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SUMMARY 

 

Superhydrophobic surfaces, which display water contact angles of larger than 

150°, have attracted more and more attention due to their importance in both fundamental 

research and practical applications. This dissertation is mainly focused on the 

fundamental understanding and applications of superhydrophobic surfaces.   

First, superoleophobic Si surface was fabricated by metal-assisted chemical 

etching. The geometry shape of the etched Si was controlled by the etching time and 

etchant concentration. Compared to Young’s contact angle, the apparent contact angles of 

low surface energy liquids showed a transition from a Cassie to a Wenzel state when 

different silane treatments were applied to the silicon surface. The relationship between 

the re-entrant angles of etched surface structures and the contact angle transition between 

Cassie and Wenzel behavior on etched Si (111) surfaces was demonstrated. 

In addition, robust porous superhydrophobic SiC was fabricated by a combination 

of Pt-assisted etching and reactive ion etching. It was found that the surface roughness of 

combined etchings increased dramatically comparing with metal-assisted etching or 

reactive ion etching only. The superhydrophobicity of the SiC surface showed a good 

long-term stability in temperature-humidity chamber, and the pH values showed little 

effect on the superhydrophobicity of SiC surface. In addition, enhancement of porosity-

induced photoluminescence intensity was found in the superhydrophobic SiC samples. 

Such surfaces may have a great potential for microfluid device, thermal ground plane and 

biosensor applications. 

This study also explores the reversible transition between superhydrophobicity and 

superhydrophilicity on a ZnO nanorod/epoxy composite film. The epoxy resin serves as 

an adhesion and stress relief layer, and leads to improved mechanical robustness. The 
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ZnO nanorods were exposed after oxygen reactive ion etching of the epoxy matrix. A 

subsequent chemical treatment with fluoroalkyl and alkyl silanes resulted in a 

superhydrophobic surface with a water contact angle up to 157.8° and a hysteresis as low 

as 1.3°. Under UV irradiation, the water contact angle decreased gradually, and the 

surface eventually became superhydrophilic because of the UV induced decomposition of 

alkyl silanes and hydroxyl absorption on ZnO surfaces. A reversible transition of surface 

wettability was realized by alternations of UV illumination and surface treatment.  

Based on the study of superhydrophobic surfaces, we explored the application of 

superhydrophobic surfaces in electronic packaging. Superhydrophobic silica/epoxy 

nanocomposite coating serves as an encapsulant to improve the electronic device 

reliability. Such superhydrophobic coating showed good stability under humidity at 

elevated temperatures and was applied on the triple track resistors test coupons. It was 

found that the self-cleaning encapsulant can successfully improve the test device 

reliability, and the coated TTR showed less degradation of resistance and leakage current 

in the temperature humidity bias test. In addition, the effect of epoxy resin on reliability 

improvement was studied. 

We further explored the applications of superhydrophobic surfaces in solar cells. 

Two multi-functional solar cells with self-cleaning, low reflection and high efficiency 

properties were built up by coating or etching methods. First, a novel hierarchical 

structure integrating ZnO nanowire arrays on Si micropyramids was employed as an 

effective anti-reflection layer for improving the energy conversion efficiency. This 

structure displayes a broadband reflection suppression in the 300-1200 nm range, with an 

average weighted reflectance of 3.2%. A cost effective screen printed solar cell was 

fabricated based on this hierarchical structure. A conversion efficiency of 16.0 % was 

obtained, which is the highest for any solar cell fabricated using ZnO nanostructures as 

the antireflection coating layer. In addition, a surface modification enabled a self-

cleaning property for solar cells. Second, hierarchical textured silicon was explored for 
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large scale, low reflection, and self-cleaning solar cells, which was constructed from 

micropyramids with nanostructures added by Au-assisted electroless chemical etching. A 

front average weighted reflectance of 1.4%, which is one of the lowest values of reported 

black Si solar cells. The effect of micro and nano scale roughness on light reflection 

suppression was studied. A conversion efficiency of 8.1% of solar cells was obtained, and 

it was further improved to 16.5% after surface passivation of Al2O3 and SiN.  
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CHAPTER 1  

                                     INTRODUCTION 

 

 This chapter gives a brief introduction of superhydrophobic surfaces, methods to 

make superhydrophobic surfaces and potential applications of superhydrophobic 

surfaces.  

 

1.1 Introduction of superhydrophobic surfaces 

The surface wettability is a very important property for solid materials, which is 

determined by the balance between the adhesive and cohesive forces.[1-2] The Young’s 

equation describes the surface wetting behavior of a liquid on a perfectly flat and rigid 

surface.[3]  

                   

in which                are the surface energies between solid and liquid, liquid and 

gas, and solid and gas.      can be estimated by  

                   ∗     

The contact angle (CA, θc), as shown in Figure 1.1, is the angle between the liquid–

vapor interface and the solid–liquid interface.  

 

Figure 1.1 Contact angle of a liquid droplet wetted to a rigid solid surface. [4] 
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When the CA is larger than 90°, the surface is considered hydrophobic; when the 

CA is smaller than 90°, the surface is considered hydrophilic. The static CA is close to 

Young’s contact angle θY for a flat surface.  

For rough surfaces, Wenzel model and Cassie–Baxter model are used to describe 

homogeneous wetting and heterogeneous wetting regime respectively (Figure 1.2).[5] 

The Wenzel model can be described by the following equation:[6] 

     ∗           

Where θ* is the apparent contact angle which corresponds to the stable equilibrium 

state (i.e. minimum free energy state for the system). The roughness ratio r is defined as 

the ratio of the actual area of the solid surface to the apparent area. The Wenzel model 

predicts how the surface roughness affects the wettability. If r is larger than 1, a 

hydrophilic surface will become more hydrophilic, and a hydrophobic surface will 

become more hydrophobic.  

For hydrophobic surfaces, when surface roughness increases or surface 

hydrophobicity increases, the water is unlikely to wet the solid surface following the 

topography. Instead air will be trapped between the water and solid surface. Such 

phenomenon is described by Cassie model.[7] The Cassie-Baxter equation is  

     ∗                  

where f is the fraction of solid surface wetted by the liquid. The decrease of f will result 

in an increase of  ∗, and lead to a superhydrophobic surface.  
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Figure 1.2 Illustrations of Wenzel (top) and Cassie (bottom) States [8] 

 

Tsujii’s group compared contact angles θf on rough surfaces with contact angles on 

a flat surface, which is close to the θY (Figure 1.3).[9] The comparison was performed 

using different liquids to vary θ on the solid surface. Cos θf
  
is

 
plotted as a function of Cos 

θ, showing the effect of surface roughness. The curve corresponds to the Wenzel state 

and Cassie state, which intersect at one critical angle θc. [8, 10-11] 
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When θY < θc, the Wenzel state is thermodynamically more favorable. When θY > θc, 

the Cassie state is thermodynamically more favorable.  

