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Abstract 

Microbolometer depends on the change in electrical resistance of material as the temperature of the 

material changes. As element technology of microbolometer, VOx thin films are widely used due to 

high temperature resistance coefficients (TCR) and low noise. However, due to the metal-insulator-

transition (MIT) property of the VO2 thin film, it is difficult to fabricate a microbolometer at 68oC which 

can operate at high temperatures. Also, high light absorption is required. Here, we developed VO2 thin 

films and nanowires. And we developed a light absorber to increase the responsivity of microbolometer 

through high light absorption and applied it to various application. In order to obtain high quality of 

thermal sensitive material, we fabricated the resistor included in micro-bolometer which has a low 

resistance and a high temperature resistance coefficient (TCR) by growing the tetragonal VO2 crystal 

phase on the oxide thin film of the perovskite structure. In addition, infrared absorber has multilayer 

structure in which Ti metal layer and an MgF2 dielectric layer are alternately deposited with a several 

repetition cycle. The absorber layer shows about 70 % infrared absorption in the range of 8–14 μm. In 

this paper, we used VO2 for the TCR material and the infrared absorber, showing the enhanced 

performance compared to that of the conventional micro-bolometer. The micro bolometer operates even 

at high temperature of 100°C. The micro-bolometer has a responsivity and detectivity of 4.90 x 103 

V/W and 1.45 x 108 cmHz1/2/W at 100oC. 

In VO2 materials study, we demonstrated the mechanism of VO2 nanowires growth and MIT based 

strain sensor. The remarkable electronic and mechanical properties of nanowires promise fascinating 

applications; however, the difficulties of assembling ordered arrays of aligned nanowires over large 

areas prevent their integration into many practical devices. In this paper, we show that aligned VO2 

nanowires form spontaneously after heating a thin V2O5 film on a grooved SiO2 surface. Nanowires 

grow after complete de-wetting of the film, formation of super-cooled nanodroplets and subsequent 

Ostwald ripening and coalescence. We investigate the growth mechanism with molecular dynamics 

simulations of spherical Lennard-Jones particles – the simulations help explain how the grooved surface 

produces aligned nanowires. With this simple approach, we produce self-aligned, millimeter long 

nanowire arrays with uniform metal-insulator transition properties which, after transfer to a polymer 

substrate, act as a highly sensitive array of strain sensors with very fast response time of several tens of 

milliseconds. 

As photo-thermal conversion study, we developed light absorber in broad wavelength. A facile method 

to fabricate mechanically robust stretchable solar absorber for stretchable heat generation and enhanced 

thermoelectric generator is demonstrated. This strategy is very simple, it is a multilayer film made of 

titanium and magnesium fluoride optimized by two-dimensional finite element frequency domain 

simulation, followed by the application of mechanical stress such as bending and stretching to the film. 

This process produces many microsized sheets with submicron thickness (~ 500 nm), showing great 



 

 

adhesion to any substrates such as fabrics and PDMS. It shows quite high light absorption of 

approximately 85 % over a wavelength range from 0.2 to 4.0 μm. Under 1-sun illumination, the solar 

absorber on various stretchable substrates increased the substrate temperature to approximately 60oC, 

irrespective of various mechanical stresses such as bending, stretching, rubbing, and even washing. The 

thermoelectric generator with the absorber on the top surface also showed an enhanced output power of 

60 %, compared to that without the absorber. With incident solar radiation flux of 38.3 kW/m2, the 

output power significantly increased to 24 mW/cm2 due to the increase of the surface temperature to 

141oC.  

Reflectivity is an important part of photo-thermal conversion. We have studied research on 

antireflective films applicable to solar cells. A series of hierarchical ZnO-based antireflection coatings 

with different nanostructures (nanowires and nanosheets) is prepared hydrothermally, followed by 

means of RF sputtering of MgF2 layers for coaxial nanostructures. Structural analysis showed that both 

ZnO had a highly preferred orientation along the <0001> direction with a highly crystalline MgF2 shell 

coated uniformly. However, a small amount of Al was present in nanosheets, originating from Al 

diffusion from the Al seed layer, resulting in an increase of the optical bandgap. Compared with the 

nanosheet-based antireflection coatings, the nanowire based ones exhibited a significantly lower 

reflectance (~2%) in ultraviolet and visible light wavelength regions. In particular, they showed perfect 

light absorption at wavelength less than approximately 400 nm. However, a GaAs single junction solar 

cell with nanosheet-based antireflection coatings showed the largest enhancement (43.9%) in power 

conversion efficiency. These results show that the increase of the optical bandgap of the nanosheets by 

the incorporation of Al atoms allows more photons enter the active region of the solar cell, improving 

the performance. 
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CHAPTER 1. Introduction 

Many uncooled infrared (IR) detectors have been developed for many military and commercial 

applications, such as thermal sensors, night vision cameras, infrared cameras and surveillance devices. 

In particular, vanadium oxide-based microbolometer are the most widely used. Thermal sensor elements 

commonly used in commercial, uncooled thermal cameras. The merits of vanadium oxide (VOx) 

uncooled microbolometer are suitable for low power consumption, room temperature operation, light 

weight and portable applications. Also, VOx thin films are widely used due to high temperature 

resistance coefficients (TCR) and low noise. However, due to the metal-insulator-transition (MIT) 

property of the VO2 thin film, it is difficult to fabricate a microbolometer at 68oC which can operate at 

high temperatures. Therefore, the commercial VOx microbolometer operates mainly at room 

temperature and the TCR value of VOx is 2 ~ 3%/K. Recently, TCR materials have been developed for 

obtain large TCR values such as VOx/ZnO/VOx multilayer, VWO layer, and V2O5/V/V2O5 multilayer 

sandwich structure. In the case of infrared sensors, infrared absorber material is required inside the 

detector stack to perform absorption and then transfer heat to micro-bolometer because of thermal 

conduction. Infrared absorber materials have been used in the VOx based microbolometer such as 

Titanium (Ti), silicon nitride (Si3N4), Titanium Nitride (TiN), Nichrome (NiCr) and gold black. Most 

widely used gold black has very high absorption over a broad wavelength range. On the other hand, this 

low-density material is extremely fragile, which makes it difficult to integrate onto a micro-bolometer 

array, since usual fabrication processes destroy the film.  

Today’s engineers envision miniaturized circuits interconnected by nanowires with specialized 

electronic, photonic, energy conversion, gas sensing, and bio-sensing properties. Unlike conventional 

wires, nanowires must be grown from physical and chemical processes like liquid-phase self-assembly, 

templated growth in nanometer sized pores, or chemical vapor depositions. To create circuits with 

nanometer scale control requires growth processes that can precisely position and align nanowires and 

produce them with highly uniform dimensions. This remains a largely unsolved problem. A clue to a 

solution comes from studies of vanadium dioxide (VO2) nanowire growth. In the paper, a film of V2O5 

was heated on a SiO2 substrate and substantially below the melting point of V2O5, where the film de-

wets and forms super-cooled liquid nano-droplets that spontaneously form randomly distributed single 

crystal VO2 nanowires with uniform dimensions. Nanowires composed of oxides of molybdenum, 

ruthenium, and iron could also be produced by a mechanism that involves super-cooled nano-droplet 

mobility, coalescence and Ostwald ripening. 

Solar thermal technologies, which convert solar energy into heat, have received increasing interest 

during the past few decades and are considered a promising candidate due to high energy storage density 

and high energy conversion efficiency in many emerging applications such as solar collectors for 

heating and cooling systems, solar cookers, solar heated clothes, and steam generators. The solar 
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thermal efficiency is strongly dependent on the optical properties of the solar absorber. In general, for 

high-temperature applications, optimal solar-thermal energy conversion can be achieved by selectively 

absorbing solar energy with high infrared (IR) transmittance. With the high efficiency, it should be easy 

to manufacture and cost-effective, chemically and thermally stable at elevated temperatures. Recently, 

metamaterial absorbers, typically made of metals (e.g., Au, Ag, Ni) and dielectrics (e.g., HfO2, SiO2, 

Al2O3) are able to significantly increase the optical cross section of the structure, leading to greatly 

enhanced absorption in certain wavelength ranges caused by surface plasmon excitations. A plasmonic 

resonant visible light absorber, composed of a square array of vertically coupled nanowires coated with 

metal film, was developed, achieving ca. 75 % average absorption over a wavelength range from 0.4 to 

0.8 μm. Hedayati and coworkers proposed perfect plasmonic metamaterial absorbers with an absorption 

of around 100 % over the entire visible region. However, the metamaterials require acurate lithography 

techniques for sub-wavelength feature sizes such as metallic concentric ring patterns and the absorption 

is critically dependent on the absorption angle. Flexible and stretchable substrates, such as polymer and 

fabrics, also limit the size of metadata that can be achieved with mechanical deformations that are not 

available in flexible applications. 

Antireflective (AR) coatings based the ZnO nanostructures have received increasing interest during 

the past few decades and may be considered as one of the promising candidates due to the excellent 

optical properties and the controllable anisotropic growth of ZnO. In particular, the ZnO can easily be 

synthesized as a various from of nanostructures such as nanowires, nanobelts, nanoplatelets, and 

nanorods by well-developed methods, demonstrated by many research groups. However, as a promising 

candidate, most work has focused on the nanowires-based AR coatings. The graded refractive index to 

the active region of the solar cell, which is essential in obtaining low reflectance, can be achieved by 

the gradual decrease in the diameter of the nanowires to the bottom from the top. Various experimental 

parameters such as substrate, growth time, temperature, amount of precursor and additives should be 

considered for the fine control of the nanowires diameter. However, the morphology was found to be 

quite sensitivity to these parameters. Recently, it was reported that the coaxial-type surface by coating 

low refractive index materials on the nanowires could decrease the reflectance, significantly at low 

angle of incident light, thereby, enhancing the solar cell performance over broadband and wide angle 

ranges. However, the enhancement of the performance of solar cell with the ZnO nanowires-based AR 

coatings may not be huge, although the AR coatings show quite low reflectance comparable to those of 

conventional multi-layered antireflective films. 
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CHAPTER 2. Theoretical Background 

2.1 Uncooled bolometers for thermal imaging 

2.1.1 Thermal detectors 

Infrared detectors are classified as thermal detectors and photon detectors. These two things work in 

a very different way. Thermal detectors have an absorber with an absorber, which converts the light into 

heat and provides an electrical signal output that indicates the change in the absorber temperature. Since 

the heat detector is not wavelength dependent, it can be used as an infrared detector when used with 

window materials such as Si that transmit infrared light. Thermal sensors are mainly classified into a 

thermopile detector whose electromotive force changes, bolometer whose resistance changes, 

pyroelectric sensors whose dielectric surface charge changes, and diodes whose voltage-current 

characteristics change. Because photosensitive material of bolometer is composed of thermoelectric 

conversion materials and uses bolometer resistance, the temperature coefficient of resistance is the main 

cause of determining bolometer sensitivity. Since bolometer sensitivity does not depend on the size of 

the photosensitive area, it is possible to make a detector with no sensitivity reduction even if the 

photosensitive area is small. 

 

2.1.2 Bolometer theory  

IR detection by microbolometer depends on the change in electrical resistance of material as the 

temperature of the material changes. The blackbody is a Lambert source with the spectral emission 

given by Planck's blackbody radiation equation. 

𝑀𝜆(T, λ) =  
2𝜋ℎ𝑐2

𝜆5 (𝑒
(

ℎ𝑐
𝜆𝑘𝑇

)
− 1)

(W. 𝑚−3) 

Vanadium oxide was applied as thermal sensitive material. The suspended λ/4 cavity structure was 

designed to enhance the infrared light coupling. The gap of sacrificial layer between silicon nitride 

membrane and bottom reflector was 2 µm. The performances of bolometers are expressed in terms of 

device figures of merit such as responsivity (𝑅𝑣 ), detectivity (D*), thermal conductance (G) and 

temperature coefficient of resistance (TCR). 

Thermal conductance G was measured less than 1 mbar with the relation between the thermal 

conductance G and bias current Ib: 

1

𝑅
=  

1

𝑅0
−  

𝛼

𝐺
𝐼𝑏

2   (1) 

Where R is resistance, R0 is resistance at room temperature. The total thermal conductance (G) can be 

expressed as summation of thermal conductance of supporting legs (Gleg), gas (Ggas) and material 

radiation (Grad) ∶ G = Gleg + Ggas + Grad. The measurement of G is easily influenced on the vacuum 

condition. Without vacuum condition, G can be more than 10−5 W∕K under atmosphere pressure owing 
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to air flow, which is not good for detector performance. Thus, a proper vacuum condition is necessary. 

The thermal time constant τ is the relation of thermal conductance G and thermal capacitance C of the 

device, expressed as: 

τ =  
𝐶

𝐺
   (2) 

And responsivity of detector is defined as: 

𝑅𝑣 =  
𝛼𝜂𝐼𝑏𝑅0

𝐺√1+𝜔2𝜏2
   (3) 

where α is temperature coefficient of resistance described as α = ΔR∕RΔT. η is infrared absorptivity; Ib 

is bias current applied to device; R0 is bolometer resistance at room temperature; G is the thermal 

conductance; τ is thermal time constant; ω is modulation frequency. Δf is test bandwidth; Ad is effective 

area of absorber, Vn is signal noise. Detectivity D* is defined as: 

𝐷∗ =
𝑅𝑣√𝐴𝑑Δ𝑓

𝑉𝑛
   (4) 

From the above equations, we know that a design of the bolometer with the low thermal conductance 

and a use of the material with the high TCR and the low resistance are essential for obtaining the high-

performance bolometer. 

 

 

Figure 1. Schematic of microbolometer structure 

 

2.2 Characteristic of vanadium oxide 

2.2.1 Metal insulation transition (MIT) of vanadium oxide nanowire 

The material containing electrons with strong electron-electron interaction is called strongly correlated 

material. It has interaction between spin, charge and orbital degrees of freedom. This interaction makes 

strongly correlated electron systems very sensitive to small changes in various external parameters, 

such as pressure, doping or temperature. As the transition metal combines with oxygen, various metal 

oxides are formed. In particular, metals (i.e. V, Cu, Fe, Cr, Co, Ni and Mn) make correlated materials. 

This correlated materials are characterized by MIT, colossal magnetoresistance, battery materials, 

thermoelectrics and high temperature superconductors. VO2 is the one of the correlated material with 
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metal-insulator transition characteristics. Metal–insulator transitions are transitions from a metal to an 

insulator. VO2 is abruptly changes from the monoclinic structure to rutile structure at a temperature of 

about 68oC, thereby rapidly reducing the resistance1. The transition characteristic changes in the optical 

reflectivity, lattice structure and electrical conductivity. The transition could be applied for various 

device applications (i.e. Mott transistors, optical switches, strain sensor, thermochromic coating and gas 

sensors). However, there are considerable problems in designing the MIT of VO2 for these device 

applications. Especially, strain related with substrate clamping, stoichiometry, grain boundaries and 

dislocations raise the known problem of phase heterogeneity in which multiple insulator domains and 

metal coexist over a wide range of temperatures2. This makes the extensive phase transition and 

diffusion. In this regard, monocrystalline VO2 nanowires provide an attractive alternative because they 

host a single domain across the entire width to support single or minority domain MIT3. Moreover, 

property of the MIT physics are discovered from these VO2 nanowires, and device applications such as 

actuators4, sensors5, power meters6, and strain gauges7 are demonstrated. 

Several methods for manufacturing nanowires have been reported8, including liquid self-assembly and 

casting growth in nanometer-sized pores. One of the most typically used methods is physical vapor 

transport or chemical vapor deposition (CVD). Here, a solid sample can be heated in a tube furnace in 

vacuum or flowing gas in a tube furnace to form a gas, which cause crystalline nanowire growth in the 

downstream part. The mechanisms of growth are similar to sublimation and may resemble 

recrystallization (also known as vapor-solid (VS) growth)9, 10. Alternatively, nanometer sized metal 

particles can be used as catalysts for nanowire growth. At this time, the metal particles can be melted 

to form a eutectic solution with the precursor. The solid nanowires are crystallized to saturate the 

solution by adsorbing and dissolving the precursor on the metal catalyst. This mechanism of growth is 

called vapor-liquid-solid (VLS)11 or “metal catalytic” growth. Recently, it has been demonstrated that 

solid catalyst particles can also be used to catalysts for nanowire growth by a vapor-solid-solid (VSS) 

mechanism12. Both VLS and VSS need to grow nanowires using catalysts. 

