 one-step sputtering process initiates a new strategy to fabricate a VO2-

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 potential commercialization of VO2 smart windows with 

added functionality in future. 
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�7�K�H���U�H�V�X�O�W�V���I�U�R�P���H�D�F�K���S�U�R�M�H�F�W���Z�H�U�H���O�L�Q�N�H�G���W�R�J�H�W�K�H�U���D�V���E�X�L�O�G�L�Q�J���E�O�R�F�N�V���W�R��

�S�D�L�Q�W���W�K�H���E�L�J�J�H�U���S�L�F�W�X�U�H���R�I���+�L�3�,�0�6���G�H�S�R�V�L�W�H�G���9�2�����E�D�V�H�G���V�P�D�U�W���Z�L�Q�G�R�Z��

�Z�L�W�K�� �H�Q�K�D�Q�F�H�G�� �F�U�\�V�W�D�O�O�L�Q�L�W�\���� �W�K�H�U�P�R�F�K�U�R�P�L�V�P���� �D�Q�G�� �V�H�U�Y�L�F�H�� �O�L�I�H�W�L�P�H����

�)�X�U�W�K�H�U�P�R�U�H���� �S�R�W�H�Q�W�L�D�O�� �D�Q�G�� �O�L�P�L�W�D�W�L�R�Q�� �R�I�� �S�U�R�F�H�V�V�� �D�Q�G�� �D�S�S�U�R�D�F�K��
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7.1 Conclusions 

 

7.1.1 Discussion on �³HiPIMS deposition of high crystallinity VO 2�  ́

 

 

Figure 7.1 �6�D�P�S�O�H���F�R�Q�W�H�Q�W���I�U�R�P���W�K�H���S�U�R�M�H�F�W���³HiPIMS deposition of high crystallinity VO2�  ́

 

In this project, pure VO2 thin film without cation impurities and other vanadium states was 

fabricated on various glass substrates including commercial soda-lime 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 composition, Tlum �D�Q�G�� �ûTsol 

changes with different thickness, substrate, and oxygen flowrate were reported in detail 

(Figure 7.1). While there was no modification such as nano-structuring or elemental doping 

in this work, the thermochromic performance of the fabricated VO2 thin film was superior 

to reported in literature (similar Tlum �E�X�W���Z�L�W�K���D�W���O�H�D�V�W�����������L�P�S�U�R�Y�H�G���ûTsol). However, the 

reported process was proven to be only viable for thin film deposition due to the thickness 

limit for pure VO2. Thicker VO2 application such as electronics would need further fine 

tune of the fabrication parameters. Nevertheless, the project provided a novel, streamline 

way to deposit pure and highly crystallized VO2 thin film on commercial substrate. 
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Moreover, because the fabrication process on soda-lime 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 Discussion on �³�D���X�Q�L�Y�H�U�V�D�O���U�R�E�X�V�W���E�R�W�W�R�P-up approach to engineer Greta-oto-

inspired anti-�U�H�I�O�H�F�W�L�Y�H���V�W�U�X�F�W�X�U�H�´ 

 

 

 
Figure 7.2 �6�D�P�S�O�H���F�R�Q�W�H�Q�W���I�U�R�P���W�K�H���S�U�R�M�H�F�W���³a universal robust bottom-up approach to 

engineer Greta-oto-inspired anti-reflective structure�  ́

 

In this project, a universal template growth method to achieve Greta-oto-inspired anti-

reflective structure was developed using bi-layer AgNWs nanomesh. The final 

nanostructure consisted of randomly distributed nano-cone, similar to structures on the 

wings of the glasswing butterfly Greta-oto (Figure 7.2). Height and pitch (distance from 

each other) of nano-cones were found to be following a Gaussian and Galton distribution, 

respectively. These nano-cones were also found to be responsible for the omnidirectional 

anti-reflective 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 anti-reflectivity of the final product is tuneable by template 

fabrication parameters. The template was found to be effective with both SiO2 and VO2 

thin film with widely different deposition process and condition, making it potentially 

universal. In addition, VO2/AgNWs multilayer system achieved up to 37% Tlum 

improvement and 70% omnidirectional reduction of Rlum with no adverse effects on 

�W�K�H�U�P�R�F�K�U�R�P�L�F�� �S�H�U�I�R�U�P�D�Q�F�H�� ���ûTsol���� �2c). This project provided a never-seen-before 

universal template growth of randomly distributed 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 �³�G�X�U�D�E�O�H�� �9�22 with 33-year service life for smart window 

application�  ́

 