 

Figure 1.3 Cosine θ∗( apparent contact angle) on a textured surface, as a function of the 

cosine θ (Young contact angle) measured on the same surface, yet flat.[3] 

 

Superhydrophobic surfaces usually have water CAs greater than 150°, and CA 

hysteresis smaller than 10°.[12-17] The advancing contact angle is the maximum stable 

angle, whereas the receding contact angle is the minimum stable angle (Figure 1.4).  The 

difference between advancing CA and receding CA is called contact angle hysteresis. CA 

hysteresis is essentially the displacement of a contact line by either expansion or 

retraction of the droplet. 
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Figure 1.4 Images of advancing angle and receding angle.[18] 

Within the last decade, the amazing water repellent properties of many biological 

surfaces, especially lotus leaves, have attracted great research interest. It is referred to as 

the lotus effect.
 
The lotus effect is first exploited for technical applications by Professor 

Wilhelm Barthlott from the University of Bonn.[19] The lotus effect implies two 

characteristic properties: superhydrophobicity and self-cleaning. The lotus leaves have 

water CA of 161°, and CA hysteresis of 2°. The self-cleaning of the lotus effect means 

that particles of dirt can be rolled off and removed by water droplet from the surface with 

a low tilting angle (<10˚) as shown in Figure 1.5b. As a comparison, for a common 

surface shown in Figure 1.5a, the dust particles on the surface cannot be so effectively 

cleaned. 



 6 

 

Figure 1.5 The self-cleaning mechanisms for lotus-effect surfaces[20] 

 

 

Lotuses leaves have very fine surface structures and are coated with hydrophobic 

wax crystals of several nanometers in diameter. Surfaces that are rough on the nanoscale 

tend to be more hydrophobic than smooth surfaces because of the reduced contact area 

between water and solid. For the lotus plant leaves, the actual contact area is only 2-3% 

of the droplet-covered surface. Figure 1.6 shows the surface structure of a 

superhydrophobic lotus leaf. 

 

Figure 1.6 Surface structure of a lotus leaf.[21] 
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Naturally occurring superhydrophobic surfaces can also be found in some insects 

and plants, such as butterfly wings, strider’s legs and cicada’s wings (Figure 1.7).[22] 

From all these examples, it can be found that in order to achieve superhydrophobicity, 

surfaces usually have hierarchical structures in micro and nano scales, and at the same 

time with low surface energy.[23] The reported lowest surface energy material has a 

close-packed, uniformly organized array of trifluoromethyl groups (-CF3), which has a 

surface energy of ~6 mN/m (Surfaces of Fluorinated Polymer Systems).[24] Such surface 

displays θY of ~120°, which is the highest water CA that can be obtained on flat surfaces. 

These two characteristics may be combined together to achieve self-cleaning surfaces.  

 

Figure 1.7 SEM images of micro or nano structure naturally occurring 

superhyodrophobic surfaces (a and b) butterfly wings,[25] (c and d) strider’s legs [26] (e 

and f) cicada’s wings.[27] 
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1.2 Fabrication of superhydrophobic surfaces 

In order to generate superhydrophobic surfaces, surface roughness and low surface 

energy are two essential conditions. The approaches to prepare superhydrophobic 

surfaces are mainly top-down and bottom-up methods.  Top-down approaches include 

lithography, etching, micromachining, and templating, etc. Bottom-up approaches 

include layer-by-layer assembly, chemical vapor deposition, sol-gel method, etc.  More 

detailed information of each method will be addressed in the following section. 

 

1.2.1 Top-down approach 

In this part, we will introduce some commonly used top-down methods for 

fabricating superhydrophobic surface, such as templating method, photolithography 

method,  plasma etching method, metal-assisted etching method, etc. 

 

1.2.1.1  Templating 

Templating method uses a patterned material as a replication template to replicate 

the features, followed by lifting off or dissolution the templates. Many studies have been 

reported using templating method to generate superhydrophobic surfaces.[28-31] 

Sun M. H. et al. fabricated artificial lotus leaf by nanocating technology (Figure 

1.8).[31] They used poly(dimethylsiloxane) (PDMS) as surface geometry negative 

template to replicate the lotus leaf structure, then using negative template for a second 

time replication. Anti-stick monolayer trimethylchlorosilane was applied as a releasing 

agent for PDMS. The surface structure of lotus leaf was replicated with high fidelity, 

including both micro and nano texturing on it. The contact angle on the positive replica 

was 160°, and contact angle hysteresis was 2°. But the contact angle on the negative 

replica was only 110°. By the templating approach, very complicated topographic pattern 

was replicated and superhydrophobicity was achieved. 
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Figure 1.8 Illustration of lotus leaf replication process (a) SEM image of lotus leaf (b) 

SEM image of positive replica.[31] 

 

In Sheng X. L.’s study,[30] through-hole nanotemplates were used to prepare 

polymeric nanopatterns with different sizes and heights during anodic aluminum oxide 

(AAO) template extrusion (Figure 1.9). The high density polyethylene (HDPE) with 

various sizes was produced under heat and pressure. Different roughness was generated 

by tuning the diameters of template nanochannels. As a result, superhydrophobic HDPE 

nanofiber arrays were achieved with CA of ~160°. Such functional materials can be 

applied in the fields of agriculture, electronics, and optics. 
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Figure 1.9 Illustration of using AAO template for high-density polyethylene (HDPE) 

nanofiber extrusion (a) FE-SEM images of HDPE nanofiber surfaces top view and (b) 

cross-section.[30] 

 

 

1.2.1.2 Lithography 

Lithography methods such as nanosphere lithography, electron-beam lithography, 

X-ray lithography, have been used to generate desirable features to the substrate.[32-34] 

The size, spacing, and shape of the texturing can be controlled by the lithography 

process. The textured surfaces are further coated by low surface energy materials to 

generate superhydrophobicity.  

Nanosphere lithography can pattern large scale nanosphere arrays, and form 

periodic nanostructure after plasma etching.  Shiu J. Y. et al. used spin coating method to 

form close packed polystyrene (PS) arrays, which was then coated with a gold film and 

modified with octadecanethiol (Figure 1.10).[33] The water contact angle of the PS 
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arrays increased from 132° to 168° for 440 nm to 190 nm diameter PS arrays. The water 

contact angle measured on the gold/ODT-modified double layer PS arrays is ~ 170°. 