 

Figure 2. (a) Schematic of nanowire growth. (b) SEM image of VO2 nanowires grown at 900oC on 

Si3N4/Si substrate38. 
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2.2.2 Metal insulation transition (MIT) based strain sensor 

There are various mechanical/physical sensors for monitoring pressure, strain in human body. 

Especially, strain sensors give us specifically mechanical deformation in human body to measure and 

analyze the indices and their variation of electrical properties in active layers i.e. capacitance, resistance 

and even piezo-/triboelectric output performance of various devices. In order to fabricate highly 

superior strain sensors, many critical requirements should be considered such as cost and simplicity in 

procedure to fabricate, sensitivity (i.e., gauge factor (GF)), response time, stability and stretchability. 

The GF is a ratio of variation in electrical resistance (ΔR/R0) under the mechanical strain and it was 

commonly used to evaluate the performance of the strain sensors. Generally, strain sensors request low 

fabrication cost, but have sensitivity and poor stretchability. Recently, various applications of 

flexible/stretchable strain sensors such as rehabilitation therapy monitoring13, health monitoring14, 

sports performance monitoring15 and human motion capturing for entertainment systems16 have been 

widely investigated. And a highly stretchable/sensitive strain sensor is quite essential for biomechanical, 

physiological and even kinetic applications. VO2 has an unique electrical property which is transition 

of crystal structure at room temperature under high pressure along the [110] direction of the rutile phase 

and even doping a high composition of Cr on the initial insulation (M1 insulator) converts it on other 

stabilized insulators (M2 insulator), which are respectively well-known as a monoclinic M1 and M2 

phase transition17. Unlike the abrupt change from the brightly reflecting M phase to the darkly reflecting 

R phase with respect to the transition temperature, the M1-M2 transition is difficult to observe with an 

optical microscope. Recently, the phase transition of a single heated VO2 nanobeam was observed and 

used to correlate with the electrical properties of the nanobeam. In the crystalline structure, the M phase 

and R phase in the VO2 nanobeam showed the highly sensitive to internal stress. In the peak position of 

M1 phases and M2 phases, the appearance and shifts have been used to observe and related to the phase 

transition caused by the applied strain18. Characteristic of MIT has already been developed to make 

sensitive transition sensors and quick optical shutters19. The transition between the M1 and M2 insulator 

can be used to developing reproducible and fast strain sensors and logic switches. 

 

2.3 Application for enhancing light absorption 

2.3.1 Solar thermal absorber for enhancing thermoelectric generator (TEG) efficiency 

A thermoelectric (TE) material produces a voltage with a temperature gradient. The efficiency of a 

thermoelectric material is determined by zT factor, defined as zT = a2T/kρ. Here, a is the Seebeck 

coefficient, k is the thermal conductivity, and r is the electrical resistivity. Thermoelectric materials had 

reported zT values of 0.5–0.8, resulting in low conversion efficiency and limiting these materials to 

various applications20. The total power conversion efficiency of a thermoelectric generate (TEG) can 

be represented as the product of thermoelectric efficiency, which expressed the efficiency of converting 
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light energy into heat to electric energy and photo-thermal efficiency. In order to increase the photo-

thermal efficiency, hot parts of TE module receiving light energy should be applied with a light 

absorbing materials. Mostly dark colored materials can be applied as light absorbing materials, such as 

metal oxide and sulfides21. Graphitic carbon such as graphite and glassy carbon, have been 

demonstrated to be good light absorbers22. Also, carbon nanotube (CNT) based composites were used 

to enhance thermoelectric efficiency23. 

 

2.3.2 Antireflective layer for enhancing performance of solar cell 

Antireflection coatings play an important role in improving the efficiency of photovoltaic devices by 

increasing the optical coupling of the devices to the active area. Antireflection coatings are a type of 

optical coating that is applied to the surface of optical elements to reduce reflections. By using 

alternating layers of low refractive index materials and high refractive index materials, low reflection 

at a single wavelength can be obtained. During the past few decades, research has been studied to 

enhance the efficiency of solar cell. Especially, there are many studies to make antireflection film with 

nanostructure. Many groups have demonstrated surface textured by anisotropic etching24, etching via 

patterned masks25, 26, and through other skill that make porosity and roughness27, 28on lithographically 

patterned Si PV devices. However, various experimental parameters (i.e. growth time, substrates, 

amounts of precursors, additives and temperature) should be considered for the precise control of the 

diameter of nanowire. In nanostructure, light rays are captured in a gaps induces a number of internal 

reflections. Thus, the incident radiation can be clearly absorbed and the reflection in the visible range 

is reduced very low. So, antireflection coatings on solar cells could decrease the reflection. And it is 

possible to improve the absorption of light in the absorption wavelength band for almost all incident 

directions. 

 

  

javascript:popupOBO('CHEBI:50594','c2jm33530a','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=50594')
javascript:popupOBO('CMO:0001360','c2jm33530a')


8 

 

2.4 Reference 

[1] Eyert, V. The metal‐insulator transitions of VO2: A band theoretical approach. Ann Phys. (Berlin, 

Ger.) 2002, 11, 650a. 

[2] Cao, J.; Wu, J. Strain effects in low-dimensional transition metal oxides. Mater. Sci. Eng. 2011, 71, 

35. 

[3] Cao, J.; Ertekin, E.; Srinivasan, V.; Fan, W.; Huang, S.; Zheng, H.; Yim, J. W. L.; Khanal, D. R.; 

Ogletree, D. F.; Grossman, J. C.; Wu, J. Strain engineering and one-dimensional organization of 

metal–insulator domains in single-crystal vanadium dioxide beams. Nat. Nanotechnol. 2009, 4, 

732. 

[4] Gu, Y.; Cao, J.; Wu, J.; Chen, L.-Q. J. Thermodynamics of strained vanadium dioxide single 

crystals. Appl. Phys. 2010, 108, 083517.  

[5] Strelcov, E.; Lilach, Y.; Kolmakov, A. Gas Sensor Based on Metal−Insulator Transition in VO2 

Nanowire Thermistor. Nano Lett. 2009, 9, 2322.  

[6] Cheng, C.; Fan, W.; Cao, J.; Ryu, S.-G.; Ji, J.; Grigoropoulos, C. P.; Wu, J. Heat transfer across the 

interface between nanoscale solids and gas. ACS Nano. 2011, 5, 10102.  

[7] Hu, B.; Ding, Y.; Chen, W.; Kulkarni, D.; Shen, Y.; Tsukruk, V. V.; Wang, Z. L. External‐Strain 

Induced Insulating Phase Transition in VO2 Nanobeam and Its Application as Flexible Strain 

Sensor. Adv. Mater. 2010, 22, 5134. 

[8] Whitney, T. M.; Jiang, J. S.; Searson, P. C.; Chien, C. L. Fabrication and magnetic properties of 

arrays of metallic nanowires. Science. 1993, 261, 1316.  

[9] Pan, Z. W.; Dai, Z. R.; Wang, Z. L. Nanobelts of semiconducting oxides. Science 2001, 291, 1947.  

[10] Persson, A. I.; Larsson, M. W.; Stenstrom, S.; Ohlsson, B. J.; Samuelson, L.; Wallenberg, L. R. 

Solid-phase diffusion mechanism for GaAs nanowire growth. Nat. Mater. 2004, 3, 677. 

[11] Wagner, R. S.; Ellis, W. C. Vapor‐liquid‐solid mechanism of single crystal growth. Appl. Phys. Lett. 

1964, 4, 89. 

[12] Kodambaka, S.; Tersoff, J.; Reuter, M. C.; Ross, F. M. Germanium nanowire growth below the 

eutectic temperature. Science. 2007, 316, 729. 

[13] Liu, C. X.; Choi, J. W. An Embedded PDMS Nanocomposite Strain Sensor toward Biomedical 

Application. 31st Ann. Int. Conf. IEEE EMBS 2009, 6391–6394. 

[14] Zhang, J.; Liu, J.; Zhuang, R.; Mäder, E.; Heinrich, G.; Gao, S. Single MWNT-Glass Fiber as Strain 

Sensor and Switch. Adv. Mater. 2011, 23, 3392–3397. 

[15] Helmer, R. J. N.; Farrow, D.; Ball, K.; Phillips, E.; Farouil, A.; Blanchonette, I. A Pilot Evaluation 

of an Electronic Textile for Lower Limb Monitoring and Interactive Biofeedback. Procedia Eng. 

2011, 513–518. 

[16] Lu, N.; Lu, C.; Yang, S.; Rogers, J. Highly Sensitive SkinMountable Strain Gauges Based Entirely 



9 

 

on Elastomers. Adv. Funct. Mater. 2012, 22, 4044–4050. 

[17] Pouget, J. P.; Launois, H.; J. Dhaenens,; P. Merenda, P.; Rice, T. M. Electron Localization Induced 

by Uniaxial Stress in Pure VO2. Phys. Rev. Lett. 1975, 35, 873. 

[18] Jones, A. C.; Berweger, S.; Wei, J.; Cobden, D.; Raschke, M. B. Nano-optical Investigations of the 

Metal−Insulator Phase Behavior of Individual VO2 Microcrystals. Nano Lett. 2010, 10, 1574. 

[19] Strelcov, E.; Lilach, Y.; Kolmakov, A. Gas Sensor Based on Metal−Insulator Transition in VO2 

Nanowire Thermistor. Nano Lett. 2009, 9, 2322. 

[20] Wood, C. Materials for thermoelectric energy conversion, Rep. Prog. Phys., 1988, 51, 459–539. 

[21] Wackelgard, E. Characterization of black nickel solar absorber coatings electroplated in a nickel 

chlorine aqueous solution. Sol. Energy Mater. Sol. Cells, 1998, 56, 35–44 

[22] Harding, G. L.; Craig, S. Composition and degradation of graded metal-carbon solar selective 

absorbing surfaces. Sol. Energy Mater., 1981, 4, 413–420. 

[23] Miyako, E.; Hosokawa, C.; Kojima, M.; Yudasaka, M.; Funahashi, R.; Oishi, I.; Hagihara, Y.; 

Shichiri, M.; Takashima, M.; Nishio K.; Yoshida, Y. Melt electrospun reduced tungsten 

oxide/polylactic acid fiber membranes as a photothermal material for light-driven interfacial water 

evaporation. Angew. Chem., Int. Ed., 2011, 12266–12270. 

[24] Green, M. A. Silicon Solar Cells: Advanced Principles and Practice; Bridge: Sydney, 1995. 

[25] Koynov, S.; Brandt, M. S.; Stutzmann, M. Black nonreflecting silicon surfaces for solar cells. Appl. 

Phys. Lett. 2006, 88, 203107.  

[26] Sun, C. H.; Jiang, B.; Jiang, P. Broadband moth-eye antireflection coatings on silicon. Appl. Phys. 

Lett. 2008, 92, 061112. 

[27] Striemer, C. C.; Fauchet, P. M. Dynamic etching of silicon for broadband antireflection applications. 

Appl. Phys. Lett. 2002, 81, 2980. 

[28] Ruby, D. S.; Zaidi, S. H.; Narayanan, S.; Damiani, B. M.; Rohatgi, A. Rie-texturing of 

multicrystalline silicon solar cells. Solar Energy Materials and Solar Cells. 2002, 74, 133. 

  



10 

 

CHAPTER 3. Experimental Procedure 

3.1 VO2 based Micro-bolometer with infrared absorbing layer 

We fabricated the micro-bolometer device by applying VO2 (B) and absorber. A schematic diagram 

of fabrication of the microbolometer is shown in Figure 3. We proceeded with the commonly used 

bolometer process. Au film (250 nm) as reflector was deposited by sputter and patterned by 

photolithography onto SiN film we deposited. And then, polyimide (PI 2610) as sacrificial layer was 

spin-coated and cured at 350ºC. This is for patterning and making the anchor areas. After that, 300 nm 

of silicon nitride (SiN) film was deposited using plasma enhanced chemical vapor deposition (PECVD). 

Holes were etched to be open by reactive ion etching (RIE). After formation of the via holes, 5 nm of 

strontium titanate (STO) buffer layer and 40 nm of vanadium oxide thin film were deposited using 

sputter. Via holes through the VO2/STO thin film were formed using RIE. After formation of via holes, 

then, Cr (100 nm)/Au (50 nm) were deposited and those areas were patterned to connect bottom pad. 

Then, SiN (300 nm) were deposited using PECVD again, Then, another SiN with thickness of 300 nm 

was deposited for the passivation. The Ti/MgF2 multi-layer with thickness of 10/320 nm as absorbing 

layer was deposited by electron beam evaporator (KVE-T8897) at room temperature. Finally, polyimide 

sacrificial layer was removed by oxygen plasma ashing. The SEM image of micro-bolometer with pixel 

size of 70 m × 70 m is shown in Figure 6. The size of active layer is 25 m × 25 m. As can be seen 

from the image, the suspended structure for infrared sensor was fabricated successfully. For the IR 

absorption measurement, the spectra were acquired with a Fourier transform infrared (FTIR) 

spectrophotometer (Vertex 80v) in the range of 2.5–13 μm. FTIR spectra were measured using a 10° 

specular reflectance accessory and a gold substrate alignment mirror at room temperature and the 

spectral resolution was approximately 0.9 cm−1. 

 

3.2 Directional Ostwald ripening for producing aligned arrays of nanowires 

V-grooved SiO2/Si substrates were fabricated by potassium hydroxide (KOH) etching. The native 

oxide on the Si (100) substrates was removed by buffered oxide etchant (BOE) and 500 nm-thick SiO2 

layer was deposited by using plasma-enhanced chemical vapor deposition (PECVD) to be used as a 

shadow mask for the wet etching process. By using a photomask having line patterns of pitch size from 

2 to 6 m and conventional lithography process, line patterns of photoresist (PR) were obtained. By 

reactive ion etching (RIE) process, the SiO2 was selectively etched away, resulted in the formation of 

the line patterned SiO2 on Si substrate. The sample was dipped in 45 % KOH solution for 1 h at 80°C 

to carry out the anisotropic wet etching, producing V-groove templates with different angles of the 

grooves, as shown in Figure 17. By changing the etching time, the morphology of the templates could 

be also controlled. The etched sample was subsequently dipped in the diluted hydrofluoric acid 

(HF:H2O = 1:1) at room temperature to remove the SiO2 etch mask layer. SiO2 and V2O5 thin films were 
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deposited on the V-grooved Si substrate using PECVD and sputtering. (DC, 100W, Ar O2 30:11 sccm, 

5 mTorr, 400o C 2h 200nm); VO2 nanowires were grown by CVD without using any catalysts. Before 

heating the source material, the furnace tube was evacuated to about 10–3 Torr; the furnace temperature 

was increased at a rate of 18°C/min to a final temperature of ~ 750°C which was maintained for 2 h. A 

constant flow of high purity helium (1000 sccm) was maintained in the chamber throughout the 

experiment. The optimal deposition temperature was found to be between 700 oC and 750oC. The size 

distribution, lattice structure, and crystal orientation of the as-synthesized products were characterized 

by scanning electron microscopy (SEM), x-ray diffraction (XRD), and transmission electron 

microscopy (TEM).  

In order to completely separate the VO2 nanowire and the SiO2 from the SiO2/Si substrate, it was 

etched by BOE for 1 hour and rinsed with deionized water. The PDMS was prepared by mixing the 

liquid PDMS elastomer and a curing agent in the ratio 10:1 by weight. The liquid mixture was poured 

onto the VO2 nanowire arrays grown on the Si substrates and thermally cured at 90°C for 30 min. After 

curing, the PDMS was peeled off the VO2 nanowires array covered Si substrate, and Cr/Au (20/300 nm) 

electrodes were fabricated on the substrate across the VO2 nanowires. A constant 1 V was applied to 

evaluate the performance of the strain sensor. 

 

2.3 Solar absorbers with submicron-thick multilayer sheets 

The samples, consisting of a layered metal/dielectric film structure, were fabricated by electron beam 

evaporator (KVE-T8897) at room temperature. The metal and dielectric films were deposited from 

targets of 99.99 % purity with a background pressure of 5.0 × 10−6 Torr. To control and adjust the layer 

thickness, the deposition rate of Ti and MgF2 was calibrated in advance under the condition, 0.1 nm/s 

and 0.25 nm/s, respectively. 