 
Figure 7.3 �5�H�V�X�O�W���K�L�J�K�O�L�J�K�W�V���R�I���S�U�R�M�H�F�W���³durable VO2 with 33-year service life for smart 

�Z�L�Q�G�R�Z���D�S�S�O�L�F�D�W�L�R�Q�´ 
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In this project, through innovative seeded growth of VO2 nanorod on glass substrate, two 

major improvements to VO2 were achieved: (1) the �2c of the material was significantly 

lowered from ~68 °C to ~56 °C; (2) record high equivalent service lifetime of VO2 

thermochromic smart window was achieved at ~33 years, way above the industry standard 

of 10 years. Furthermore, the fabrication process of final VO2-nanorod/V2O5-amorphous 

composite required no additional deposition or annealing, which was a first in this field. 

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 lowered �2c, extremely long service life, 

and seasonal thermochromic performance. This project provided a one-step method to 

produce near-commercial-ready VO2-based smart window.  

 

7.1.4 Summary of the thesis 

 

The projects in this thesis focus on the fabrication of VO2 smart window using HiPIMS 

process and development of modification made to the fundamental method to achieve 

higher performance VO2 smart window. Firstly, background information is provided. This 

includes the energy shortage leading to development of smart window, VO2 as a potential 

smart window material due to its thermochromism, and HiPIMS as a new method to 

fabricate VO2. Sputtering techniques as a whole is discussed in detail with examples related 

to VO2 fabrication from literature. Possible modifications to fabrication process and VO2-

based devices are also identified with focus on biomimetic and nano-structuring as 

potential directions. In chapter 3, thermochromic performance calculation methods and 

characterization techniques are discussed with background, rationale, as well as list of used 

equipment.  

 

Each subsequent three chapters are dedicated to their respective project. the highly 

crystallized VO2 fabricated using HiPIMS in chapter 4 serves as the foundation for the 

other projects. It established the fabrication parameters as well as the gap in which 

modification to the process and VO2 device could be made. The biomimetic Gera-oto-
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inspired anti-reflective structure in chapter 5 is the result of modification made to the 

substrate using AgNWs template combined with standard HiPIMS process established in 

earlier chapter. The development of the first bottom-up approach to randomly distributed 

biomimetic nanostructure is a by-product of the modification efforts but it becomes the 

bigger outcome from this project than the improvement of VO2 device thermochromic 

performance. This patented novel template-based approach heralds in a new era for 

biomimetic fabrication. In Chapter 6, instead of the substrate, modification was made to 

the HiPIMS process to achieved novel VO2-nanorod/V2O5-amorphous composite in one 

step fabrication. The resulting thin film composite possesses several advantages over 

normal VO2 thin film: (1) lower �2c, (2) tuneable solar modulation, and (3) record high 

service lifetime. Each project in this thesis is a building block towards the goal of a 

commercial ready VO2-based smart window in the near future. 

 

7.2 Recommendations 

 

7.2.1 Exploring other materials for biomimetic structure 

 

In chapter 5, usage of AgNWs as template material was 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 silver. Candidates such as AuNWs [1], CuNWs [2] should be 

considered and studied. These materials are suitable because they are available to be 

fabricated as stand-alone nanowires with diameters in the range of 50-80 nm on any 

substrate. AuNWs and CuNWs would also not react with VO2, ensure the purity of VO2 

thin film during layering. On a more novel sense, AgNWs, AuNWs and CuNWs are all 

conductive. They are the prime candidate as electrodes for a VO2-based electrical 

application device. 

 

Similarly, overcoat film materials in chapter 5 were also chosen due to the constrain of this 

thesis. VO2 is given as it is the object of study and SiO2 is the basic component of glass as 

well as a popular capsulation material for VO2. Other materials serving applications that 
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favour less reflectivity should be explored and studied in further detail. In summary, the 

novel template-based approach to fabricated biomimetic structure reported here is still 

uncharted territories that do not limit to usage of AgNWs, VO2, or SiO2. Further studies to 

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

understanding of their relationship. 