 

Figure 1.10 (left) SEM image of double-layer polystyrene surface after oxygen plasma 

treatment. (right) SEM images of polystyrene beads. The insets are the water contact 

angle measurement on the surfaces. The diameters of polystyrene beads and water 

contact angles are (a) 400 nm, 135°, (b) 360 nm, 144°, (c) 330 nm, 152°, and (d) 190 nm, 

168°. The scale bars are 1 µm.[33] 

 

Electron-beam lithography is another method for creating very small structures in 

the resist that can subsequently be transferred to the substrate material. The advantage is 

that it can generate desirable geometric features with better control of size, spacing, and 

shape, and make features even in the nanometer regime. By electron-beam lithography 

technology, macroscopic hierarchical superhydrophobic surfaces were fabricated (Figure 

1.11).[34] The primary and the secondary structures are well controlled, and the 

structure-property relations of superhydrophobicity can be quantitatively studied.  The 

effect of hierarchical surface structures on wetting and adhesion has been studied 

systematically. It was found that the advancing CA is insensitive to the spacing, shape, or 

distribution of the secondary-features. The receding CA of low-adhesion surfaces does 

not exhibit clear dependency on the secondary-feature spacing, and the receding CA of 

high-adhesion surfaces increases by approximately 3° per 100 nm increase in secondary-

feature spacing.[34] 
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Figure 1.11 (a) Images of the hierarchical surfaces produced by a single electron beam 

lithography -exposure and double EBL-exposure process. (b) Demonstration of 

superhydrophobic surface with 2 mm linear dimension (c and d) Double EBL-exposure 

sample with secondary ridges. The primary blocks are with the dimension of about 10 μ 

m × 10 μ m × 8 μ m. The secondary ridges have a 70 nm width and 200 nm periods.[34] 

 

 

Hong L. F. et al. fabricated photopatternable superhydrophobic films by spray 

coating and thermal immobilization of polytetrafluoroethylene (PTFE) nanoparticles on 

SU-8 polymer matrix (Figure 1.12).[35] A minimal feature resolution of 10 μm has been 

achieved using the standard photolithography approach. The film displays high water 

contact angle of 165°, low contact angle hysteresis, and high optical transparency of 80%. 
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Figure 1.12 SEM images of the superhydrophobic photopatternable PTFE/SU-8 

nanocomposite coating (Scale bars in (a)–(c): 100 μm; in (d): 50 μm). (e) Contact-angle 

measurements for different thicknesses PTFE nanoparticle layers. (f) Illustrations of 

fabrication processes to achieve photo-patternable superhydrophobic nanocomposite 

coatings.[35] 

 

 

 

1.2.1.3 Metal-Assisted Chemical Etching 

Metal-assisted chemical etching is a low cost method for fabricating various Si 

nanostructures (nanowires, pores, etc.) and has attracted more and more attention.[36-42] 

In a typical metal-assisted chemical etching process, a thin layer of noble metal is 

deposited on Si, and the Si substrate is etched in a solution containing HF and an 
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oxidative agent.  In the etching process, H2O2 is reduced at the metal and cathode 

reaction happens.  

                       

             

At the anode, the Si substrate is oxidized by the injected holes and dissolved, 

generating hydrofluorosilicic acid.  

                           

                    

Metal-assisted chemical etching has been widely used to fabricate straight and well-

defined Si pores or wires with diameters as small as 5 nm or as large as 1μm. Surface 

roughness is formed by controlling of the metal particle density, etchant concentration 

and other etching conditions. For example, superhydrophobic Si nanowires were 

fabricated by metal-assisted chemical etching and rapid thermal annealing.[43] After 

metal-assisted chemical etching, the thermal annealing process in oxygen ambient forms 

siloxane groups on the Si NW surfaces, and lead to significant increase of contact angle 

to 154.3°. When exposed to air, the contact angle reduces to 0°, due to the re-formation 

of silanol groups. The wettability conversion of Si NWs between superhydrophobicity to 

superhydrophilicity was repeated (Figure 1.13). 
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Figure 1.13 (a and b) SEM cross sectional and top view images of Si nanowire arrays by 

metal-assisted chemical etching (c) Water contact angle images of fabricated and rapid 

thermal annealing treated Si NWs (d) A schematic of the hydrophilic (silanol) and 

hydrophobic (siloxane) groups formed on Si nanowires.[43] 

 

 

1.2.1.4 Plasma Etching 

Plasma etching is a dry etching process that reactive atoms or ions are generated by 

a gas discharge. Oxygen plasma etching has been widely used for polymer etching, which 

does not require high temperature, and can be used for large scale production (depending 

on the size of the plasma chamber) with short processing time.[44-46] For example, 
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superhydrophobic and optical transparent poly(ethylene naphthalate) and polystyrene 

were fabricated by plasma etching and  organosilanes or fluorocarbon coating.[47]  

 

 

Figure 1.14 (a-c) Fabrication process of superhydrophobic Si. (d and e) SEM 

micrographs of the Si surface after deep reactive ion etching and SF6 plasma etching.[47] 

 

Fluorine containing plasmas, such as CF4, SF6, NF3, ClF3, have been used to etch 

Si.[48] The anisotropic etching process can generate deep grooves or walls. For example, 

high aspect ratio (5-50) Si nanograss can be fabricated by fluorine based deep reaction 

ion etching process, followed by fluorocarbon coating for superhydrophobic 

nanostructured silicon surface (Figure 1.14d). Moreover, the roughness on Si wafer can 

be generated by plasma etching combined with lithography. As shown in Figure 1.14 (a-

c, and e), surface roughness on Si was generated by over etching of photoresist by SF6 

plasma treatment.  Fluorocarbon layer was coated to further lower the surface energy. As 
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a result, superhydrophobic Si surface was produced with water contact angle of up to 

170°.[49-50] 

 

1.2.2 Bottom-up approach 

Comparing with top-down method, bottom-up method involves more complex 

integration of different components. In this part, we will briefly introduce the typical 

bottom up methods such as layer-by-layer deposition, chemical vapor deposition and sol-

gel method. 

 

1.2.2.1 Lay-by-layer deposition 

Layer-by-layer self-assembly processes are widely used for surface modification 

by alternately depositing positively and negatively charged polymers. The advantage is 

the easy process and precise control of the layer thickness. This technique is suitable for 

large area superhydrophobic film deposition.  

Li Y. et al. reported the fabrication of highly transparent superhydrophobic films 

by layer-by-layer deposition (Figure 1.15).[51] The layer-by-layer deposition of 

poly(allylamine hydrochloride) (PAH)/SiO2 nanoparticle films on top of the 

poly(diallyldimethylammonium chloride) (PDDA)-silicate/ poly(acrylic acid) (PAA) 

film, followed by calcination and chemical vapor deposition of a layer of 

fluoroalkylsilane. The nanosilica serves as antireflection layer to improve the 

transparency.  
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Figure 1.15 (a-b) Top-view and cross section SEM images of a (PDDA-silicate/PAA) 

×12 /(PAH/SiO2) ×4 film deposited on a quartz substrate after calcination. (c) UV-Vis 

transmission spectra of films on quartz substrates. a. Calcined (PDDA-silicate/PAA) ×12 

film; b. calcined (PDDA-silicate/PAA) ×12/(PAH/SiO2) ×4 film; c. the film after CVD of 

a 1H,1H,2H,2H-perfluorooctyltriethoxysilane layer; d. bare quartz.[51] 

 

 

1.2.2.2 Chemical vapor deposition  

Chemical vapor deposition can be combined with photolithography to generate 

multi-scale roughness for superhydrophobic surfaces, such as carbon nanotube bundles, 

and Si nanowires. Zhu L. B. et al. fabricated two systems with double scale roughness: 

growing carbon nanotube arrays on patterned silicon wafers (Figure 1.16).[52] The 

surfaces are coated with 20 nm fluorocarbon films to lower the surface energy. 