 

3.4 Optical design of ZnO-based antireflective layers for enhanced GaAs solar cell performance 

High-aspect-ratio ZnO based double-nanotextured surfaces with core-shell morpholgies were prepared 

via a hydrothermal method of ZnO nanowires and nanosheets, followed by means of RF sputtering for 

MgF2 thin film deposition. For reflectance meansurement of the antireflective surfaces, the nanowires 

were grown on ZnO/TiO2 (100 nm/ 50 nm) and ZnO/ZnS (100 nm/ 50 nm) layers in a mixed solution 

of 0.020 M zinc nitrate hydrate and 0.020 M hexamethylenetetramine (HMT) in DI water for 9 hrs. The 

TiO2 and ZnS were deposited by reactive sputtering using 80 W of RF power, 16 sccm of Ar and 4 sccm 

of O2 at an operating pressure of 2 mTorr, and 50 W of RF power, 20 sccm of Ar at an operating pressure 

of 5 mTorr, respectively. The deposition condition was optimized to enhance good crystallinity. The 

ZnO, which acts effectively as the seed layer for growing ZnO nanowires, was then deposited by 

reactive sputtering using 100 W of RF power to the 2 in. ZnO target, 16 sccm (sccm denotes cubic 
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centimeter per minute at STP) of Ar and 4 sccm of O2 at an operating pressure of 4 mTorr. For the 

growth of ZnO nanosheets, very thin layer of aluminum (0.5 to 3 nm) was deposited on the ZnS layer, 

followed by the growth of the ZnO nanosheets under the same growth condition. The MgF2/ZnO was 

fabricated using 80 W of RF power to the 2 inch MgF2 target, 15 sccm of Ar at an operating pressure of 

25 mTorr. 
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CHAPTER 4. High Temperature VO2 based Microbolometer with Enhanced 

Light Absorption 

4.1 High temperature operation of VO2 based micro-bolometer with infrared absorbing layer 

4.1.1 Introduction 

Many uncooled infrared (IR) detectors have been developed for many military and commercial 

applications, such as thermal sensors, night vision cameras, infrared cameras and surveillance devices. 

In particular, vanadium oxide-based microbolometer are the most widely used. Thermal sensor elements 

commonly used in commercial, uncooled thermal cameras. The merits of vanadium oxide (VOx) 

uncooled microbolometer are suitable for low power consumption, room temperature operation, light 

weight and portable applications. Also, VOx thin films are widely used due to high temperature 

resistance coefficients (TCR) and low noise. However, due to the metal-insulator-transition (MIT) 

property of the VO2 thin film, it is difficult to fabricate a microbolometer at 68oC which can operate at 

high temperatures. Therefore, the commercial VOx microbolometer operates mainly at room 

temperature and the TCR value of VOx is 2 ~ 3%/K1. Recently, TCR materials have been developed 

for obtain large TCR values such as VOx/ZnO/VOx multilayer2, VWO layer3, and V2O5/V/V2O5 

multilayer sandwich structure4. 

In the case of infrared sensors, infrared absorber material is required inside the detector stack to 

perform absorption and then transfer heat to micro-bolometer because of thermal conduction. Infrared 

absorber materials have been used in the VOx based microbolometer such as Titanium (Ti)5, silicon 

nitride (Si3N4)6, Titanium Nitride (TiN)7, Nichrome (NiCr)8 and gold black9. Most widely used gold 

black has very high absorption over a broad wavelength range. On the other hand, this low-density 

material is extremely fragile, which makes it difficult to integrate onto a micro-bolometer array, since 

usual fabrication processes destroy the film.  

Here, we demonstrate optical absorption performance enhancement of vanadium oxide micro-

bolometer with multi-layer infrared absorbing layer. Vanadium dioxide (VO2) is deposited on the oxide 

thin film of perovskite structure. Thin VO2 film is deposited using the reactive sputtering and TCR 

value is 3.4 %/K at room temperature and 1.46 %/K at 100oC. The measurement of the film system with 

Ti/MgF2 absorbing layer indicates that it has about 70 % infrared absorption in the range of 8–14 μm. 

The infrared absorber of Ti/MgF2 can be easily deposited using e-beam evaporation and shows 

broadband optical absorption and high thermal stability. All processes were fabricated under 350°C, 

which are compatible with read-out integrated circuit (ROIC) integration. By using thin VO2 (B) film, 

micro-bolometer is operate at high temperature and obtain high responsivity because of infrared 

absorber. The micro-bolometer has a responsivity and detectivity of 4.90 x 103 V/W and 1.45 x 108 

cmHz1/2/W at 100oC. 
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4.1.2 Experimental 

We fabricated the micro-bolometer device by applying VO2 (B) and absorber. A schematic diagram 

of fabrication of the microbolometer is shown in Figure 3. We proceeded with the commonly used 

bolometer process. Au film (250 nm) as reflector was deposited by sputter and patterned by 

photolithography onto SiN film we deposited. And then, polyimide (PI 2610) as sacrificial layer was 

spin-coated and cured at 350ºC. This is for patterning and making the anchor areas. After that, 300 nm 

of silicon nitride (SiN) film was deposited using plasma enhanced chemical vapor deposition (PECVD). 

Holes were etched to be open by reactive ion etching (RIE). After formation of the via holes, 5 nm of 

strontium titanate (STO) buffer layer and 40 nm of vanadium oxide thin film were deposited using 

sputter. Via holes through the VO2/STO thin film were formed using RIE. After formation of via holes, 

then, Cr (100 nm)/Au (50 nm) were deposited and those areas were patterned to connect bottom pad. 

Then, SiN (300 nm) were deposited using PECVD again, Then, another SiN with thickness of 300 nm 

was deposited for the passivation. The Ti/MgF2 multi-layer with thickness of 10/320 nm as absorbing 

layer was deposited by electron beam evaporator (KVE-T8897) at room temperature. Finally, polyimide 

sacrificial layer was removed by oxygen plasma ashing. The SEM image of micro-bolometer with pixel 

size of 70 m × 70 m is shown in Figure 6. The size of active layer is 25 m × 25 m. As can be seen 

from the image, the suspended structure for infrared sensor was fabricated successfully. For the IR 

absorption measurement, the spectra were acquired with a Fourier transform infrared (FTIR) 

spectrophotometer (Vertex 80v) in the range of 2.5–13 μm. FTIR spectra were measured using a 10° 

specular reflectance accessory and a gold substrate alignment mirror at room temperature and the 

spectral resolution was approximately 0.9 cm−1. 

 

 

Figure 3. Fabrication process of micro-bolometer. 
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4.1.3 Result and discussion 

VO2 thin film design and characteristics 

The resistors of the bolometer are required to have a large resistance change for small temperature 

changes, and at the same time they must be made of a low resistance material in order to reduce the 

noise of the bolometer, that is, Johnson noise. For the bolometer applications, vanadium oxide (VOx) 

is widely used as it has a relatively large temperature coefficient of resistance (TCR) and can be 

deposited at low temperature. As Vanadium has multiple oxidation states, it can adopt a wide range of 

V:O ratio to form VO, VO2, V2O3, V2O5, V3O7, V4O9, and V6O13. Moreover, each one can exhibit a 

number of polymorphic forms: for example, VO2 can have three different crystal structures:, tetragonal 

VO2(A), monoclinic VO2(B), and monoclinic VO2(M) with a metal-insulator transition to tetragonal 

phase at high temperature (~68oC). Among these VO2 polymorphs, VO2(B) is the most promising 

candidate for the application of high temperature bolometer. first, the VO2(B) phase is very stable in the 

temperature range from room temperature to ~100oC without any phase transition, and therefore, the 

electronic transport properties are continuously changing with temperature. On the other hand, VO2(M) 

experience a metal-insulator-transition with a structural phase transformation at ~ 68oC. Near the room 

temperature, it is an insulator with a large temperature coefficient of resistance and high resistivity. 

Above 68oC, it transforms to a metal with a low temperature coefficient of resistance and low resistivity. 

Such a sudden change of electronic transport properties is detrimental to the precise and reliable 

operation of the high temperature bolometers. Second, the electronic transport property of VO2(B) is 

very suitable to the bolometer operation. The temperature coefficient of VO2(B) (>-3%/K) is larger, and 

the resistivity (<1 Ωcm) is lower than any other polymorphs. Moreover, even at high temperature, the 

temperature coefficient of resistance is still high (-1.5 %/K at 90oC) enough for bolometer operation. 

 

Figure 4. TCR value of VO2(B) as a functional of temperature. 
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Absorber film characteristic 

The absorber was mainly composed of titanium (Ti) metal and magnesium fluoride (MgF2). As a key 

material for enhancing the adhesive property, a 10 nm thick Ti layer was deposited on the substrate via 

e-beam evaporation at a very low deposition rate of 0.1 nm/s. The dielectric film of 320 nm thick MgF2 

was then deposited on the Ti layer in the same way. Finally, the film consists of five stacks of alternating 

Ti and MgF2 films, with a total thickness of approximately 1.65 µm. The light absorption of the 

multilayered film, composed of metal and dielectric layers, is based on the multiple reflections at the 

layer interfaces. After the light entering the film, the light is reflected back and forth at the interfaces. 

In general, the high absorption in the stack resulted from multipass of light through the dielectric layer. 

The reflected light should destructively interfere because of the phase difference between the alternating 

layers; thus, the reflected light is canceled. Thus, we optimized the thickness of each layer to enhance 

the destructive optical interferences of the reflected light10. IR absorption property was measured 

through FT-IR spectrometer. It is obvious that the film system was of good absorption in the wavelength 

range 8–14 μm as shown in figure 5. The average absorption of 8–14 μm is about 70%. 

 

 

Figure 5. (a) SEM image of multi-layers infrared absorber and (b) Fourier transformed infrared 

spectroscopy (FT-IR) over a wavelength range from 8 to 14 m. 

 

Micro-bolometer design 

Vanadium oxide was applied as thermal sensitive material. The suspended λ/4 cavity structure was 

designed to enhance the infrared light coupling11. The gap of sacrificial layer between silicon nitride 

membrane and bottom reflector was 2 μm. The performances of bolometers are expressed in terms of 

device figures of merit such as responsivity (𝑅𝑣 ), detectivity (D*), thermal conductance (G) and 

temperature coefficient of resistance (TCR)12.  

Thermal conductance G was measured less than 1 mbar with the relation between the thermal 

conductance G and bias current Ib: 
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Where R is resistance, R0 is resistance at room temperature. The total thermal conductance (G) can be 

expressed as summation of thermal conductance of supporting legs (Gleg), gas (Ggas) and material 

radiation (Grad) ∶ G = Gleg + Ggas + Grad. The measurement of G is easily influenced on the vacuum 

condition. Without vacuum condition, G can be more than 10−5 W∕K under atmosphere pressure owing 

to air flow, which is not good for detector performance. Thus, a proper vacuum condition is necessary. 

The thermal time constant τ is the relation of thermal conductance G and thermal capacitance C of the 

device, expressed as: 

τ =  
𝐶

𝐺
   (2) 

And responsivity of detector is defined as: 

𝑅𝑣 =  
𝛼𝜂𝐼𝑏𝑅0

𝐺√1+𝜔2𝜏2
   (3) 

where α is temperature coefficient of resistance described as α = ΔR∕RΔT. η is infrared absorptivity; Ib 

is bias current applied to device; R0 is bolometer resistance at room temperature; G is the thermal 

conductance; τ is thermal time constant; ω is modulation frequency. Δf is test bandwidth; Ad is effective 

area of absorber, Vn is signal noise. Detectivity D* is defined as: 

𝐷∗ =
𝑅𝑣√𝐴𝑑Δ𝑓

𝑉𝑛
   (4) 

From the above equations, we know that a design of the bolometer with the low thermal conductance 

and a use of the material with the high TCR and the low resistance are essential for obtaining the high-

performance bolometer. 

 

Detector characterization 

Multi-layer infrared absorber was integrated into bolometer, as shown in the Figure 6 SEM image. 

Detector test system is shown in Figure 7. The detector was vacuum packaged in a chamber, which was 

pumped through a special pipeline. The black body which acts as infrared source radiated infrared rays 

through a hole with the diameter of 1 cm. The chopper controlled the modulation frequency. 8–14 μm 

Ge window was sets in front of the vacuum chamber, which acts as infrared spectrum filter so that only 

this infrared spectrum can get through. The bolometer was biased by current source. The lock-in 

amplifier and oscilloscope locked and showed the output signal. The modulation frequency was from 5 

to 965 Hz. The black body temperature was controlled at 600℃. Vacuum pressure was pumped below 

0.1 mbar. To compare with bolometer with absorber layer, the detector without absorber has been tested 

in which detector fabrication parameter was kept the same as the bolometer with absorber. Both IR 

bolometer test elements are fabricated with active area of 24 × 26 μm2. Parameters with absorber have 

been compared with that without absorber and shown in Table 1 and 2. 
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Figure 6. SEM image of micro-bolometer with VO2(B) thin film and multi-layer infrared absorber. 

 

 

Figure 7. Schematic of micro-bolometer measurement system. 

 

Figure8 shows curves of the square of bias current vs. inverse of resistance. α∕G was calculated 37,300 

for bolometer with absorber (figure 8b) and 62,000 for bolometer without absorber (figure 8a), 

respectively. G was obtained to be about 5.42 × 10−7 W∕K and 3.39 × 10−7 W∕K in room temperature. So 

the G value of bolometer with absorber and without absorber was obtained to be about 2.10 × 10−7 W∕K 

and 1.45 × 10−7 W∕K at 100oC.  
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Figure 8. Inverse of resistance of micro-bolometer (a) without absorber and (b) with absorber as a 

functional of the square of bias current under various temperature. 

 

We measured the responsivity dependence of frequency at 30 μA for find 3dB frequency as shown in 

Figure 9. The fitting parameter τ and the just-determined value for G allow an estimate of heat capacity 

C using τ = C∕G. The C value of bolometer with absorber and without absorber was obtained to be about 

1.88 × 10−9 W∕K and 1.02 × 10−9 W∕K in room temperature, respectively. 1.65 μm thick layer of multi-

layer absorber with 300 nm SiO2 should add 0.87 × 10−9 J/K to the heat capacity, or a xx% increase, 

which is in reasonable agreement with the value obtained from the fit. Thus, the speed limitation of a 

device by the increase in heat capacity is small. As the temperature increase, the C value decrease 

because the G value increase. The C value of bolometer with absorber and without absorber was 

obtained to be about 7.60 × 10−10 W∕K and 4.35× 10−10 W∕K at 100oC. 

 

 

Figure 9. Responsivity of micro-bolometer (a) without absorber and (b) with absorber as a functional 

of frequency under various temperature. 

 

Figure 10 shows the curves of responsivity, Rv, and noise dependence on bias current. It shows that 
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the micro-bolometer with absorber has better performance than micro-bolometer without absorber. As 

the current increased, both bolometer responsivity and noise voltage increased. The bolometer with 

absorber has reached responsivity of about 1.24 x 104 V/W while the other was 2.65 x 103 V/W at 30 

μA bias current, 30 Hz frequency. Bolometer vanadium oxide thin film noise with absorber has basically 

the same change with current comparing with the other one. The higher the temperature, the lower the 

responsivity of the micro-bolometer. However, due to the characteristics of the VO2 (B) thin film, it 

operates up to 100oC. At 100oC, the bolometer with absorber has reached responsivity of about 4.90 x 

103 V/W while the other was 1.21 x 103 V/W at 30 μA bias current, 30 Hz frequency.  

 

Table 1. Micro-bolometer parameters at room temperature. 

 

 

 

Table 2. Micro-bolometer parameters at 100oC 
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Figure 10. Responsivity and noise voltage of micro-bolometer (a) without absorber (b) with absorber 

as a functional of bias current under various temperature. 

 

In Figure 11, it shows the trend that detectivity increased as current increased, while bolometer with 

absorber reached the acme of 5.86 x 108 cmHz1/2/W at 13 μA and the other one is 1.46 x 108 cmHz1/2/W 

at 12 μA in room temperature. At 100oC, the bolometer with absorber has reached detectivity of about 

1.45 x 108 cmHz1/2/W at 30 μA and the other one is 5.13 x 107 cmHz1/2/W at 14 μA. We consider that 

VO2 (B) thin film and multi-layer absorber played good roles of high TCR value and absorption in this 

device. 