 

7.2.2 Commercial ready VO2-based smart window 

 

Due to the time constrain, no study combining template-based 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 VO2 nanorod has diameter and distance (20-35 nm and 40 nm, 

respectively) smaller than the average pitch of the nanomesh template (~700-1000 nm). 

The nanomesh should be able to give ample space for the seeding to take place. In theory, 

combining these two approaches should yield VO2-based biomimetic smart window with 

superior thermochromic performance, transition temperature, and service lifetime. 
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Figure A1  (a-d) 2D-AFM of monolayer AgNWs template with constant 30 minutes AgNWs 

deposition duration and different agitation speed. (e-f) 2D-AFM of monolayer AgNWs template with 

different AgNWs deposition duration and constant 400 rpm agitation speed. (g) AgNWs density plotted 

against changing deposition duration for 500 rpm and 400 rpm agitation speed. (h) AgNWs density plotted 

against changing agitation speed for constant 30 minutes deposition duration. 
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Figure A2 (a-c) 2D-AFM of duo-layer AgNWs template with different AgNWs deposition duration 

and constant 400 rpm agitation speed. (d-i) 2D-AFM of duo-layer AgNWs template with constant 30 

minutes AgNWs deposition duration and different agitation speed. Arrows indicate the intended directions 

of nanowires.  
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Figure A3 (a-c) 3D-AFM of SiO2/AgNWs samples with different AgNWs deposition duration and 

constant 400 rpm agitation speed. (d-f) 3D-AFM of SiO2/AgNWs samples with different AgNWs agitation 

speed and constant 30 minutes deposition duration. (g-i) 3D-AFM image of VO2/AgNWs sample with 

different AgNWs deposition duration and constant 500 rpm agitation speed. Note the different height scale. 

 

 

 

 

Figure A4 Optical photos of (a) reference sample SiO2 on glass SA0/00. (b) Dou-layer template A4/30. 

(c-e) SiO2/AgNWs samples (c) SA4/30, (d) SA4/60, and (e) SA8/30, respectively. 
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Figure A5 (a) Distribution of nano-cone peaks height value for SiO2/AgNWs samples with varying 

agitation speed (rpm). (b) Distribution of nano-cone peaks pitch value for SiO2/AgNWs samples with 

varying agitation speed (rpm). (c) Distribution of nano-cone peaks height value for SiO2/AgNWs samples 

with varying deposition duration (min). (d) Distribution of nano-cone peaks pitch value for SiO2/AgNWs 

samples with varying deposition duration (min). 
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Figure A6 (a) Comparison of mean height and mean pitch between similar parameters bare AgNWs 

nanomesh A5/30, SiO2/AgNWs sample SA5/30, and VO2/AgNWs sample VA5/30. (b-e) Varying incident 

angle reflectance spectra for (b) SA0/00, (c) SA4/15, (d) SA4/30, and (e) SA4/60 sample. (f-g) 

Supplementary transmission spectrum for Figure 5.5 and Figure 5.7. 
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Figure A7 (a) STEM-EDX signal of VO2/AgNWs multilayer system. Transition temperature of (b) 

VA0/00 and (c) VA5/60 sample. (d-e) Rlum of VA samples plotted against (d) Height and Pitch separately 

and (e) Aspect Ratio (Height/Pitch) of corresponding AgNWs template.  
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Figure A8 (a) STEM of V2O5/VO2 composite film cross-section. (b) FFT of the STEM in (a). 

 

 

 

Figure A9  (a) Bright-field and (b) corresponding dark-field STEM image of V2O5/VO2 composite 

film cross-section taken with upper left quadrant detector. Insert is the detector indicator. 
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Figure A10 (a) Bright-field and (b) corresponding dark-field STEM image of V2O5/VO2 composite 

film cross-section taken with upper right quadrant detector. Insert is the detector indicator. 

 

 

 

 

Figure A11 (a) Bright-field and (b) corresponding dark-field STEM image of V2O5/VO2 composite 

film cross-section taken with bottom right quadrant detector. Insert is the detector indicator. 
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Figure A12 Bright-field and (b) corresponding dark-field STEM image of V2O5/VO2 composite film 

cross-section 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 thick V2O5/VO2 composite 

film from pristine to fully aged, respectively. The insert shows the colour evolution as the aging process 

progresses. 

 

 