Photolithography was used to pattern a silicon surface with microscale surface roughness, 
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and the nanoscale roughness on top decreases the contact angle hysteresis to less than 1°. 

Such surfaces can be potentially applied in microfluidic devices. 

 

Figure 1.16 Typical SEM images of CNT arrays on silicon substrates: (a-c) cylindrical 

CNT arrays with different dimensions; (d) as-grown CNT array surfaces.[52] 

 

Cao. L. L. et al. grew Si nanowires vertical to the etched Si(111) sidewall surfaces 

by chemical vapor deposition method (Figure 1.17).[53] Au nanoclusters were deposited 

onto the etched Si, and Si nanowires were grown with SiCl4 as the precursor and 

hydrogen gas (10% in argon by volume) as the carrier gas. The nanowires were grown at 

850°C via a vapor-liquid-solid mechanism. The static water contact angle of the 

hierarchical structure is around 160°. 
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Figure 1.17 SEM images (a) Si islands fabricated by etching a SiO2-masked Si(100). (b) 

Si nanowires grown on the Si islands. The scale bars are 5 µm.[53] 

 

 

1.2.2.3 Sol-gel method 

Sol-gel method is a simple and cost-effective process in which a colloidal solution 

(sol) that acts as the precursor for an integrated network (gel) of either discrete particles 

or network polymers. Sol-gel method can produce different oxide materials, such as SiO2, 

TiO2, Al2O3, etc.[54-55] 

Manca M. et al. fabricated anti-reflective surfaces by a double-layer coating with 

trimethylsiloxane (TMS) functionalized silica nanoparticles partially embedding in an 

organosilica binder matrix, which was produced by a sol-gel method.[56] These two 

layers turned into a monolithic film after thermal annealing, and the hydrophobic 

nanoparticles were permanently fixed to the glass substrate. Such surface showed high 

water contact angle of 168°, and stable self-cleaning effect after 2000 hours of outdoor 

exposure. It also showed good transparency of 93.6% at 500 nm (Figure 1.18). 
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Figure 1.18 (a) SEM images 5 wt% TMS-silica nanoparticles-containing solutions by 

spin coating. Scale bar, 200 nm. (b) Image of a superhydrophobic antireflective bilayer 

coating on a glass plate.[56] 

 

 

Yang S. Y. et al. prepared superhydrophobic polystyrene/SiO2 sol nanocomposite 

hybrids (PS-SIs). The process for the formation of PS-Sis is shown in Figure 1.19.[57] 

The methacryloxypropyltrimethoxysilane (MPS)-grafted colloidal SiO2 sols is produced 

first. Then PS-SIs is formed via free-radical polymerization using MPS-grafted colloidal 

silicate, styrene monomer, azoisobutyronitrile (AIBN) initiator, and dimethylformamide 

(DMF). Finally, surface etching technologies (SET) was employed to generate the rough 

surface by tetrahydrofuran (THF) and dodecanethiol solution. The surface is consisting of 

macro-cavities and nanotextures like the lotus surface. 
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Figure 1.19 (a) Illustration of the formation of the PS-SIs. SEM images of PS-SIs film 

(b) dip-etched by THF solution, and (c) treated by dodecanethiol solution with SET. Inset 

images are contact angle measurements.[57] 

 

 

1.3 Applications of superhydrophobic surfaces 

1.3.1 Anti-icing/fogging 

Ice or wet snow accumulation on solid substrate, such as airplane wings and 

electrical transmission lines, will lead to severe damages and can be costly to repair. Cao 

L. L. et al. demonstrated the anti-icing coating both in the lab condition and outside 

environments.[58] They found that the size of the particles in these composites is critical 

for preventing ice formation upon impact of supercooled water (“freezing rain”, 

“atmospheric icing”, or “impact ice”). Composites with particle size up to 10 µm are all 
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superhydrophobic, but ice only forms on surfaces with particle size larger than 50 nm. 

Since with particle size increases, the free energy barrier for heterogeneous nucleation 

decreases and icing probability increases.  In the outside environment testing, they coated 

the Al plate with the superhydrophobic composites with 50 nm silica particles, and it 

showed little ice accumulation after one week freezing rain (Figure 1.20).  The plate 

without coating was completely covered by ice. Similar phenomenon was also observed 

on testing of satellite dish antenna. 

 

 

Figure 1.20 Test of anti-icing properties in naturally occurring “freezing rain”. (a) 

Untreated aluminum plate. (b) aluminum plate coated with a superhydrophobic 

composite. (c-d) Satellite dish antenna [58] 

 

 

Superhydrophobic surface can also be applied as anti-fogging coating on 

transparent glass or plastics. Lai Y. K. et al. fabricated transparent and superhydrophobic 

films using titanate nanobelts by electrophoretic deposition (Figure 1,21).[59] The film 

showed superhydrophobic property and good anti-fogging performance. After taking out 

http://pubs.acs.org/action/showImage?doi=10.1021/la902882b&iName=master.img-006.jpg&type=master
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from a refrigerator (-4 °C) to the humid laboratory air (ca. 50% RH), the quartz slide was 

fogged immediately, while the coated quartz showed almost no frog accumulation.  

 

 

 

Figure 1.21 (a) Schematic process for synthesizing titanate nanobelts. (b) SEM image of 

(b) SEM images of superhydrophobic TNB/fluoroalkylsilane (FAS) film. The inset are 

water droplet image on the film surface. (c) Photograph of superhydrophilic coatings on 

ITO (bottom) and a control ITO substrate (upper) taken from a refrigerator to the humid 

laboratory air.[59] 

 

 

1.3.2 Anti-reflection for solar cells 

According to the International Energy Outlook 2008 Report (IEO Report),[60] 

world energy consumption is projected to grow by 50% by 2030, driven by the economic 

growth and expanding populations. We need more energy in the world to ensure adequate 

global energy supply. Compared to traditional energy sources (fossil fuels, nuclear, coals, 

etc.), solar energy is among the most long-lasting and environmentally friendly energy 

sources. Photovoltaic (PV) power, in particular, is one of the most benign forms of 

electrical power available. It is indispensable in energy production in spacecrafts and 
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satellites, and is becoming more widely used in consumer products, mainly because it 

produces no emissions and consumes no fuel, with no hazardous materials involved in 

PV systems. For the Roadmap case study in Figure 1.22, the annual solar electricity 

generation projected for 2030 is 360 billion kWh—the amount of electricity consumed by 

34 million households., which demonstrates the potential growth of PV system.  