 

Figure 11. Detectivity of micro-bolometer (a) without absorber (b) with absorber as a functional of bias 

current under various temperature. 

 

4.1.4 Conclusion 

In summary, we demonstrate optical absorption performance enhancement of vanadium oxide micro-

bolometer with infrared absorbing layer. At room temperature, high TCR vanadium oxide thin film of 

3.4 %/K for micro-bolometer applications has been achieved by growing buffer layer of STO and VO2 

with the method of RF sputtering. It has nanostructured crystalline. Comparing with common VOx 

thin film without annealing, micro-bolometer with VO2 (B), has a significant improvement of 
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performance. Also, it has about 70 % infrared absorption in the range of 8–14 μm. At 100oC, we got 

responsivity and detectivity of 4.90 x 103 V/W and 1.45 x 108 cmHz1/2/W. The performance of this 

bolometer, comparing with that of common bolometer, has a better result. We consider that it can 

apply in various fields such as a heat generation environment.  
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4.2 Directional Ostwald ripening for producing aligned arrays of nanowires 

4.2.1 Introduction 

Today’s engineers envision miniaturized circuits interconnected by nanowires with specialized 

electronic1-4, photonic5-8, energy conversion9,10, gas sensing11,12, and biosensing13,14 properties. Unlike 

conventional wires, nanowires must be grown using physical and chemical processes such as liquid-

phase self-assembly15, templated growth in nanometer-size pores16, and chemical vapor deposition17-19. 

Fabrication of circuits with nanometer scale control requires growth processes that can precisely 

position and align nanowires and produce them with highly uniform dimensions. This remains a largely 

unsolved problem. A clue to a solution comes from the studies of vanadium dioxide (VO2) nanowire 

growth20. A previous study showed that a V2O5 film heated on a SiO2 substrate at a temperature 

substantially below the melting point of V2O5 dewets and forms supercooled liquid nanodroplets that 

spontaneously form randomly distributed single crystal VO2 nanowires with uniform dimensions. 

Nanowires composed of the oxides of molybdenum, ruthenium, and iron were also produced by a 

mechanism that involves supercooled nanodroplet mobility, coalescence and Ostwald ripening20. 

In this paper, we show that highly uniform, self-aligned and millimeter-long VO2 nanowires can be 

produced by the supercooled nanodroplet growth mechanism on a textured growth substrate. “We 

employed the V-groove surface as an example to demonstrate directional Ostwald ripening for the self-

alignment of the nanowires on the millimeter length scale. We believe that the method described here 

has great potential for the fabrication of aligned and highly uniform nanowires of a wide range of 

materials on any nonplanar substrate. In previous studies, the V-groove substrates were also used as 

simple templates, such as a shadow mask to obtain a significant shadowing effect21, and as the vessel 

for the assembly of polystyrene spheres into the V-grooves22 in order to fabricate metallic nanostructures. 

Regarding the growth mechanism, it was found that the segregation of group III atoms underlying the 

formation of the wires was driven by the characteristic faceting of the growth front at the bottom of the 

V-groove oriented in the specific crystal direction23-27. By contrast, our unique strategy involved 

growing the uniform and aligned one-dimensional millimeter-long nanostructures driven by the 

directional Ostwald Ripening process and nanodroplet coalescence from the dewetting of the V2O5 film 

through the guidance by the V-groove.” To illustrate our growth process, we study the underlying melt 

droplet transport using molecular dynamics simulations of simple spherical particles interacting through 

Lennard-Jones potentials. These simulations show how surface morphology can be used to control 

nanowire growth by directional Ostwald Ripening and nanodroplet coalescence. We demonstrate the 

utility of this approach by producing horizontally aligned VO2 nanowires from which we fabricated 

highly sensitive strain sensor arrays through chemical transfer onto a polymer substrate. The methods 

described here have the potential to produce aligned and highly uniform nanowires for a wide range of 

materials. 
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4.2.2 Experimental 

VO2 nanowire growth 

For the growth of the VO2 nanowires, thin V2O5 films were initially deposited onto a 200nm thick, 

thermally grown SiO2 layer on a Si(100) single crystal substrate in an RF reactive sputtering chamber 

with a Vanadium target (99.99%), flowing argon/oxygen mixtures at an operating pressure of 210-6 

torr and substrate temperature of 500oC. The thickness of the thin films was controlled in the 

approximate range 20 nm to 60 nm by adjusting the deposition time. The thin film was then transferred 

to the center of a horizontal quartz tube furnace to grow VO2 nanowire growth at atmospheric pressure. 

Nanowire growth was carried out for 3 hours at 650oC with flowing high purity He (99.999%) at 200 

sccm. 

 

Fabrication of VO2 nanowire array 

V-grooved SiO2/Si substrates were fabricated by potassium hydroxide (KOH) etching. The native 

oxide on the Si (100) substrates was removed by buffered oxide etchant (BOE) and 500 nm-thick SiO2 

layer was deposited by using plasma-enhanced chemical vapor deposition (PECVD) to be used as a 

shadow mask for the wet etching process. By using a photomask having line patterns of pitch size from 

2 to 6 m and conventional lithography process, line patterns of photoresist (PR) were obtained. By 

reactive ion etching (RIE) process, the SiO2 was selectively etched away, resulted in the formation of 

the line patterned SiO2 on Si substrate. The sample was dipped in 45 % KOH solution for 1 h at 80°C 

to carry out the anisotropic wet etching, producing V-groove templates with different angles of the 

grooves, as shown in Figure 17. By changing the etching time, the morphology of the templates could 

be also controlled. The etched sample was subsequently dipped in the diluted hydrofluoric acid 

(HF:H2O = 1:1) at room temperature to remove the SiO2 etch mask layer. SiO2 and V2O5 thin films were 

deposited on the V-grooved Si substrate using PECVD and sputtering. (DC, 100W, Ar O2 30:11 sccm, 

5 mTorr, 400o C 2h 200nm); VO2 nanowires were grown by CVD without using any catalysts. Before 

heating the source material, the furnace tube was evacuated to about 10–3 Torr; the furnace temperature 

was increased at a rate of 18°C/min to a final temperature of ~ 750°C which was maintained for 2 h. A 

constant flow of high purity helium (1000 sccm) was maintained in the chamber throughout the 

experiment. The optimal deposition temperature was found to be between 700 oC and 750oC. The size 

distribution, lattice structure, and crystal orientation of the as-synthesized products were characterized 

by scanning electron microscopy (SEM), x-ray diffraction (XRD), and transmission electron 

microscopy (TEM). 

 

Fabrication of strain sensor 

In order to completely separate the VO2 nanowire and the SiO2 from the SiO2/Si substrate, it was etched 
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by BOE for 1 hour and rinsed with deionized water. The PDMS was prepared by mixing the liquid 

PDMS elastomer and a curing agent in the ratio 10:1 by weight. The liquid mixture was poured onto 

the VO2 nanowire arrays grown on the Si substrates and thermally cured at 90°C for 30 min. After 

curing, the PDMS was peeled off the VO2 nanowires array covered Si substrate, and Cr/Au (20/300 nm) 

electrodes were fabricated on the substrate across the VO2 nanowires. A constant 1 V was applied to 

evaluate the performance of the strain sensor.  

 

Molecular dynamical simulation 

Molecular dynamical simulations were performed using the open source package, GROMACS v 4.5.4. 

Lennard-Jones (LJ) particles were assumed to interact via a LJ potential with a cutoff at 2.5σ and 𝜖𝑝𝑝 =

2.0𝑘𝐵𝑇. The surfaces were constructed by arranging LJ particles whose positions were fixed. The 

mobile LJ particles also interact with the surface particles via the LJ potential with a cutoff at 2.5σ but 

with 𝜖𝑝𝑠 = 0.8𝑘𝐵𝑇. (kB is the Boltzmann constant, T is the absolute temperature, σ is an approximate 

diameter of LJ particles, which were set to 1, and kBT is set to 1.0 using the V-rescale method.) 

 

Characterization 

The morphologies of the VO2 nanowire was investigated using a cold field emission scanning electron 

microscope (FE-SEM, S-4800, Hitachi) with an accelerating voltage of 10 kV. Elemental analysis was 

carried out in the SEM using energy-dispersive X-ray spectroscopy (EDX). The high-resolution TEM 

images were collected using a Cs-corrected JEM-2100F operated at 200 kV. For EELS experiments, a 

dedicated scanning transmission electron microscope JEM-2100F was used. The microscope was 

operated at 200 keV. It is equipped with an electron energy-loss spectrometer (Gatan, Enfina). The 

energy resolution in EELS, as measured by the full width at half maximum of the zero-loss peak, was 

0.8 eV. 

 

4.2.3 Result and discussion 

Figure 12a shows scanning electron microscopy (SEM) images of randomly oriented VO2 nanowires 

on a flat SiO2/Si substrate. The nanowires have similar lengths and widths with narrow distributions as 

shown in Figure 13. Only nanowires are observed on the surface with no nanodroplets present, in 

contrast to the typical structures observed when this growth method is used. As mentioned above, 

nanowire growth is driven by Ostwald ripening, followed by the supercooling of the liquid nanodroplets. 

Normally, when this procedure is used many nanodroplets that are not consumed by the growth of the 

nanowires remain, in contrast to our observation (e.g., Figure 12a) of uniform nanowire growth with no 

unused nanodroplets remaining. 
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Figure 12. SEM image of VO2 nanowires. (a, b) SEM images of randomly oriented VO2 nanowires on 

a flat SiO2/Si substrate and aligned along the direction of the V-groove, respectively. Scale bars in a are 

20 μm (top) and 5 μm (bottom). Scale bar in b, 5 μm. (c) Millimeter-long horizontally aligned nanowire. 

(d) Schematic diagram of the VO2 nanowire growth with the angle of V-groove. (e) SEM images with 

the angle of V-groove (70 o, 100 o, and 120 o). Scale bars, 5 μm (left) and 1 μm (right). 

 

 

Figure 13. The histogram of length and width of randomly oriented VO2 nanowires on a SiO2/Si 

substrate. 

 

When V2O5 was deposited on a V-grooved SiO2/Si substrate by sputtering followed by annealing at 

700°C in He atmosphere, it was observed that nanowire growth occurs only on the V-grooved surface 

with the nanowires aligned along the direction of the V-groove (Figure 12b). The lateral dimensions of 

the nanowires are in the range 20-690 nm, depending on the thickness of the deposited V2O5 film which 

varies from 20 to 200 nm, as shown in Figure 14. The nanowires were also observed to have different 

cross-sectional shapes depending on the shape of the grooved surface, as shown in Figure 15. Nanowires 

with a rhombus shape were formed in V-grooved surfaces with a flat groove bottom, while a rectangular 

shape was observed in the grooves with a V-shaped bottom. These results may be obtained because the 
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direction of the droplets transported along the V-grooved surface to the nanowires depends on the angle 

of the grooves and is different from that of the nanowires transported along a flat substrate.  

 

 

Figure 14. The VO2 nanowire growth as a function of the V2O5 thin film thickness. Scale bars, 500 nm. 

 

 

Figure 15. The cross-sectional images of the grown VO2 with the shape of the V-grooved surface. 

 

Interestingly, we observed that a few millimeter-long nanowires could be grown on the V-grooved 

surface as shown in Figure 12c. The synthesis of the nanowires longer than millimeter scale with 

ultrahigh aspect ratio (> 10,000) is essential for the fabrication of the commercial products using 

conventional semiconductor processes. To date, most efforts for producing such nanowires relied on 

nanolithography such as e-beam lithography and nanoimprint lithography due to the short length and 

random distribution of the wires. Although some studies attempting the synthesis of such long 

nanowires by various techniques such as chemical vapor deposition, wet-chemical method, and slip-

coating method have been performed, these approaches are limited to a few types of materials and it is 

not easy to obtain a high degree of crystallinity28-30. The approach suggested here is more generally 

applicable to other metal-oxide nanowires20. “However, it was not easy to synthesize the millimeter-

long VO2 nanowires with high yield. It was found that various parameters such as temperature, He flow 
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rate, V2O5 thin film thickness, and substrate surface morphology should be optimized to increase the 

yield. For example, very short nanowires were produced at high temperatures (> 800°C) and low He 

flow rates due to the increase in the amount of residual oxygen atoms present in the quartz tube. 

Optimization of the parameters increased the yield of long nanowires.” The electrical property of the 

single nanowire was also evaluated by the current-voltage measurements of the millimeter-long VO2 

nanowire outfitted with Ti/Au (10/200 nm) electrodes by optical lithography and e-beam metal vapor 

deposition in a two-terminal configuration at room temperature in series with a 10 kΩ resistor. It is well-

known that as the applied voltage increases, the current slowly increases at low voltage values and then 

rapidly increases when a certain voltage is reached, at which point the Mott transition occurs. 

Presumably, at this voltage the resistive heating is sufficient to cause the temperature to reach the Mott 

transition temperature over a significant portion of the nanowire. Figure 16 shows that the voltages 

measured from a single nanowire were approximately 3 V and the resistance changes with the voltage 

were very similar. This means that the electrical properties are fully uniform inside the very long 

nanowire. 

 

 

Figure 16. The millimeter-long VO2 nanowires SEM image and I-V measurement graph. 

 

The droplets observed on the flat surface between the V-grooves (Figure 12b) suggest that the V2O5 

deposited on the top surface is not fully consumed to form the nanowires. To find the origin of the 

source material for the nanowire growth, the angle of the V-groove was varied from 70° to 120° using 

conventional photolithography and dry/wet etching processes, as shown in Figures 12d and 17, where 

the nanowires were grown under the same growth conditions. Regardless of the groove angles, many 

droplets were observed on the flat top surface between the grooves in Figure 12e. For a groove angle 

of 120°, the droplets were observed on the entire surface. As the angle decreases to 100°, the amount of 

the droplets on the sides of the V-groove surface decreased significantly and no droplets were observed 
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on the sides for a groove angle of 70°, suggesting that the droplets on the sides were consumed to form 

the nanowires.  

 

 

Figure 17. (a) Schematic fabrication process of V-groove templates and schematic diagrams of the V-

groove templates with different pitch size (b) and KOH etching time (c). 

 

The conversion of the droplets to nanowires was systematically investigated by investigating the V2O5 

–covered surface as a function of temperature and growth time, as shown in Figure 18. When the V2O5 

was deposited on the V-grooved substrate, the flat surface became covered uniformly with a 30 nm thick 

oxide film. When subsequently heated to 500°C and immediately cooled, the film on the sides of the V-

grooved surface broke up into nanodroplets which were present at or near the bottom region of the 

groove. By contrast, the droplets were randomly distributed on the flat surface. As the heating 

temperature increased to 600°C, the number of the nanodroplets on the groove surfaces decreased 

significantly, and a nanowire with a morphology that appeared to be quite rough was observed at the 

bottom of the groove. On a flat surface, the nanodroplets became quite larger. A further increase in the 

temperature to 700°C appeared to significantly increase the roughness of the nanowire. However, after 

cooling for 5 min, the nanowire surfaces appeared to become more smooth and the droplets decreased 

in size. This suggests that the droplets on the entire surface are transported to the V-grooved surface and 

are consumed in the nanowire growth process, indicating that the Ostwald ripening process occurred 

preferentially in the observed direction. 
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Figure 18. Morphological and structural evolution. (a) Ex-situ SEM images of morphological evolution 

of the vanadium oxide as a function of temperature and growth time. Scale bar: 1 μm. (b, c) Raman 

spectra obtained with the laser incident on the V-grooved surface and the flat surface between the V-

grooves, respectively. 

 

The microstructural changes with temperature and growth time were also investigated by Raman 

spectroscopy. Figure 18b shows the Raman spectra obtained with the laser incident on the V-grooved 

surface. For the samples annealed at the temperature lower than 700°C, the Raman spectra consistently 

show features at 148, 198, 280, 300, and 700 cm-1 that are characteristic of both crystalline and 

amorphous V2O5. Upon annealing to 700°C, the intensities of the peaks decrease but do not disappear, 

meaning that the material in the V-grooved surface is still V2O5 even though it is collected from the 

disordered materials produced at such a high temperature. Upon increasing the time of the annealing at 

700°C to 5 min, the nanowires were converted to VO2, and no further significant change in the Raman 

spectra was observed for a further increase in time. However, the droplets on the flat surface between 

the V-grooves are still V2O5 even after annealing at 700°C for 30 min. As mentioned above, this can be 
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explained either in terms of Ostwald ripening or coalescence followed by the supercooling of the liquid 

nanodroplets. Nanometer-size V2O5 droplets form with a freezing point that is strongly suppressed 

below that of the bulk due to their small size and interactions with the substrate that prevent the droplet 

from fully wetting the surface. The V2O5 nanodroplets then grow through Ostwald ripening or 

coalescence. Continued growth of the droplet leads to supercooled V2O5 that can then crystallize by the 

subsequent loss of O2 in the reducing environment of the furnace, forming VO2 crystallites and 

nanowires. 

 

 

Figure 19. MD simulation results for directional Ostwald ripening. (a) MD simulation of a simple 

spherical particles interacting with Lennard-Jones (LJ) potential on a surface with a half flat and the 

other half V-shaped. (b) time-evolution of droplets size. 

 

Molecular dynamics (MD) simulations were also carried out for spherical particles interacting with 

the Lennard-Jones (LJ) potential on a surface for which one half is flat, while the other half is V-shaped, 

in order to better understand the influence of the surface inclination on the Ostwald ripening of V2O5 

droplets. The initial distributions of the LJ droplets on surfaces with flat and V-shaped geometries 
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(Figure 19a) are constructed in two steps: the droplets are formed separately in the systems only with 

the flat surface at the LJ particle reduced number density of 𝜌𝐹
∗  and only with the V-shaped groove at 

the LJ particle reduced number density of 𝜌𝑉
∗ , and they are combined to have one droplet each on the 

flat surface and on the V-shaped groove. LJ particles interact with each other via the LJ potential with 

an attraction strength of 𝜖𝑝𝑝 = 2.0𝑘𝐵𝑇 and with the surface particles via the same LJ potential but 

with 𝜖𝑝𝑠 = 0.8𝑘𝐵𝑇, where kB is the Boltzmann constant, T is the absolute temperature, and kBT is equal 

to 1.0. The density of the LJ particles on the flat surface was chosen as 𝜌𝐹
∗ = 0.046, while that on the 

V-shaped groove was varied as follows 𝜌𝑉
∗ = 0.046, 0.023, and 0.0. The attraction parameters were 

chosen such that the LJ particles form stable droplets and the droplets are adsorbed onto the surface and 

diffuse on the surface. Several values of the attraction parameter were tested and it was verified that the 

obtained results do not change qualitatively when the value of the attraction parameter was varied in 

the range investigated in this work. Various values of the LJ density on the V-shaped groove were 

investigated to verify that the varying size of the initial droplet on the V-shaped groove does not 

significantly influence the directional Ostwald ripening mechanism. 

For a simulation duration of 106 MD (the unit time for the MD simulations), it was found that the 

droplet on the flat surface moves and its size decreases. On the other hand, the droplet size on the V-

shaped groove increases in size with time, as shown in Figure 19a. The droplet size changes were 

quantified by cluster analysis. To identify a cluster of LJ particles, we measured the distances of a given 

LJ particle with respect to all of the other LJ particles and counted the number of neighboring LJ 

particles within a critical distance equal to 1.5 (where  is approximately the average diameter of the 

LJ particles). If the LJ particle has five or more neighbors within this distance, it is defined as a member 

of a cluster. The results of the cluster analysis are presented in Figure 19b. The droplet size defined as 

the number of LJ particles in the droplet (or cluster) is shown as a function of the simulation time. At 

the beginning, each figure in Figure 19b has two symbols representing the sizes of two droplets on the 

flat surface and the V-shaped groove; these sizes are 3150 and 4250 in the first case with 𝜌𝑉
∗ = 0.046, 

and 3150 and 2050 in the second case with 𝜌𝑉
∗ = 0.023. In the third case with 𝜌𝑉

∗ = 0.00, only one 

symbol at 3150 is shown, representing the droplet size on the flat surface. With increasing time, the 

droplets on the flat surface shrink continuously whereas those on the V-shaped groove grow 

continuously. The continuous change in the droplet size is consistent with Ostwald ripening that occurs 

through the constituent atoms and/or molecules of smaller particles leaving these particles to diffuse 

and ultimately join the larger particles. If the droplet growth mechanism instead involved the diffusion 

of entire droplets and their subsequent coalescence, the droplet sizes would change discontinuously due 

to the abrupt increase in the droplet size by the coalescence of the droplets. The simulation trajectories 

showed that the droplets did not diffuse from the flat surface onto the V-shaped groove or vice versa. 

Only a mechanism in which an increase/decrease in droplet size occurs by molecular transfer from one 
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droplet to another is consistent with the results of our simulations. 

It was also known that at a high temperature such as 700°C, the nanodroplets are liquid due to the low 

melting point (~ 690°C) of the bulky V2O5 and the melting-point depression of nanosized particles. 

Once the droplets are filled on a concave surface such as V-groove, the liquid droplets will show a 

concave surface because at a high temperature, such as 700°C, the surface is quite hydrophilic (Figure 

20), which shows the tails located on both ends of the nanowire. The angle-dependent study also 

indicates that as the angle decreases, the concavity of the liquid on the concave surface increases, so 

that the surface energy increases. This will also increase the surface energy of a concave surface, 

increasing the flux of the materials.  

 

 

Figure 20. (a) The SEM image of VO2 nanwire tail located on V groove substrate and (b) the schematic 

image of Ostwald ripening process on flat substrate and V groove substrate. 

 

The microstructural analysis of a single VO2 nanowire in the V-grooved surface was performed by 

high-resolution transmission electron microscopy (HR-TEM). Figure 21a show the cross-sectional 

images of the nanowire present in the V-groove with a sharp bottom with the angle of ~ 70°. It is clearly 

observed that the cross-section of the nanowire is rhombus- or diamond-shaped with very sharp edges 

except for one edge. The shape of the nanowire appears to be determined by the shape of the V-groove, 

as shown in Figure 15. The angle (~70°) of the edges is larger than the angle of the V-groove which will 

induce the incursion of the nanowires into the SiO2 region with the thickness of 100 nm. Figure 21b 
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shows the HR-TEM image of the region ‘b’ and Fourier transformation (FFT) image along the <001> 

zone axis in the monoclinic VO2 phase. It shows clear lattice fringes in the entire region and the marked 

lattice spacing of 0.467 nm corresponds to the interplane spacing of the (010) and (001) planes of 

monoclinic VO2 crystals. This confirms the high crystallinity of the nanowire grown in a V-grooved 

surface. 

 

 

Figure 21. Cross-sectional TEM images of VO2 nanowire grown in V-grooved surface. (a) Cross-

sectional low-resolution transmission electron microscope (TEM) image of single VO2 nanowire grown 

in V-grooved surface. Scale bar, 0.2 m. (b) high-resolution TEM image of the VO2 nanowire. Scale 

bar, 5 nm. (c, d) high-resolution TEM images of the VO2 nanowire at the interface region near the 

SiO2/Si substrate. Scale bar, 5 nm. The corresponding fast Fourier transform (FFT) in b and d are shown. 

 

An interesting feature in the TEM images can be observed by comparing the images of Figure 21c and 

4d obtained from the regions ‘c’ and ‘d’, respectively. In Figure 21c, a high-magnification view of the 

region near the interface clearly shows high crystallinity of VO2 nanowire. Indeed, only very few atomic 

layers (< 3 nm) are observed which may be due to various imaging conditions, and particularly the 

focus of the objective lens. In Figure 21d, it appears that the crystallinity is also good and there is no 

significant difference in the lattice spacing, implying that no impurity atoms were incorporated during 

the growth. However, a clear interfacial layer with a thickness of approximately 5 nm was observed in 
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Figure 21d. Because the interface is too thin to be analyzed, the lattice image and the corresponding 

FFT image are not clear, however, the lattice distance and FFT result suggest the possibility of oxygen-

rich vanadium oxide such as V2O5. This was confirmed by the electron energy loss spectroscopy (EELS) 

obtained at the interface, as shown in Figure 22. In VO2, V-L2,3 edges were due to the excitation from 

the ground state with the 2p63dn V configuration toward the 2p53dn+1 V states31, which are separated by 

approximately 6.5 eV. Strong shoulders on the lower energy side of the L3 and L2 lines were also 

observed. The spectrum obtained at the interface between VO2 and SiO2 showed a chemical shift of the 

lines by 0.1 eV and an increase in the intensity of the O K edge, indicating that the oxidation state 

changed from V5+ to V4+, so that the material formed at the interface was V2O5. In fact, the oxygen 

atoms at the interface do not appear to be out-diffused even in the reducing environment. 

 

 

Figure 22. Electron energy loss spectroscopy (EELS) in V2O5 and VO2 regions. 

 

At the growth temperature of 750°C, V2O5 exists in the liquid form due to its low melting point (~ 

690°C). At the interface, it can be suggested that the SiO2 is dissolved into the liquid phase of V2O5, 

forming a complex composed of vanadium, silicon, and oxygen. This shows that it also stays in liquid 

at grown temperature. When the mixture was cooled, it is believed that the liquid droplets were 

crystallized by the subsequent loss of oxygen in the reducing environment of the furnace obtained by 

introducing the He gas to the nanowires. According to phase diagram suggested in previous work32, the 

solubility limit of solid SiO2 in solid V2O5 is extremely low and the two phases are completely 

immiscible at the temperatures lower than 661°C. Additionally, it is expected that the solubility of SiO2 

in solid VO2 is much lower because the eutectic temperature (~ 1700°C) of the VO2-SiO2 system is 

much higher than that (661°C) of the V2O5-SiO2 system33. VO2-SiO2 eutectic temperature can be 

predicted by the cation field strength. The relationship between the cation field strength of the metallic 

ions and the melting point of their oxide suggests Dietzel's approach to amorphous silicon formation. 
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This principle was applied to obtain a relation between the cation field strength of the metallic ions and 

their ability to react with SiO2, based on the values of the lowest eutectic temperatures in the silica-

oxide binary systems. Using the data of Albright and of Levin and Mc-Murdic et a1., a good correlation 

was obtained between the lowest eutectic temperature in the various silica-oxides binary systems and 

the cation field strength calculated as Z/a2, where Z is the valence of the cation and a is the actual cation-

oxygen distance in the oxide. The oxides with lower cation field strengths (Al2O3, ZrO2, MgO, VO2 and 

ThO2) are very strong, stiff, and difficult to shear even at high temperatures, because their cations 

interact with each other and form strong bonds. This means that during crystallization to VO2, the Si 

would be in-diffused to SiO2/Si, and a VO2 phase with high purity in reducing environment would be 

produced in which a very thin interfacial layer composed of oxygen-rich oxides would remain. 

 

 

Figure 23. (a) SEM image and (b) EDXS result of the transferred VO2 nanowire onto PDMS substrate. 
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Figure 24. Highly sensitive strain sensor made with VO2 nanowire arrays. (a) Schematic diagrams of 

the fabrication process for the strain sensor array with VO2 nanowire transferred onto the PDMS 

substrate. (b) Photos of the strain sensor and the SEM images of the VO2 nanowires transferred onto 

PDMS substrate. To measure the resistance of the device, Cr/Au electrode was deposited onto the 

nanowires. (c) Change in resistance ( ∆R/𝑅𝑜 = (𝑅 − 𝑅𝑜)/𝑅𝑜)  with the bending motion and the 

magnitude of the strain. The inset shows the expanded view of the change in resistance at the strain of 

0.3 %. (d) Change in the resistance of VO2 nanowire array with the strain of 0.3 % during 1 hour as 

bending and release cycles. 
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Finally, a flexible VO2 nanowire array was fabricated by pouring polydimethylsiloxane (PDMS) on 

the substrate followed by the peeling off of the PDMS layer from the substrate, as shown in Figure 24a. 

Prior to the peel-off process, the SiO2 layer underneath the nanowires was chemically etched by buffered 

oxide etchant (BOE). Figure 24b shows a photograph of the strain sensor made using aligned VO2 

nanowire array transferred to the PDMS substrate and the SEM images of the nanowire. It is clear that 

the nanowire was positioned on the top surface of the V-shaped region, as is also supported by the 

Energy-dispersive X-ray spectroscopy (EDX) results shown in Figure 23. On the nanowires, Cr/Au 

(30/50 nm) metals were deposited in a perpendicular electrode configuration. The sensor can be bent 

and released smoothly on the joint of an index finger, indicating that it is quite flexible. Using the 

bending motion, the change in the resistance of the nanowires (∆R/𝑅𝑜 = (𝑅 − 𝑅𝑜)/𝑅𝑜) was measured 

with the strain magnitude varying from 0.1% to 0.5% and is plotted in Figure 24c. As the sensor was 

bent, the resistance of the nanowires increased with a very fast response time of several tens of 

milliseconds (~88 ms), as shown in the inset, indicating that the change in the electrical property was 

mainly due to the phase transition between the M1 and M2 phases34. After the force was released, the 

resistance returned to 90% of its original value with a very fast recovery time of several hundreds of 

milliseconds (~781 ms). “The recovery time is relatively long compared to the response time, which 

may be due the residual strain present in the PDMS substrate even after the external bending force was 

released35,36.” As the magnitude of the strain increased, the change in the resistance significantly and 

almost linearly increased and reached 100% at the strain of 0.5%. The strain sensitivity (S = 1.02 at 

0.5%) was also high in comparison with other resistive pressure sensors37-39. The gauge factor (GF), 

defined as the ratio of the normalized change in the electrical resistance (ΔR/R0) to the mechanical strain 

ε was calculated to be approximately 215, comparable to the results reported to date40-47. Interestingly, 

no multiple steps were observed in the change in the resistance when the sensor was bent, indicating 

that the nanowires were electrically uniform and mechanically flexible. As plotted in Figure 24d, no 

significant change was observed in the change in the resistance for 1 h, indicating the good long-term 

stability of the sensor. This work is the first demonstration of the strain sensor composed of the VO2 

nanowires array on the flexible substrate48-50. 

 

4.2.4 Conclusion 

In summary, we describe a simple approach for growing millimeter-long and linearly, self-aligned VO2 

nanowires based on directional Ostwald Ripening. This process was inspired by the idea that a thin 

V2O5 film deposited on a silicon oxide substrate can completely dewet into a large assembly of very 

small and uniform droplets, resulting in the successful growth of uniform small-diameter ( 5 nm) VO2 

nanowires with narrow length distributions size ( 1.13 nm) on silicon oxides substrate via the complete 

wetting. This work was expanded by designing the substrate composed of V-grooved surface deposited 
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by silicon oxides in which the transport of liquid particles is controlled by the chemical potential energy 

and surface morphology, causing the particle coarsening process to become directional. The process 

was successfully explained by molecular dynamics simulations of spherical particles on two surface 

morphologies interacting via the Lennard-Jones potential. The coupled effects of the interactions of the 

particles on the two surfaces side-by-side resulted in the nanowires’ preferentially self-aligning in the 

V-grooved surface, resulting in the successful growth of millimeter-long nanowires with very uniform 

metal-insulator transition properties and self-alignment. By utilizing millimeter-long horizontally 

aligned VO2 nanowires, we also fabricated strain sensor arrays with high sensitivity (S = 1.02 at 0.5%) 

and very fast response time of several tens of milliseconds through the chemical transfer onto a PDMS 

substrate. 
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4.3 Mechanically robust, stretchable solar absorbers with submicron-thick multilayer sheets for 

wearable and energy applications 

4.3.1 Introduction 

Solar thermal technologies, which convert solar energy into heat, have received increasing interest 

during the past few decades and are considered a promising candidate due to high energy storage density 

and high energy conversion efficiency in many emerging applications such as solar collectors1, 2 for 

heating and cooling systems, solar cookers3, 4, solar heated clothes5, 6, and steam generators7-9. The solar 

thermal efficiency is strongly dependent on the optical properties of the solar absorber. In general, for 

high-temperature applications, optimal solar-thermal energy conversion10-13 can be achieved by 

selectively absorbing solar energy with high infrared (IR) transmittance. With the high efficiency, it 

should be easy to manufacture and cost-effective, chemically and thermally stable at elevated 

temperatures. 