 

 

Figure 1.22 Roadmap projections of solar electricity generation (in billion kWh/yr) from 

2000 to 2050 for the Baseline and Roadmap cases.[61] 

 

Currently, solar electric-generating devices available on market are mainly 

composed of crystalline silicon (95%, mainly single-crystalline and multi-crystalline Si) 

because of its relatively low cost and high efficiency compared to other PV materials.[62] 

A general PV module structure is shown in Figure 1.23. The cover glass provides the 

necessary mechanical protection (structural front configuration) while maintaining the 

transparency necessary for light to go through. The anti-reflection coating reduces the 

light reflection due to the high reflectance (~38%) on silicon surfaces. The contacts on 

front and back sides are for free carrier collection. In order to achieve higher efficiency, a 

series of techniques are employed such as structured front surfaces, antireflection layers 

(thin oxide), surface passivation etc., as shown in Figure 1.23. 
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Figure 1.23 General structure of a PV module. [63] 

There are two solar cell efficiency loss mechanisms: optical loss and electrical 

loss.[64-66] Light blocking is a very important practical factor for optical loss. For 

example, after deployment, particularly in high solar insolation area, there is always dust 

accumulation on the surface that may reduce the efficiency due to the light blocked by 

the dust particles. For applications of solar cells, maintenance is necessary to keep the 

junction boxes and wiring free from moisture and corrosion and to keep the surface of the 

panel clean enough to allow light through to the Si layers. When the scale of the solar cell 

increases, maintenance contributes as a main cost. Furthermore, dust build-up on the 

solar cell arrays is a significantly critical issue and the need for self-cleaning is 

imperative not only on earth, but also in outer space applications. For outer space 

applications, spacecrafts such as the Opportunity and the Spirit rovers to Mars had their 

power supplies reduced to below half of their original values due to accumulated dust 

blocking sunlight on the array windows. 

Many studies have been focused on applying self-cleaning functions to solar cells. 

For example, Zhu J. et al. fabricated novel p-i-n a-Si:H nanodome solar cells with self-

cleaning properties.[67] The nanocones were fabricated by Langmuir-Blodgett assembly 

of close packed monodisperse SiO2 nanoparticles followed by reactive ion etching. The 

nanodome solar cell was composed of Ag as a back reflector, transparent conducting 
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oxide (TCO) as both bottom and top electrode, as well as a thin a-Si:H active layer. The 

device has a power efficiency of 5.9%, and water contact angle of 141°. The self-cleaning 

effect of the solar cell was demonstrated by water droplet rolling off the dust from the 

surface. From figure 1.24, it was found that with dust accumulation on surface, the power 

efficiency drops by 20% due to the light blocking of dust particles. After the self-cleaning 

process, the power efficiency was recovered. Voc value remains the same during the 

whole process. 

 

 

http://pubs.acs.org/action/showImage?doi=10.1021/nl9034237&iName=master.img-000.jpg&type=master
http://pubs.acs.org/action/showImage?doi=10.1021/nl9034237&iName=master.img-003.jpg&type=master
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Figure 1.24 Nanodome a-Si:H solar cell structure. SEM images on (a) nanocone quartz 

substrate and (b) a-Si:H nanodome solar cells. The scale bar is 500 nm. (c) cross-

sectional structure of nanodome solar cells. (d) Schematic of the self-cleaning 

mechanism. (e) Change of FF, Jsc, Voc and power efficiency during a cycle of the self-

cleaning.[68] 

 

Min W. L. et al. used colloidal templating approaches to fabricate moth-eye anti-

reflection coating layer on Si and glass.[69] After an SF6 reactive ion etching and surface 

modification, high aspect ratio (up to 10) wafer-scale silicon pillars were produced with 

superhydrophobicity (Figure 1.25). The water contact angle can achieve 170° with self-

cleaning property. For bare Si wafer, it reflects > 30% of incident light. With moth-eye 

anti-reflection layer, a much lower light reflection is observed (<2.5%) over the whole 

spectrum. Such technology is very promising for developing self-cleaning anti-reflection 

layer of solar cells. 
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Figure 1.25 (A-D) The procedures for fabricating antireflective Si pillar arrays by using 

colloidal monolayer silica as etching template. (E) Experimental (solid) and simulated 

(dotted) specular reflection of a flat silicon wafer and etched silicon pillar array.[69] 

 

 

1.3.3 Friction reduction 

The frictional drag in pipe or tube can affect the transport of oil or liquid. 

Superhydrophobic surfaces can be potentially used for anti-friction or drag reduction in 

microfluid channels and microelectromechanical systems (MEMS). The 

superhydrophobic coating in channels can result in resistance reduction, energy saving 

and efficiency improvement of the system. For example, Choi C. H. et al. found that the 

superhydrophobic surfaces with nanograting structures not only reduce the friction in 

liquid flows under pressure but also enable directional control of the slip (Figure 

1.26).[70] 
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Figure 1.26 SEM image of a Si nanograting structure.[70] 

 

1.3.4 Water/oil separation 

The fuel spills such as in the 2010 Deepwater Horizon accident in the Gulf of 

Mexico lead to severe environmental issues, which raised the efforts for developing low 

cost system to remove oil contaminates in water.  Many studies have been conducted 

regarding the design of superhydrophobic and superoleophilic films for water and oil 

mixture separation. For example, Calcagnile P. et al. uses polyurethane foams modified 

with iron oxide nanoparticles and polytetrafluoroethylene sub-microparticles. The foam 

was found to effectively absorb the oil by using magnet.[71]  

 

Figure 1.27 Cleaning process of oil (colored by a blue dye) by polyurethane foams in 

water, using a weak magnet to move the foam.[71] 

 



 31 

Wang C. X. et al. utilized hierarchical structure of copper mesh by nitric acid 

etching and 1-hexadecanethiol modification. The mesh can be used to achieve diesel oil 

and water separation as shown in Figure 1.28. The water was rolled off and the oil was 

penetrated through the mesh.[72]  

 

Figure 1.28 Illustration of separation process of the mixture of diesel oil and water.[72] 

 

 

1.4 Challenge and Research Objectives 

1.4.1 Challenges  

As mentioned before, there are many approaches for fabricating superhydrophobic 

surfaces by controlling the surface structure and surface energy. But many challenges still 

exist, such as fabricating superoleophobic surfaces, surface coating with tunable or 

patterned wettability, robust superhydrophobic surfaces that can resist moisture, 

temperature, and abrasions, which may require more research efforts.   

 

1.4.1.1 Oil repellent 

One of the challenges for the self-cleaning surface is the oil contamination. 

Although self-cleaning surface can roll off or repel the water droplet, when oils (such as 

http://pubs.acs.org/action/showImage?doi=10.1021/am900520z&iName=master.img-007.jpg&type=master
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hexadecane, octanol etc.) was dipped on the surface, it will spread over the surface and 

have a contact angle of ~ 0°.  Therefore, it’s quite difficult to fabricate oleophobic or 

superoleophobic surfaces that can repel low surface energy oils. 

1.4.1.2 Electronic packaging applications 

Besides the previous mentioned potential applications for superhydrophobic 

surfaces, there are few studies reported about exploring applications of superhydrophobic 

surfaces in electronic packaging. In electronic packaging industry, moisture is an 

important factor that may affect the performance and reliability of microelectronics. 

When moisture diffuses into the devices, electrocorrosion may occur with the presence of 

mobile ions. 

1.4.1.3 Tunable wettability 

Modifying the surface wettability is very important for practical applications, such 

as inkjet printing, microfluid channels, etc. For those applications, both superhydrophobic 

(water contact angle larger than 150°) and superhydrophilic surfaces (water contact angle 

is almost 0°) are very useful. But it’s quite challenging to achieve tunable 

superhydrophobicity and superhydrophilicity on one substrate.  