Oxide-based cermets have been widely studied, providing some of the few commercially available 

solar selective coatings. Esposito et al. fabricated multi-layer structures based on the composites of 

metallic particles and dielectrics (Mo-SiO2), in which solar absorptance was higher than 0.9414. Mo-

Al2O3 cermet selective surfaces using the double cermet layer structure with an absorptance of 0.95515 

were also deposited by vacuum co-evaporation. The thickness of the film, and the size and concentration 

of the metallic particles have been considered as main factors for the selective absorption. There are, 

however, some issues about nonuniform film thickness, high thermal emittance, and the environmental 

concerns of electroplating method usually used.  

Recently, metamaterial absorbers16-19, typically made of metals (e.g., Au, Ag, Ni) and dielectrics (e.g., 

HfO2, SiO2, Al2O3) are able to significantly increase the optical cross section of the structure, leading 

to greatly enhanced absorption in certain wavelength ranges caused by surface plasmon excitations. A 

plasmonic resonant visible light absorber, composed of a square array of vertically coupled nanowires 

coated with metal film, was developed, achieving ca. 75 % average absorption over a wavelength range 

from 0.4 to 0.8 μm. Hedayati and coworkers proposed perfect plasmonic metamaterial absorbers with 

an absorption of around 100 % over the entire visible region20. However, the metamaterials require 

acurate lithography techniques for sub-wavelength feature sizes such as metallic concentric ring 

patterns and the absorption is critically dependent on the absorption angle. Flexible and stretchable 

substrates, such as polymer and fabrics, also limit the size of metadata that can be achieved with 

mechanical deformations that are not available in flexible applications. 

Here, we demonstrate a facile scalable method to fabricate mechanically robust, stretchable solar 

absorber with broad band absorption for stretchable heat generation and enhanced thermoelectric 

generation. The absorber is a very thin (~ 500 nm) film, composed of metal/dielectric multilayer by 

alternating e-beam evaporation. By a matrix method, based on the medium boundary and propagation 
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matrices21, the titanum (Ti) and magnesium fluoride (MgF2) was chosen and the structure was optimized 

for a high solar absorption. The multilayer thin films were known to have an enhanced absorption 

caused by multiple reflections at layer interfaces, however, most of works have focused on the high 

temperature generation22-24. Furthermore, the dielectrics were usually prepared on an elevated 

temperature. Recently, ultra thin film-based planar solar absorbers were reported to have broadband and 

wide-angle optical absorption properties by using two-dimensional materials and metallic substrates25-

27. However, these methods may not be available at wearable substrates such as fabrics. 

Carbonaceous films can be considered as an existing technology of the absorber owing to the 

abundance in nature and the excellent properties, such as high absorption over the solar spectrum and 

stability against heat, water and chemicals28, 29. However, due to the poor adhesion on the wearable 

materials, such as fabrics, it cannot be also applicable to the wearable applications. Low-/mid-

temperature absorbers were also reported by employing various methods such as paint coating, 

deposited cermet, and chemical conversion, such as CrN–Cr2O3, TiC/TiOxNy/AlN, and Ni–NiO etc.30 

Although these absorbers have a high absorptance over 90 %, the flexibility and mechanical strength 

was not clear. Here, the mechanical robustness for the wearable application was achieved by applying 

the mechanical stresses such as bending and stretching to the film, which produces a lot of micro-sized 

sheets of approximately 500 nm in thickness. They clearly showed great adhesion on any stretchable 

substrates. The absorbers showed a high absorption of approximately 85 % over a wavelength range 

from 0.2 to 4.0 μm and the selective absorption can be tunned by the thickess of each layer. Under 1-

sun illumination, the solar absorber increased the substrate temperature to approximately 60oC and there 

was no significant decrease in the temperature under highly bent and stretched condition, or even after 

washing or rubbing them several times. The film was also deposited on the top surface of thermoelectric 

generator and the output power was enhanced by approximatley 60 % under 1-sun irradiation. With 

incident solar radiation flux of 38.3 kW/m2, the output power increased to 24 mW/cm2 due to the 

increased surface temperature to 141oC. 

 

4.3.2 Experimental 

Fabrication of solar absorber and FDTD simulation 

The samples, consisting of a layered metal/dielectric film structure, were fabricated by electron beam 

evaporator (KVE-T8897) at room temperature. The metal and dielectric films were deposited from 

targets of 99.99 % purity with a background pressure of 5.0 × 10−6 Torr. To control and adjust the layer 

thickness, the deposition rate of Ti and MgF2 was calibrated in advance under the condition, 0.1 nm/s 

and 0.25 nm/s, respectively. The surface morphology of the film was characterized using tapping mode 

atomic force microscope (AFM). In order to the optimize the optical absorption of the structure, FDTD 

solutions software with a RF module was also employed for two-dimensional finite element frequency 

domain simulation. 
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Optical properties measurement of solar absorber 

The scanning electron microscopy (SEM) was done using a cold field emission scanning electron 

microscope (FE-SEM, S-4800, Hitachi) with an accelerating voltage of 10 kV. Absorption data were 

obtained at wavelengths ranging between 250 and 2500 nm using a UV-Vis spectrometer (Perkin-Elmer 

Lambda 750) equipped with specular reflectance spectroscopy. To see the optical properties with the 

incident angle, the specular spectra were obtained with the angles of incidence ranging from 20 o to 70 

o using variable angle specular reflectance accessory. For the IR absorption measurement, the spectra 

were acquired with a Perkin-Elmer Spectrum and a Fourier transformed infrared (FTIR) 

spectrophotometer (vertex 80v) in the range of 2.5 – 4 μm. FTIR spectra were measured with a 10 o 

specular reflectance accessory and a gold substrate alignment mirror at room temperature and the 

spectral resolution was about 0.9 cm−1. 

 

Application of solar absorber to wearable solar heater and thermoelectric generator 

The optimized solar absorber was deposited on various polyurethane film, fabrics (linen, spandex, 

cotton napping and cotton) and PDMS in the same way. The temperature images were captured in real-

time by an IR camera (GILTRON GTE-P). The absorber was also deposited to the hot side of a 

commercial thermoelectric generator module (1MC04-030-03 RMT thermoelectric) and an alumimium 

substrate was attached to the cold end of the module with thermally conductive sliver paste. The 

thermoelectric generator was tested by solar cell simulator with a xenon lamp (McScience XES-301S) 

and under AM 1.5G illumination at an intensity of 100 mW cm-2. A Keithley instrument was used to 

measure the output performance. 

 

4.3.3 Result and discussion 

Multilayer films of Ti/MgF2 and the flexibility 

The absorber was mainly composed of titanium (Ti) metal and magnesium fluoride (MgF2). As a key 

material for enhancing the adhesive property, a 7.3 nm-thick Ti layer was deposited via e-beam 

evaporation at a very low deposition rate of 0.1 nm/s on the substrate. The dielectric film of MgF2 was 

then deposited on the Ti layer in the same way, with nanometer range of thickness from 20 to 300 nm. 

Finally, the film consists of 5 stacks of alternating Ti and MgF2 films, with a total thickness of 

approximately 0.52 μm when the 96.5 nm-thick MgF2 is deposited. The very thin (of submicron 

thickness) film is expected to have excellent mechanical robustness31. A cross-sectional SEM image in 

Figure 25a clearly confirms the alternating stacked film of 520 nm in thickness on glass substrate of 3 

 4 cm area. It was to be seen quite dark, meaning that the visible light absorption was high. The AFM 

images in Figure 26 also show that the film has quite low root mean square value of about 2.8 nm, 

meaning that it is very flat. 
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Figure 25. (a) (left) Cross-sectional SEM image and (right) photo of the multilayer film deposited on 

glass substrate. The scale bar is 0.2 μm and 1 cm, respectively. (b) Photo showing bending of the 

multilayer deposited on polyurethane and SEM image after the bending (scale bar 50 μm). (c) Schematic 

illustration showing that the micro-sized sheets are produced after simple mechanical stresses such as 

bending and stretching. (d) Photos of fabric with the absorber before and after the rubbing (e) SEM 

image of each fabric (The scale bar 10 μm, respectively). 

 

The multilayer was also deposited on the flexible polyurethane substrate. It is well-known that the 

fabric made of polyurethane film is a waterproof fabric and used in several industries such as active 

wears32. After it was bent several hundreds of times, as shown in Figure 25b, the SEM image showed 

that many micro-sized sheets, showing excellent adhesion to the substrate, were produced. This means 

that the solar absorber is applicable to the fabric for wearable applications. Figure 25c shows the 

schematic illustration for fabricating the stretchable solar absorber with micro-sized sheets by simple 

bending and stretching processes. To demonstrate feasibility, the solar absorber was deposited on the 

cotton fabric (Figure 25d), rubbed several times. After that, the fabric seemed to have been made a little 

whiter. However, the SEM image (Figure 25e) showed that the sheets were quite adhesive to the fabric 

without any serious peel-off. This shows the excellent adhesion properties of the film and the possibility 

of application that can be worn. 
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Figure 26. 2D and 3D AFM images of the absorber deposited on glass. 

 

Optimization for a high efficient solar absorber 

The light absorption of the multilayered film, composed of metal and dielectric layers, is based on the 

multiple reflections at the layer interfaces. After the light entering the film, the light is reflected back 

and forth at the interfaces. In general, the high absorption in the stack is resulted from multi-pass of 

light through the dielectric layer. The reflected light should destructively interfere due to the phase 

difference between the alternating layers, thus, the reflected light is canceled. Thus, we simulated and 

optimized the thickness of each layers to enhance the destructive optical interferences of the reflected 

light. 

 

Figure 27. Refractive indices of each materials (Al, Pt, Ti) with wavelength. 

 

To optimize the structure of the metal/dielectric multilayer film for a high efficient solar absorber, we 

estimated the solar absorptance for various multilayer films based on the Maxwell’s equations and the 

solar irradiance. We assumed normal incidence of the solar light to the film surface. To calculate the 

optical properties of the multilayer film structure, Maxwell’s equations were adopted to the multilayer 

structure with refractive indices33-35 as shown in Figure 27, and the boundary conditions at each interface 

were applied. For detailed calculation method, see Figure 27a. Figure 28 indicates representative 

calculation results for absorptance as a function of wavelength for given 5-stack Ti/MgF2 multilayer 
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films. The absorbance spectrum changes dramatically according to the thickness of each layer. The 

steep drop occurs when the wavelength of the light is comparable to the periodicity of the alternating 

film structure (see Figure 29 for detail). Since the most of the solar irradiance is located at the visible 

light range as shown in the lower part of Figure 28a, such absorption deeps should be avoided at that 

range for the high solar absorption.  

 

 

Figure 28. (a) Calculated absorptance and solar irradiance as a function of wavelength for given 

multilayer films. (b) The solar absorption spectrum with different thickness of multilayers. (c) Total 

solar absorption versus thickness of each layer, Ti and MgF2. (d) Absorption measured by UV-Vis-NIR 

spectroscopy and Fourier transformed infrared spectroscopy over a wavelength range from 0.2 to 4 m. 
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Figure 29. (a) Schematic of the case of a normal incident light for multilayers. (b) An example of 

absorption-spectrum calculation for Ti (27.3 nm)/MgF2 (300 nm) multilayer structure. (c) The electric 

field profile through the thickness from the propagation matrix. 

 

To obtain the solar absorption spectrum, (λ), the solar irradiance (the lower part of Figure 28a) was 

multiplied to the calculated absorption spectrum (the upper part of Figure 28a) for a given multilayer 

film as shown in Figure 28b. The area (∫ 𝛤(𝜆)𝑑𝜆) of the solar absorption spectrum reflects the total 

solar absorption which directly relates the heat generation of the solar absorber. It should be noted that 

the integration of the solar absorption spectrum was done with respect to the wavelength ranging from 

280 nm to 4000 nm which are available data range of the solar irradiance36. The area for the multilayer 

structure with 7.3-nm Ti and 96.5-nm MgF2 thickness which has smooth and high absorption profile for 

visible light range shows the highest total solar absorption, whereas the structure with 27.3-nm Ti and 

300-nm MgF2 thickness which shows huge dips at the visible light range shows the lowest value of the 

total solar absorption. 

To optimize the 5-stack Ti/MgF2 multilayer structure, we calculated the total solar absorption versus 

thickness of each layer, Ti and MgF2 as shown in Figure 28c. We found that the highest value of the 

total solar absorption occurs at the thickness of Ti and MgF2 are 7.3 nm and 96.5 nm, respectively, 

which was chosen in our experiments. Further increase in the thickness significantly decreased the solar 

absorption of the layer although the adhesive properties of the layer can be expected to be enhanced 

with thicker Ti layer. Furthermore, we optimized 5-stack metal/dielectric (MgF2) multilayer structure 

for other metal materials Al and Pt. Figure 30 reveals the optimum structure for each metal and Ti shows 

the best total solar absorption among these metals. Additionally, there was no significant increase in the 

solar absorption when the number of layer is larger than 5, as shown in Figure 31. 
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Figure 30. The total solar absorption of the optimum metal thickness for Al, Pt and Ti. 

 

 

Figure 31. The simulated solar absorption of the multilayer as a function of the number of the layer. 

 

Figure 28d shows the optical absorption spectra of the absorber with different thickness (7.3 nm/96.5 

nm and 7.3 nm/300 nm, respectively) deposited on a glass substrate over a wavelength range from 0.2 

to 4.0 μm using UV-VIS-IR spectroscopy with specular reflectance spectroscopy. At 7.3 nm/300 nm, 

the measured absorption spectrum demonstrates the quite high absorption of the film in the wavelength 

range, while an oscillation is clearly seen in the visible region due to the phase and intensity interference 

effect, suppressing the light reflection of the film37. As the thickness of the MgF2 decreased to 96.5 nm, 

which showed the highest total solar absorption in Figure 28c, the spectra showed quite high light 

absorption of approximately 85 % over a wavelength range from 0.2 to 1.0 μm with higher absorption 
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of UV and IR light. However, this absorption in visible light is not as high as expected, possibly due to 

variations in the thickness of each layer. However, the absorption spectra show a high-consistency with 

the simulation results with to the wavelength. The optical absorption spectra were obtained with the 

angle of incidence ranging from 20 o to 70 o, plotted in Figure 32. As the angle decreases, a little decrease 

in light absorption is observed, but there is no significant decrease by 30 o and the rate of the decrease 

in the absorption with the angle is smaller than that of metamaterial based absorber reported previously38. 

Finally, the optical absorption of the optimized absorber was also measured after annealing at 200oC 

and 400oC for 1 hr to investigate the stability of the absorber at the high temperatures, plotted in Figure 

33. It was clearly seen that there is no significant decrease of the absorption even after annealing at 

400oC, meaning that the multilayered film was so stable. 

 

 

Figure 32. The optical absorption of the multilayered films with the incident angle. 

 

 

Figure 33. The optical absorption of the multilayered films as a function of annealing temperature. 
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Stretchable Heat Generation based on Solar Thermal Energy Conversion 

The absorber with number of stacks of alternating Ti and MgF2 films was deposited on polyurethane 

and the surface temperatures of the polyurethane were measured as a function of measuring time under 

AM1.5G illumination (100 mW/cm2, 1-sun) at room temperature, plotted in Figure 34a. Without light 

illumination, it was measured to be approximately 30oC. As the light turns, the temperature increased 

up to 32oC within 5 min and there was no more significant increase after that. As 2-stack (Ti/MgF2) was 

deposited, the temperature increased up to 48oC. As the number of the stacks increased to 5, the 

temperature was reached up to 61oC. The significant increase was clearly also seen in the thermal image 

measured by an IR camera in Figure 34b. The absorber was also deposited on a variety of fabrics such 

as linen, spandex, cotton napping and cotton. Irrespective of the kind of fabrics, as shown in Figure 35, 

the other fabrics were also heated to 67 ~ 73oC, showing an increase of the temperature by 

approximately 26oC. For the real wearable application, the temperature of the absorber deposited on 

cotton substrate was measured outdoors by an IR camera. The intensity of the light outside was 

measured to be about 80 mW/cm2. With the incident light, it was observed that the temperature 

increased up to about 50.1oC within 10 min, while the substrate without absorber increased up to 32.1oC, 

as shown in Figure 36. This shows that the absorber can be promising as a potential candidate of 

wearable solar heater. 