1.4.1.4 The robustness of superhydrophobic surfaces 

The robustness of superhydrophobic surfaces includes stability in certain 

temperature, humidity environment, or even corrosive acid or base environment. Change 

of surface chemistry will lead to loss of superhydrophobicity and self-cleaning properties. 

So chemical species coated on surface should have strong chemical bonds under hostile 

environment in addition to low surface energy. Mechanical robustness is another 

important property for superhydrophobic surfaces in practical applications. The surface 

structure change under abrasion may affect the superhydrophobicty. For example, some 

of superhydrohobic surfaces made of inorganic materials, and the surface structures are 
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prone to mechanical damage under abrasion forces due to their brittle nature. Further 

investigation for improving mechanical robustness is quite necessary. 

 

 

1.4.2 Research objectives 

1.4.2.1 Understanding the structure effect on superolephobicity and transition between 

Wenzel and Cassie states 

Designing superoleophobic surfaces requires an understanding of the effect of 

geometrical shape of Si surfaces on the contact angle and hysteresis. Etching conditions 

such as etching time and etchant concentration were varied to generate different surface 

geometry and establish oleophobicity/superolephobicity. The relationship between the re-

entrant angle and the CA transition between Cassie and Wenzel behavior on etched Si 

(111) surfaces needs to be investigated. 

1.4.2.2 Developing robust superhydrophobic SiC surfaces 

Surface roughness control is very important for achieving superhydrophobicity. 

However, roughness control of SiC is very difficult due to the high chemical stability of 

Si-C bonds. We used combined etchings with metal assisted etching and reactive ion etching to 

modify surface roughness. The stability of superhydrophobic SiC surface in temperature humidity 

chamber, and also in acidic or basic solutions was studied. 

1.4.2.3 Investigating superhydrophobic-superhydrophilic reversible wettability coating 

Tuning the surface wettability is of great interest for both scientific research and 

practical applications, such as inkjet printing, and microfluid channels. By pattern 

superhydrophobic/superhydrophilic areas, water or ink will keep staying in the 

hydrophilic part.   We explore the reversible transition between superhydrophobicity and 

superhydrophilicity on a nanocomposite film. A reversible transition of surface 

wettability can be realized by alternation of UV illumination and surface treatment. 
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1.4.2.4 Exploring the applications of superhydrophobic surfaces in electronic packaging 

Moisture is one of the most detrimental factors to the reliability of microelectronics. 

Water repelling property such as superhydrophobicity is very demanding for low cost and 

high reliability microelectronic packaging solution. To improve the device reliability, a 

conformal coating of organic encapsulant is usually applied on the devices package. We 

explored low cost and robust superhydrophobic nanocomposites as encapsulant for 

microelectronics. 

1.4.2.5 Exploring the applications of superhydrophobic surfaces in solar cells 

In the practical application of solar cells, shading is an important practical issue for 

light absorption, because the dust accumulation on the solar panel surface may block the 

incident light and reduces the power output. Therefore, self-cleaning function was 

proposed to apply to the solar cell by surface functionlization, in order to reduce dust 

accumulation on the solar cell surface. At the same time, the hierarchical structure made 

by etching or coating technique leads to gradient change of refractive index, and 

effectively reduces the light reflection on the surface. These properties make the multi-

functional solar cells with low reflection, high efficiency and self-cleaning properties. 
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CHAPTER 2  

SILICON SURFACE STRUCTURE-CONTROLLED 

OLEOPHOBICITY 

 

 Superoleophobic surfaces display contact angles > 150
o
 with liquids that have 

lower surface energies than does water. The design of superoleophobic surfaces requires 

an understanding of the effect of geometrical shape of etched silicon surfaces on the 

contact angle and hysteresis observed when different liquids are brought into contact with 

these surfaces. This study used metal-assisted etching and various silane treatments to 

create superoleophobic surfaces on a Si (111) surface. Etching conditions such as etch 

time and etch solution concentration, played critical roles in establishing oleophobicity of 

Si (111). When compared to Young’s contact angle, the apparent contact angle showed a 

transition from a Cassie to a Wenzel state for low surface energy liquids as different 

silane treatments were applied to the silicon surface. These results demonstrated the 

relationship between the re-entrant angle of etched surface structures and the contact 

angle transition between Cassie and Wenzel behavior on etched Si (111) surfaces. 

 

2.1 Introduction 

Superhydrophobic surfaces are defined by their ability to display a contact angle 

with water (surface tension γlv = 72.1 mN/m) greater than 150° and hysteresis smaller 

than 10° [73]. Many natural surfaces show superhydrophobic properties, such as cicada 

wings [2], water strider legs [74], and gecko feet [5]. Lotus leaves are one of the most 

well known examples among naturally occurring superhydrophobic surfaces [75]. The 

structure of a lotus leaf consists of a combination of micro and nano roughness along 

with a low surface energy coating that yields a self-cleaning surface [76-77] commonly 
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referred to as “lotus effect”. This property has been widely mimicked by artificial 

structures that are used to reduce stiction in microelectromechanical systems (MEMS) 

[78], corrosion inhibition [79], and friction reduction [80].  

On a rough surface, two superhydrophobic states are usually observed: Wenzel’s 

state (complete wetting) and Cassie’s state (partial wetting) [81]. The Wenzel equation 

[6], Eqn (1), describes the effect of surface roughness on the water droplet contact angle: 

                                                  cos θA = r cos θY                                                             (1) 

where θA is the apparent contact angle on the rough surface, r is the ratio of the actual 

solid/liquid contact area to its vertical projected area, and θY is the contact angle on a flat 

surface defined by Young’s equation. As the roughness (r) increases, the contact angle 

also increases reflecting an increase in relative hydrophobicity. 

The Cassie equation [7] for a porous or composite surface, Eqn. (2), indicates that 

when the solid surface fraction f is decreased, the apparent contact angle increases.  

                                              cos θA = -1 + f (cos θY + 1)                                                  (2) 

Although water droplets could roll off lotus leaf surfaces, liquids with low surface 

tension such as hexadecane (γlv = 27.5 mN/m), wet the lotus leaf surface rapidly with a 

contact angle of ~ 0° [82]. In order to design a superhydrophobic/superoleophobic 

surface that resists wetting by low surface tension liquids, both surface energy and 

structure/roughness must be controlled [23, 83]. Fluoropolymer/fluorocarbon materials 

have one of the lowest surface energies available, which makes such coatings attractive 

for self-cleaning surfaces [9]. Geometrical shape at the interface with the wetting liquid is 

also critical in establishing superoleophobicity. Several studies have reported formation 

of superoleophobic surfaces by designing overhang or re-entrant structures. Extrand C. 

W. first theoretically analyzed the re-entrant structures which can be employed in 

oleophobic applications [84]. Tuteja et al. created re-entrant structures on electrospun 

polyhedral oligomeric silsesquioxane (POSS) fiber surfaces to achieve 

superoleophobicity [82]. Ahuja et al. reported that a nanonail topography showed 
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superoleophobic behavior and inhibited the transition between Cassie-Baxter and Wenzel 

states without external stimuli [85]. Similar structures could also be fabricated on porous 

Si films [86]. After coating with fluorinated organic molecules, the porous Si films 

became super oil-repellent to ethylene glycol and hexadecane with a contact angle greater 

than 150°. 

Although these studies indicated the importance of re-entrant structures in 

achieving superoleophobicity, they did not provide the evaluation of surface geometry 

and oleophobicity by the transition from a Cassie to a Wenzel state of different liquids in 

the wetting diagram, e.g., for ethylene glycol or hexadecane with low surface energies. In 

this study, we invoke metal-assisted etching and silane treatments to achieve 

superoleophobicity on Si (111); inclined surface geometrical structures were controlled 

by variation of etch conditions. Pyramid structures have been formed by KOH etching of 

Si (100) surfaces to allow further control/variation of the geometrical structures obtained. 

In addition, five different silanes have been employed to generate different surface 

coatings with varying surface energies. Results establish how surface geometry 

influences the hydrophobicity or oleophobicity of Si (111). 

 

2.2  Experimental Details 

In order to create oleophobic surfaces, Si (111) wafers were etched in HF/H2O2 by a 

metal-assisted etching technique. The Si (111) surface was first coated with Au 

nanoparticles by immersing it in an Au coating solution. The Au coating solution was 

prepared by dissolving 0.03 M KAuCl4 (99.995%) in a 10 wt % HF aqueous solution 

(EMD). Etching was then performed in the HF/H2O2 solution at room temperature for 

various times. Different concentrations of etching solution were employed; 1:5:10, 2:5:10 

and 3:5:10 volume ratios of 49% HF, 30% H2O2, and H2O. After etching, the Au 
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nanoparticles were removed by immersing the samples in KI/I2 solution (100 g KI and 25 

g I2 per 1L H2O) for 15 s.  

Si (100) pyramid structures were generated using n-type silicon (100) wafers with a 

resistivity of 3-10 Ω-cm. KOH etching was performed in a solution of KOH (3 wt%), 

water and isopropyl alcohol (20 vol% ) at 85˚C for 20-30 min. 

After forming the surface structures, surface fluorination was performed by 

treatment of etched Si (111), Si (100) pyramid, flat Si (111) and Si (100) wafers in five 

different silane solutions, which are 3 mM hexane solutions of 

aminopropyltriethoxysilane (APS), 3, 3, 3-trifluopropyl-trichlorosilane (TFPS), 

dodecyltrichlorosilane (DTS), octadecyltrichlorosilane (ODTS), and perfluorooctyl 

trichlorosilane (PFOS). The structured Si wafer was immersed in APS for 60 min and in 

other silane solutions for 30 min, followed by a heat treatment at 150 °C in air for 1 h, to 

complete the hydrophobic surface modification. 

Contact angle measurements of water, ethylene glycol and hexadecane were 

performed with a Rame-Hart goniometer with a charge-coupled device camera equipped 

for image capture. Scanning electron microscopy (SEM) LEO 1530 was used to 

investigate the surface morphology. 

 

2.3 Results and Discussion 

Etching mechanism investigations (Figure 2.1) have indicated that the 

concentrations of HF and H2O2 control the etching rate in the vicinity of the Au/Si 

contact (HF reacts with SiO2), and the concentration of H2O2 also determines hole 

injection, which is the controlling factor for surface hole concentration at the Au/Si 

contact [87-88]. Therefore, the H2O2 concentration controls the diameter of etched pits 

(provided that the Au nanoparticles are far away from each other) or the nanostructure 

size (when the Au nanoparticles are close to each other). In this way, surface structures 
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can be fabricated to establish the superhydrophobicity and superoleophobicity of Si 

surfaces. 

 

Figure 2.1Mechanism of metal-assisted chemical etching 

For low surface energy liquids such as oils, it is difficult to achieve a high contact 

angle even on surfaces with low surface energy. In order to achieve superoleophobicity, 

specific structures, such as the re-entrant geometries shown in Figure 2.2, are essential. 

The higher the re-entrant angle (Figure 1b, reentrant angle is 90˚), the higher the Laplace 

pressure force, which can effectively prevent the liquids from penetrating into the texture 

[84]. For oleophobic surface, the second scale roughness does not enhance the 

oleophobicity. Instead, it may increase the wettability of the surface due to the low 

surface energy of the liquids, resulting in a Wenzel state. In this situation, the re-entrant 

angle is critical in achieving the oleophobic/superoleophobic property. 
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Figure 2.2 Geometrical structures that can lead to superoleophobicity. 

Oleophobicity has typically been achieved through the formation of a composite 

interface (solid/oil and air/oil interfaces) on surfaces with re-reentrant structures. Figure 

2.3 illustrates the geometry of oil in contact with inclined walls. The Laplace pressure is 

important in maintaining a composite interface; the relationship between the Laplace 

pressure and the inclination angle α can be described by Eqn.(3) [84, 89] 
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                                  (3) 

where γ is the surface tension of the liquid, θY is Young’s contact angle of the liquid on a 

flat surface, α  is the inclination angle/re-entrant angle as shown in Figure 2.3, R0 is the 

half width between base edges of two adjacent inclined walls, and p is the pressure on the 

liquid side of the meniscus. The Laplace pressure is dependent on the surface tension of 

liquid γ, height h, width R0, Young’s contact angle θY, and inclination angle α. The higher 

the inclination angle α, the greater the reduction in Laplace pressure. In a metastable 

Cassie state, the Laplace pressure affects the hysteresis and can lead to a transition from a 

Cassie state to a Wenzel state. The transition pressure is related to the Laplace pressure 

that confines the droplet to the composite surface. For structured surfaces that are 

inclined relative to the vertical axis, equation (3) indicates that the transition will occur at 

a lower pressure relative to surfaces without an inclination.  

a b 
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Figure 2.3 Oil contact at surface structures with inclined walls. 

 

2.3.1 Effect of etchant solution concentration and etching time on hydrophobicity 

and oleophobicity 

In this study, Si (111) wafers were etched in a HF/H2O2/H2O solution for different 

times at room temperature, and then treated by fluoroalkylsilane (PFOS), and the effect 

of etch time and HF/H2O2/H2O solution concentration on surface hydrophobicity and 

oleophobicity were investigated. The surface morphology of etched Si with different 

etching time was shown in Figure 2.4. With an etch solution composition of 1:5:10 

HF/H2O2/H2O, the resulting surface structure showed superhydrophobicity and moderate 

oleophobicity to hexadecane, as shown in Figure 2.5.   
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Figure 2.4 SEM images of the surface morphologies from Au assisted etching of Si (111) 

surfaces; Si (111) etched in HF/H2O2/H2O (v/v/v 1:5:10) for a) 10 min, b) 30 min, c) 60 

min, and d) 180 min. 
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Figure 2.5 (a) Contact angles of water, ethylene glycol, and hexadecane on Si (111) 

surfaces generated by Au assisted etching in HF/H2O2/H2O (v/v/v 1:5:10) for different 

times at room temperature.(b) Contact angle hysteresis of water and ethylene glycol  on 

the etched Si (111) surfaces described in (a). 
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Since Si surfaces etched in 1:5:10 etchant solution did not display 

superoleophobicity with hexadecane, a higher HF etchant concentration 2:5:10 was 

employed. The contact angle and contact angle hysteresis data are shown in Figure 2.6. 