 

Figure 34. (a) Surface temperature (b) Top view thermal image of the multilayer (Ti/MgF2 = 7.3 nm/ 

96.5 nm) deposited on polyurethane as a function of the number of layers under 1-sun illumination. (c) 

Surface temperature measured under illumiation of 680 nm-filtered light (> 680 nm). (d) Surface 

temperature obtained by turning on and off repeatedly every 10 mins. 
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Figure 35. The photograph and thermal image comparison of absorber deposited on fabrics such as 

linen, spandex, cotton napping and cotton under AM 1.5G illumination. 

 

 

Figure 36. Real photos of cottons with and without absorber. The surface temperatures of the substrates 

were measured as a function of measuring time outside. 

 

The increase of the temperature by the light illumination is due to the solar light absorption39. As 

mentioned above, the solar thermal energy conversion efficiency is critically dependent on the solar 

selective absorption properties, such as large absorption in visible light and large transmission in 

infrared light. Here, the film showed a high absorption (> 80 %) in visible light, while a significant 

absorption (approximately 70 ~ 80 %) was also observed over a wavelengths range from 1 to 4 μm. The 

measured absorption spectra showed a high consistency with those simulated. With only IR and near-

IR light at wavelengths higher than 680 nm, the temperature was also increased by approximately 4 ~ 

5oC, as shown in Figure 34c. This means that we can wear warmer clothes on cloudy or cold days 

without the sun. The temperature increase by sunlight was repeated several times and there was no 

significant change in the temperature, showing good reproducibility, as shown in Figure 34d. 
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Figure 37. (a) Photos and thermal images of the fabrics with the absorber attached on the surface of a 

wrist under concave bending (top), neutral (center) and convex bending (bottom) condition. (b) Photos 

and thermal images of PDMS with the absorber under highly stretched condition. (c) Surface 

temperature measured under 1-sun illumination after rubbing and washing several times the fabrics. 

The inset shows the photos and thermal images. 

 

Further evaluation was performed to see the durability and stability under various mechanical stresses 

such as bending, stretching, rubbing, and even washing. As a test substrate, cotton fabric with the solar 

absorber was attached on the surface of the human wrist with a sticking plaster and the temperature was 

measured with the bending motion, as shown in Figure 37a. Without the light illumination, the 
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temperature of the cotton was approximately 35oC, a little lower than that of human skin. As the light 

was turned on, the temperature increased up to 50.5oC, 15oC higher than that of human skin. When the 

wrist was under both concave and convex bending, the temperature was measured to be 49.1 and 48.2oC, 

respectively, indicating that there was no significant change in the temperature depending on the 

direction of the bending. A video clip clearly showed real-time temperature evolution of the fabric in 

supplementary Movie 1a in Supporting Information. The absorber was also deposited on PDMS and 

was stretched by approximately 36.4 % for 1 min. We found that there was also no significant change 

in the temperature, as shown in Figure 37b. This demonstrates good stability and durability with 

mechanical disturbances including compression and tensile strain. Finally, the cotton fabric with the 

absorber was rubbed by a human hand for 1 min and washed in flowing DI water. It was repeated several 

times and the temperature was measured after it was fully dried, as shown in Figure 37c.  

 

 

Figure 38. SEM images of the absorber on cotton fabrics after rubbing and washing several times and 

thermal images of the samples measured under AM 1.5G illumination. 

 

As the number of the mechanical stresses increased, it was found that it decreased very slowly, due to 

the peel-off the absorber from the fabric. However, Figure 38 shows that the peel-off of the film is not 

significant at even 9 times. There is no significant decrease of the light absorption after the mechanical 

stresses are applied, as shown in Figure 39. There was also no change in the temperature in the 

temperature even after bending 200 times, as shown plotted in Figure 40. These results indicate the 

mechanical robustness of the absorber on the fabric. 
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Figure 39. The optical absorption of the cotton fabrics with the absorber before and after rubbing. 

 

 

Figure 40. The temperature of the absorber as a function of bending times. 

 

Enhanced Output Power of Thermoelectric Generator 

The heat generated by the solar absorber may be effective in enhancing the output power of the 

thermoelectric generator without any other heat sources. The absorber was deposited on the alumina 

(Al2O3) top layer of a thermoelectric module and the output power of the thermoelectric generator was 

then examined. Figure 41a shows the schematic diagram of the thermoelectric generator and the 

measurement system used when the output power was measured. The size of the active area in the 

thermoelectric generator is approximately 1.5 cm × 1.5 cm and the absorber covers the entire area. The 

efficiency of the thermoelectric generator was measured under AM1.5G illumination (100 mW/cm2, 1-

sun) at room temperature. To generate a temperature difference across the thermoelectric generator and 

investigate its output characteristics, a cooling system was set up and the temperature of the cold side 
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could be changed from 5 to 30oC. Figure 41b shows the temperature difference of thermoelectric 

generator as a function of cooling temperature from 5 to 30oC. At the cooling temperature of 5oC, the 

thermoelectric generator with the absorber showed that the top and bottom temperature difference 

increased up to 18.4oC, 26 % higher compared to that without the absorber. As the temperature increased, 

the difference also decreased, meaning that the maximum temperature of the top layer was 

approximately 39.2oC.  

 

Figure 41. (a) (left) Schematic images of the solar absorber formed on the top surface of the 

thermoelectric generator and (right) the measurement tools. (b) Temperature difference of the 

thermoelectric generator as a function of cooling temperature. The open and closed diamonds are the 

output powers of thermoelectric generators with and without the solar absorber, respectively. (c) Output 

power of the thermoelectric generator as a function of load resistance. (d) Output power and surface 

temperature of the thermoelectric generator as incident solar radiation flux. 

 

We also measured the output power of the thermoelectric generator as a function of load resistance 

from 1 to 10 ohm, plotted in Figure 41c. Due to the large temperature difference at low cooling 

temperature, the output power increased as the cooling temperature decreased. At the ambient 

temperature of 20oC, the thermoelectric generator with the absorber showed 0.07 mW/cm2, 60 % higher 

compared to that without the absorber. The output power increased with load resistance up to 0.16 
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mW/cm2 at 3.58  and the power enhancement by the absorber also increased up to 433 %. Further 

increase in the load resistance significantly decreased the output power because the load resistance 

became larger than the internal resistance of thermoelectric generator module. For a given temperature 

difference and a given TEG, the output power is only a function of the load resistance applied to the 

circuit, as below;40 

2
2 2( ) ( ) ( )Circuit H c Circuit H c

TEG TEG

TEG Load TEG Load

N T T N T T
P R

R R R R

   
   

      (1) 

Thus, the maximum power is achieved when the load applied to the thermoelectric generator is equal 

to the resistance of the thermoelectric generator. The solar light was also concentrated by using a Fresnel 

lens and the thermoelectric generator was then exposed to the concentrated light. The absorber 

significantly increased the power of the thermoelectric generator up to 24 mW/cm2 at incident solar 

radiation flux of 38.3 kW/m2 due to the increase in the temperature of the top layer up to 141oC.  

However, there was no such significant increase in the thermoelectric generator without the absorber. 

 

4.3.4 Conclusion 

Here, we reported a facile scalable method to fabricate a stretchable solar absorber, based on the very 

thin (~ 500 nm) periodic metal/dielectric multilayer and the use of titanium. After various mechanical 

stresses such as bending, stretching, and rubbing were applied, a lot of micro-sized sheets with 500 nm 

thickness were produced and they still showed great adhesion on stretchable substrates such as fabrics 

and PDMS. The optical absorption spectra showed that it has high light absorption of approximately 

85 % over a wavelength range from 0.2 to 4.0 μm. Two-dimensional finite element frequency domain 

simulation supported the high visible light absorption of over 90 %.  

Under 1-sun illumination, the solar absorber on various stretchable substrates increased the temperature 

to approximately 60oC, irrespective of various mechanical stresses such as bending, stretching, rubbing, 

and even washing. The thermoelectric generator with the absorber also showed an enhanced output 

power of 60 % compared to that without the absorber. With incident solar radiation flux of 38.3 kW/m2, 

the output power increased to 24 mW/cm2 with the increased surface temperature of 141oC. These 

results may show the possibility of the absorber for wearable energy applications, operable by only 

sunlight. 
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4.4 Optical design of ZnO-based antireflective layers for enhanced GaAs solar cell performance 

4.4.1 Introduction 

Antireflective (AR) coatings based the ZnO nanostructures have received increasing interest during 

the past few decades and may be considered as one of the promising candidates due to the excellent 

optical properties and the controllable anisotropic growth of ZnO1-3. In particular, the ZnO can easily 

be synthesized as a various from of nanostructures such as nanowires, nanobelts, nanoplatelets, and 

nanorods by well-developed methods, demonstrated by many research groups4-8. However, as a 

promising candidate, most work has focused on the nanowires-based AR coatings. The graded 

refractive index to the active region of the solar cell, which is essential in obtaining low reflectance, can 

be acheived by the gradual decrease in the diameter of the nanowires to the bottom from the top9-13. 

Various experimental parameters such as substrate, growth time, temperature, amount of precursor and 

additives should be considered for the fine control of the nanowires diameter. However, the morphology 

was found to be quite sensitivity to these parameters. Recently, it was reported that the coaxial-type 

surface by coating low refractive index materials on the nanowires could decrease the reflectance, 

significantly at low angle of incident light, thereby, enhancing the solar cell performance over 

broadband and wide angle ranges14, 15. However, the enhancement of the performance of solar cell with 

the ZnO nanowires-based AR coatings may not be huge, although the AR coatings show quite low 

reflectance comparable to those of conventional multilayered antireflective films16-20. 

Here, a series of hierarchical ZnO nanostructures-based AR coatings was synthesized and the 

reflection over a broadband range was simultaneously examined. The GaAs solar cells with the AR 

coatings were then fabricated and the AR characteristics were compared with the performance of the 

solar cell. As the nanostructures, the ZnO nanowires and nanosheets were prepared hydrothermally on 

high-refractive index layer (ZnS and TiO2), followed by the RF sputtering of MgF2 layer for coaxial 

nanostructures. For the nanosheets growth, very thin aluminium layer less than 1 nm was deposited on 

the ZnS layer by using e-beam evaporator. The nanosheets-based AR coatings exhibited large reflection 

in the range of 300 − 800 nm, > 5 % at a shorter wavelength than 450 nm, while ZnO nanowires-based 

coatings showed ~ 2 % in entire region. However, the GaAs single-junction solar cells with nanosheets-

based AR coatings showed the largest enhancement of 43.9 %, compared with pristine solar cell. It is 

believed that the results are explained by the increase of the optical bandgap of the ZnO nanosheets by 

the incorporation of aluminum atoms, increasing the optical transmittance. 

 

4.4.2 Experimental 

Fabrication of ZnO nanowires and nanosheets 

High-aspect-ratio ZnO based double-nanotextured surfaces with core-shell morpholgies were prepared 

via a hydrothermal method of ZnO nanowires and nanosheets, followed by means of RF sputtering for 
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MgF2 thin film deposition. For reflectance meansurement of the antireflective surfaces, the nanowires 

were grown on ZnO/TiO2 (100 nm/ 50 nm) and ZnO/ZnS (100 nm/ 50 nm) layers in a mixed solution 

of 0.020 M zinc nitrate hydrate and 0.020 M hexamethylenetetramine (HMT) in DI water for 9 hrs. The 

TiO2 and ZnS were deposited by reactive sputtering using 80 W of RF power, 16 sccm of Ar and 4 sccm 

of O2 at an operating pressure of 2 mTorr, and 50 W of RF power, 20 sccm of Ar at an operating pressure 

of 5 mTorr, respectively. The deposition condition was optimized to enhance good crystallinity. The 

ZnO, which acts effectively as the seed layer for growing ZnO nanowires, was then deposited by 

reactive sputtering using 100 W of RF power to the 2 in. ZnO target, 16 sccm (sccm denotes cubic 

centimeter per minute at STP) of Ar and 4 sccm of O2 at an operating pressure of 4 mTorr. For the 

growth of ZnO nanosheets, very thin layer of aluminum (0.5 to 3 nm) was deposited on the ZnS layer, 

followed by the growth of the ZnO nanosheets under the same growth condition. The MgF2/ZnO was 

fabricated using 80 W of RF power to the 2 inch MgF2 target, 15 sccm of Ar at an operating pressure of 

25 mTorr. 

 

Fabrication of the GaAs single junction solar cell 

The GaAs single junction solar cell structure was grown on a GaAs substrate by metal-organic 

chemical vapor deposition, in which AsH3, PH3, trimethylgallium (TMGa), and trimethylindium (TMIn) 

were used as precursors. SiH4 and Dimethylzinc (DMZn) were also employed as n-type and p-type 

dopants, respectively. The structure consists of 0.5 μm thick Si-doped GaAs, 0.05 μm thick Si-doped, 

3 x 1018 cm-3, Ga0.5In0.5P), 3.5 μm thick Si-doped GaAs, 0.5 μm thick Zn-doped, 1 x 1018 cm-3, GaAs), 

0.03 μm thick Zn-doped Ga0.5In0.5P, and 0.3 μm thick Zn-doped GaAs. For the fabrication of solar cells, 

n-type Ni/Au/Ge/Ni/Au (20/100/30/30/200 nm) ohmic contact was deposited on the n+ GaAs layer, 

followed by the mesa etching in the H3PO4 and HCl-based solutions for GaAs and InGaP etching, 

respectively. The p-type Pt/Ti/Pt/Au (20/30/20/200 nm) ohmic contact on the bottom p+GaAs layer. 

Rapid thermal annealing was then carried out at 400oC for 40 s to reduce contact resistance and n+GaAs 

contact layer on the window was etched for efficient light absorption. The antireflective surfaces based 

on ZnO nanowires and nanosheets are produced on the top surface of the solar cells. 

 

Characterization 

The scanning electron microscopy (SEM) was done using a cold field emission scanning electron 

microscope (FE-SEM, S-4800, Hitachi) with an accelerating voltage of 10 kV. The high-resolution 

TEM images were collected using a Cs-corrected JEM-2100 operated at 200 kV. Reflectance data were 

obtained at wavelengths ranging between 300 and 1000 nm using a UV-Vis spectrometer (Perkin-Elmer 

Lambda 750) equipped with integrating sphere. The reflected light was collected into the angular 

acceptance range characterized by the minimum and maximum acceptance angles. In order to verify 
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the effect of MgF2 on reflectance of the ZnO nanosheets, FDTD solutions software with a RF module 

was employed for two-dimensional finite element frequency domain simulation. The J-V curves of the 

devices were measured under AM 1.5G illumination at intensity of 100 mW cm-2 with McScience XES-

301S. The external quantum efficiency (EQE) spectra were obtained from an incident photon-to-current 

conversion efficiency (IPCE) with K3100 Spectral IPCE Measurement System consisting of a 400W 

Xe lamp as a light source. 

 

4.4.3 Result and discussion 

ZnO based on antireflective layers 

Figure 42a shows a schematic image of GaAs solar cells with three representative nanostructured 

antireflective surfaces; MgF2/ZnO nanowires/ZnO/TiO2, MgF2/ZnOnanowires/ZnO/ZnS, and 

MgF2/ZnO nanosheets/Al/ZnS. The corresponding cross-sectional scanning electron microscope (SEM) 

images are shown in Figure 42b, 42c, and 42d. The ZnO nanowires are approximately 3.0 µm in length 

and 65 nm in diameter, respectively. The ZnO nanosheets are seen in 25 nm in thickness, about 3 times 

smaller than the nanowires, as shown in Figure 43. The thickness of the nanosheet increases as the 

thickness of the Al layer increases. On the Al layer of less than 0.5 nm, nanowires were also observed, 

meaning that the Al layer was not formed uniformly. For elemental analysis, the nanosheets were 

transferred onto a foreign substrate and Energy-dispersive X-ray spectroscopy (EDXS) was performed. 

This analysis showed that the nanosheet was composed of zinc, oxygen, and aluminium (Figure 44c), 

while Zn and O were the only components in the nanowire. The Al was also observed in X-ray 

photoelectron spectroscopy (XPS), as shown in Figure 45. The peak in the Al 2p spectra corresponds 

to Al-O and Al-Zn-O bonds. The Al-O binding energy was observed at 73.63 eV, lower than that (~ 

75.6 eV) of the pure Al2O3. By RF magnetron sputtering, MgF2 film was deposited on the ZnO 

nanowires and nanosheets. After MgF2 film deposition, the diameter increased to approximately 100 

nm and 60 nm, respectively, meaning that the thickness of MgF2 film is about 17 nm in Figure 46. 
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Figure 42. (a) Schematic images of a GaAs based solar cell with MgF2/ZnO nanosheet/Al/ZnS as the 

AR coatings. Schematic and SEM images of (b) MgF2 /ZnO nanowires/ZnO/TiO2, (c) MgF2/ZnO 

nanowires/ZnO/ZnS, and (d) MgF2/ZnO nanosheet/Al/ZnS. The scale bars in the SEM images are 1 µm 

except of the right image of (d), which is 250 nm. The insets also show the enlarged images (scale bar 

50 nm). 

 

 

 

Figure 43. Top view of SEM image for ZnO nanosheet/Al/ZnS with thickness of Al (a) 0.5 nm, (b) 1 

nm, (c) 3 nm and (d-f) histogram of the ZnO nanosheets thickness distributions along Al thickness, 

respectively. 
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Figure 44. Scanning electron micrographs of ZnO nanosheet grown on Si substrates; (a) Top view and 

(b) cross-sectional SEM image, Energy-dispersive X-ray spectroscopy (EDXS) of (c) ZnO 

nanosheet/Al/ZnS, (d) ZnO nanowires/ZnO/ZnS. 

 

 

 

Figure 45. The peak in the Al 2p spectra corresponds to Al-O and Al-Zn-O bonds. The Al-O binding 

energy was observed at 73.48 eV, lower than that (~ 75.6 eV) of the pure Al2O3. 
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Figure 46. Transmission electron microscopy (TEM) images of MgF2 thickness on MgF2/ZnO 

nanowires (scale bar is 5 nm). 

 

The crystal structures at the interface of MgF2 and ZnO layers were characterized by low- and high-

resolution transmission electron microscopy (HR-TEM) images. Figure 47 and 47b show TEM images 

of MgF2-coated ZnO nanowires with the Fast Fourier Transform (FFT). Thin MgF2 shells are clearly 

visible and they appear to be quite uniform along the body of the nanowire. The corresponding atomic 

spots and the diffraction patterns reveal that the layers are highly crystalline. FFT patterns taken along 

the [2110] zone axis, together with measured lattice spacing of the adjacent planes, confirm that the 

nanowire grew along the c-axis. For the nanosheets, it is also clearly seen that the ZnO was 

preferentially grown in the same direction. According to the mechanism suggested previously21, 22, prior 

to the growth, the Al is oxidized to Al2O3, forming the AlO2
- ions in the solution. The AlO2

- ions at the 

surface react with the Zn2+ ions, producing ZnAl2O4 at the nanolevel, promoting the growth along the 

direction by decreasing the growth rate of different facets in ZnO.  

In Figure 44, a small amount of Al is present in nansheets, meaning that the Al from the ultranthin Al 

layer was diffused and incorporated into the ZnO during the growth. The Al doping by the diffusion 

was already reported and have been commonly observed when the layers were annealed at high 

temperature (> 800oC)23. It is unlikely that the Al easily diffuse into ZnO because the growth 

temperature is not so high (~ 90oC). However, it can be expected that the Al atoms can move via a 

defect-mediated mechanism (the vacancy-mediated diffusion) into and inside the ZnO. Actually, the 

TEM results shows that the Al doping increases the spacing between two adjacent planes along the c-

axis by approximately 10 %, as shown in Figure 47b and 47d. Furthermore, the defects commonly 

observed at the interface between ZnO and seed layer will promote the nucleation of the ZnAl2O4 at the 

surface for nanosheet growth. The incorporation of the Al atoms into the ZnO nanosheet was also 

reported in a hydrothermal process when Al substrate was used24. 
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Figure 47. Transmission electron microscopy (TEM) images of MgF2/ZnO nanowires and MgF2/ZnO 

nanosheet. (a) Low-magnification MgF2/ ZnO nanowires (scale bar is 50 nm) and (b) High-resolution 

TEM (HR-TEM) image of MgF2/ZnO nanowires (scale bar is 5 nm). (c) Low-magnification MgF2/ZnO 

nanosheet (scale bar is 0.2 µm) and (d) HR-TEM image of MgF2/ZnO nanosheet (scale bar is 5 nm). 

The inset shows a Fast Fourier Transform (FFT) of the image. 

 

Optical properties of ZnO nanostructure 

To investigate the AR characteristics of the nanostructured surfaces based on nanowires and 

nanosheets over the broad range of wavelength, we observed the total reflection over a wavelength 

range from 300 to 800 nm, as shown in Figure 48a. The incident angle with respect to the parallel of 

the sample was 83 º in this measurement. After the MgF2 was deposited on ZnO nanowires grown on 

TiO2 layer, the reflectance was found to be less than 2 % in the UV and visible range. This ascribes to 

the decrease in effective refractive index from the bottom to the top of the nanowires and the low 

refractive index (~ 1.38) of the MgF2, well-known previously25. The TiO2 layer was also reported to be 

effective in decreasing the reflectance, thereby, enhancing the solar cell performance. As the TiO2 is 

replaced by the ZnS, the reflectance increases, but it is still found to be less than 3 % in the range. 
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Figure 48. (a) UV-Vis-NIR reflectance spectra over a wavelength range from 300 to 800 nm: MgF2/ZnO 

nanowires/ZnO/TiO2, MgF2/ZnO nanowires/ZnO/ZnS and MgF2/ZnO nanosheet/Al/ZnS. (b) UV-Vis-

NIR absorption spectra in the range from 300 to 800 nm. The absorption calculated by measuring the 

reflection (at a 7 ° angle of incidence) using A % = 100 % - R % - T % while it is assumed that the  

scattering effect is negligible. (c) Corresponding plot of transformed Kubelka-Munk function versus 

the energy of the light. (d) Simulated spectra of the effect of the straight MgF2 shell on the reflectance. 

Wavelength-dependent simulated reflectance distribution at 90 °. 

 

The reflection in multi-layered AR coatings may be quite complicated due to the multiple reflections 

and interference effects occurring at the interface of the layers. Furthermore, for the nanowire-type AR 

coatings, it is difficult to explain the reflection because of the complicated nanowire morphologies. If 

the optical transmission of the ZnO/TiO2 layered structure is taken into account multiple reflections and 

compared with the ZnO/ZnS layered structure, the reflection can be calculated by Eq. (1) 26-28, 

 

𝐑 =
𝒓𝟏

𝟐+𝒓𝟐
𝟐+𝒓𝟑

𝟐+𝒓𝟏
𝟐𝒓𝟐

𝟐𝒓𝟑
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(1) 

where, r1, r2, and r3 are the amplitude reflection coefficients. θ is the incident angle of light and t is the 

thickness. 
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n0, n1, n2 and n3 are the refractive indices of the air, ZnO, TiO2 (or ZnS) and substrate. It is clearly 

observed that the nanostructures with a 50 nm thick TiO2 layer show lower reflectance than those with 

ZnS layer in the entire region except near UV region, as shown in Figure 49. As the thickness of the 

layer increases, the reflectance decreases, indicating that the reflection can be lowered by optimizing 

the thickness of each layer. 

 

 

Figure 49. Simulated reflectance spectra for the ZnO/TiO2 and ZnO/ZnS double layered films with 

different thickness. The thickness is ZnO 100nm, TiO2 (or ZnS) (a) 50 nm, (b) 60 nm, (c) 70 nm and (d) 

100 nm. 

 

Note that the reflectance of both MgF2/ZnO nanowires antireflection coatings is almost same in the 

near UV region (at the wavelength less than 400 nm), less than 1 ~ 2 %. This may ascribe to the low 
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bandgap (3.37 eV) of ZnO29. This implies that the ZnO nanowires or film absorb the photons in UV 

light having wavelength less than 370 nm, preventing light to enter the active region of the solar cell. 

TiO2 also has a small bandgap of 2.85 eV, indicating that the layer absorbs the light at the wavelengths 

shorter than 430 nm and lower the reflectance, compared with MgF2/ZnO/ZnS sample30. However, for 

the MgF2 deposited ZnO nanosheets on Al/ZnS, it shows high reflectance (10 ~ 15 %) in near UV region, 

meaning that some of light can pass to the active region of the solar cell. It is also clearly seen that the 

reflectance is around 5 % or less over a wavelength range from 500 to 800 nm.  

Figure 48b shows the total absorption of the nanostructured surfaces over a wavelength range from 

300 to 800 nm using UV-vis-IR absorbance spectroscopy. For the MgF2/ZnO nanowires on TiO2 layer, 

it shows a high absorption close to 100 % in the UV region less than 400 nm. As the TiO2 is replaced 

by the ZnS, the absorption is decreased to 92 % at 400 nm. For the ZnO nanosheets, it significantly 

decreases to 10 % at 400 nm. The absorbance was transformed by the following equation for the near-

edge absorption as known as Kubelka-Munk method, 

(αhv)n = K(hv − Eg)    (7) 

where, K is a constant relative to the material, α is the absorption coefficient, hv is the photon energy, 

and n is 2 for a direct band gap semiconductor. The calculation shows that the MgF2/ZnO nanowires on 

TiO2 layer start to absorb below about 2.8 eV, which is equal to the optical bandgap of the TiO2. The 

absorption edge increases to 3.2 eV as the TiO2 is replaced by the ZnS, which is equal to the bandgap 

of the ZnO. For the ZnO nanosheets, it is found that the absorption band edge significantly increases to 

3.4 eV. This means that the bandgap of the ZnO increases in the form of the nanosheets. 

The blue-shift of the absorption edge in the nanosheets may be explained by the quantum confinement 

effect and the incorporation of Al atoms in ZnO. It was reported that various materials synthesized as a 

form of nanosheet showed an obvious blue shift in ultraviolet–visible (UV–vis) adsorption spectra due 

to the quantum confinement effect at an extremely small scale. Using a simple square quantum well 

potential of infinite height31, the band-to-band edge direct transition energy is proportional to 1/L2. Here, 

L is the thickness of the nanosheet. As L decreases, the transition energy increases. However, the critical 

size for significant quantum confinement effect should be less than 10 nm, which may be much smaller 

than that of the ZnO nanosheets. The incorporation of Al atoms in ZnO may be the reason for the blue-

shift in the spectra. For the structures that are doped, the Al atoms are more favorable in the Zn sites 

than in the O sites, leading the ZnO nanosheet to an n type semiconductor32. According to the Burstein–

Moss effect, the electrons occupy states within the conduction band, which pushes the Fermi level 

higher in energy, hence, the valence electrons require more energy to be excited to higher energy states 

in the conduction band. Therefore, the optical band gap of the nanosheets becomes larger than that of 

nanowires, thereby, increasing the optical transmittance, consistent with the results in Figure 48c. 

To further verify the effect of the MgF2 layer on the reflectance, we performed simulations for 
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reflectance of nanosheet structure with and without MgF2 coating layer using the finite-difference time-

domain (FDTD) method. To mimic the nanosheet structures shown in SEM images, we modelled 150 

nm-height ZnO waveform nanostructure on the multilayer of Al (1nm)/ZnS (50nm)/Si (semi-infinite). 

The average thickness of the nanosheets and the MgF2 layer is assumed to be 20 nm and 20 nm, 

respectively. It was also assumed that the MgF2 layer was coated uniformly on the ZnO nanosheets. For 

a large area of ZnO nanosheets, we used periodic boundary condition for x and y directions, where the 

randomly oriented 5 x 5 array of ZnO nanosheet (see the inset of Figure 48d) was adopted as the unit 

cell. The refractive index in the range of 450 and 1000 nm for each material was obtained from 

experiment measurement data33-36. The reflectance spectrum in Figure 48d reveals that the reflectance 

in the entire region of wavelength decreases by the coating the MgF2 layer. Moreover, the high 

reflectance (> 10 %) was found at short wavelengths, consistent with the experimental results in Figure 

48a. 

 

 

Figure 50. (a) The current density-voltage (J-V) curves of GaAs based solar cells with MgF2/ZnO 

nanowires/ZnO/TiO2, MgF2/ZnO nanowires/ZnO/ ZnS, MgF2/ZnO nanosheet/Al/ZnS and without 

ARC layer under AM 1.5 G illumination (100 mW/cm2). (b) The external quantum efficiency (EQE) 

spectra of GaAs based solar cells with none, the MgF2/ZnO nanowires/ZnO/TiO2, MgF2 /ZnO 

nanowires/ZnO/ZnS, MgF2/ZnO nanosheet/Al/ZnS ARC layers. 

 

Efficiency of GaAs solar cell 

The nanostructured AR surfaces based on nanowires and nanosheets were produced on the GaAs solar 

cells and the current-density versus voltage (J–V) curves are measured under AM1.5G illumination 

(100mW/cm2, 1-sun) at room temperature. Figure 50a shows the J–V characteristics of solar cells 

integrated without and with the AR surfaces. For the solar cells without the AR surfaces, it shows an 

efficiency of approximately 14 %. After the MgF2/ZnO nanowires on TiO2 layer are produced, there is 
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no significant change in the efficiency. As the TiO2 is replaced by the ZnS, the efficiency is increased 

to 18.5 % without the change in the Voc. These results show that many photons of the light is already 

absorbed in TiO2 layer before entering the active region of the solar cell. After the ZnO nanosheets are 

grown, further increase to 19.8 % (43.9 % enhancement) in power conversion efficiency was observed 

despite the reflectance of this AR coating is 2 ~ 3 times larger than those of the nanowires-based AR 

coatings. This implies that the increase in the bandgap with the growth of the ZnO nanosheets with 

small thickness less than 20 nm significantly contributes to the enhancement of the solar cell 

performance. The spectral responses of external quantum efficiency (EQE) and surface reflectance were 

also measured to further analyse the antireflection capability of the AR surfaces in GaAs solar cells, 

plotted in Figure 50b. When the ZnO nanosheets were used, the GaAs solar cell exhibited a broad-range 

EQE enhancement from 400 to 900 nm and there was a 30 % enhancement in the EQE. Also note that 

the EQE is nearly zero in the solar cell with nanowire-based AR coatings at the wavelengths less than 

400 nm, meaning that the light absorption is mainly due to the ZnO and TiO2, in which the AR coatings 

do not contribute to the solar cell performance. Integrating the EQE over a standard AM 1.5G 

illumination spectrum yields a short-circuit current density (Jsc) for the solar cell with ZnO nanosheets 

of 24.54 mA cm-2, quite similar to the value in Figure 50a and Table 3. 

 

Table 3. Short-circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF) and power 

conversion efficiency of solar cells before and after integrated with the MgF2/ZnO nanowires/ZnO/TiO2, 

MgF2/ZnO nanowires/ZnO/ZnS and MgF2/ZnO nanosheet/Al/ZnS layer under AM1.5G normal 

illumination at room temperature 

 

 

4.4.4 Conclusion 

In summary, a series of hierarchical ZnO nanostructures-based AR coatings was prepared by a 

hydrothermal method of ZnO nanostructures, followed by means of RF sputtering for coaxial 
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nanostructures. The two types of nanostructures (nanowires and nanosheets) was synthesized 

hydrothermally on high-refractive index layer by properly selecting the kind of seed layer; ZnO thin 

film for nanowires and Al thin film for nanosheets. The structural analysis showed that the ZnO has 

highly preferred orientation along <0001> direction with highly crystalline MgF2 shell uniformly coated. 

It was observed that the thickness of the nanosheets increased with the thickness of the Al layer. A small 

amount of Al was present in nanosheets, originated from the Al diffusion from the Al seed layer, 

resulting in an increase of the optical bandgap. For nanosheets-based AR coatings, it showed quite high 

reflectance (10 ~ 15 % in near UV region and 5 % in visible region), while nanowires-based AR coatings 

showed low reflectance of 2~3 % in the entire region. Furthermore, nanowires-based AR coatings 

showed perfect absorption in near UV region. However, contrary to the AR characteristics, the GaAs 

solar cell showed the largest enhancement (43.9 %) from 13.77 % to 19.81 % in power conversion 

efficiency when the nanosheet-based AR coatings were used. These results shows that the low reflection 

of the nanowires-based AR coatings is mainly due to the high light absorption of the ZnO and TiO2, 

which prevent light to pass to the active region of the solar cell. The increase of the optical bandgap of 

the nanosheets due to the incorporation of Al atoms improves the optical transmittance, enhancing the 

solar cell performance. 
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