For water and ethylene glycol, both a high contact angle (>160°) and a low hysteresis (< 

3°) were achieved with appropriate etching time (~40 min etching). For hexadecane, a 

high contact angle of ~160° was also achieved when etching for 40 min. Under these 

etching conditions, the hexadecane droplet beads up and rolls-off the surface, which 

indicates that roll-off superoleophobicity and possibly self-cleaning of surfaces using 

hexadecane or other lyophobic liquids can be achieved using Au assisted Si etching with 

the 2:5:10 etchant solution. SEM cross-section examination of the Si(111) etched in 

2:5:10 solution  shows that the key parameter in achieving oleophobic phenomenon is the 

surface re-entrant angle. As shown in Table 2.1, the 40 min etch gives a re-entrant angle 

of ~54˚, which shows the best oleophobicity. Although 20 min etch shows similar re-

entrant angle of surface structures, the feature spacing and height are much smaller, 

which resulted in a limited oleophobicity. For the surfaces prepared from 120 min etch, 

both the feature spacing and height are large. However, the lack of consistent re-entrant 

structures on the surface resulted in oleophilicity for hexadecane, although 

superhydrophobicity was achieved. 
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Figure 2.6 (a) Contact angles of the surfaces etched by Au-assisted etching of Si (111) 

surfaces in HF/H2O2/H2O (v/v/v 2:5:10) solution for various times. (b) Contact angle 

hysteresis of water and ethylene glycol on the etched surfaces. 
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Table 2.1 Feature Size of textured Si (111) surfaces using Au assisted etching for 

different time, measured from SEM cross-section images. Si (111) surfaces were etched 

in HF/H2O2/H2O (v/v/v 2:5:10) solution. 

 

 

 

 

 

 

 

 

 

Surface morphologies of the etched Si (111) surfaces after different etching times 

are shown in Figure 2.7. When the etching time was larger than 20 minutes, re-entrant 

geometrical structures were observed. Table 2.1 indicates that the etch depth and distance 

between re-entrant units changed with the etching time. When the etching time was 40 

min, high density re-entrant structures and large etch depth were achieved; these 

geometrical structures resulted in superoleophobicity of the Si surface with hexadecane. 

However, when the etch time was greater than 60 min, the hexadecane contact angle 

decreased dramatically although the etch depth was larger than that observed for 40 min 

of etching. Similarly, contact angle results are likely due to the lack of re-entrant 

structures and the large distance between each structural unit; thus, oil can easily enter 

the gaps which yield a low contact angle with hexadecane. 

 

Etching time 
Spacing 

(μm) 

Height 

(μm) 

Re-entrant 

angle 

20min 3.5 12.7 ~54˚ 

40min 5.4 21.6 ~54˚ 

60min 6.9 28.1 0-30˚ 

120min 9.0 38.8 random 
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Figure 2.7 SEM images of the surface morphologies from Au assisted HF/H2O2/H2O 

etching on Si (111) surfaces; Si(111) etched in HF/H2O2/H2O (v/v/v 2:5:10) for a) 20 

min, b) 40 min, c) 60 min and d) 120 min 

 

An effective way to increase oleophobicity is to generate re-entrant angle structures, 

as shown in Figure 2.8, to increase the Laplace pressure. With an increase of inclination 

angle α, the Laplace pressure increases when the meniscus approaches the top of the 

structure (i.e., decreasing h). Oleophobicity therefore increases because additional air is 

trapped between the structures and the contact area is reduced, leading to an increase in 

apparent contact angle and reduced contact angle hysteresis. 
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Figure 2.8 SEM images of cross section from Au assisted HF/H2O2/H2O etching on Si 

(111) surfaces; Si(111) etched in HF/H2O2/H2O (v/v/v 2:5:10) for 40 min. The contact 

angle images of hexadecane are shown in the inset. 

 

When Si surfaces were etched using 3:5:10 HF/H2O2/H2O etchant, the structure 

generated showed superhydrophobicity and low hysteresis (< 10˚) for water droplets. As 

shown in Figure 2.9, the etched Si (111) displayed a Cassie state for ethylene glycol 

droplets when the etch time was more than 10 min. In addition, low contact angle 

hysteresis (< 10˚) was observed when the etch time was between 20 min and 40 min. For 

hexadecane, the surface displayed only a Wenzel state. The highest contact angle (133˚) 

was achieved when the etching was performed for 20 min, and the contact angle 

decreased significantly after 40 min, consistent with SEM results (Figure 2.10). With 

increased etching times, the re-entrant structures were not well formed on the Si surface. 

Especially on the top surfaces, the structures are mostly vertical rather than inclined, 

which is not effective for the generation of oleophobic surfaces, particularly for low 

surface energy liquids such as hexadecane. 
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Figure 2.9 (a) Contact angles of surfaces etched by Au-assisted etching of Si (111) in 

HF/H2O2/H2O (v/v/v 3:5:10) solution for water, ethylene glycol and hexadecane. (b) 

Contact angle hysteresis of the etched surfaces with water and ethylene glycol. 
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Figure 2.10 SEM images of the surface morphologies from Au assisted HF/H2O2/H2O 

etching of Si (111) surfaces; Si (111) etched in HF/H2O2/H2O (v/v/v 3:5:10) for a) 20 

min, b) 40 min, c) 60 min and d) 90 min 

 

2.3.2 Transition from Cassie state to Wenzel state 

Tsujii’s group compared contact angles θ
*

 on rough surfaces with contact angles 

observed on a flat surface, which is close to the Young’s contact angle θY [24, 90]. The 

comparison was performed using different liquids to vary θ on the solid surface. In our 

experiments, Si (111) surfaces were etched in 2:5:10 HF/H2O2/H2O etchant solution for 

40 min, and then treated with five different silane solutions to vary the surface energies 

(Figure 2.11). Contact angles of water, ethylene glycol, and hexadecane were then 

measured on both flat and rough surfaces (Table 2.2). Results indicated that the apparent 

contact angles θA for all three liquids depended monotonically on the Young’s contact 

angle θY. When θY was greater than 90º, the Si (111) surface showed 

hydrophobic/oleophobic behavior, and when θY was significantly smaller than 90º, it 
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showed hydrophilicity and oleophilicity; however, 

superhydrophobicity/superoleophobicity can still be observed if the surface is weakly 

hydrophilic (θY between 60 and 90º). The apparent contact angles of water were all 

greater than 160º (cos θA was close to -1) and showed superhydrophobicity for the five 

different silanes, which indicates that the surface corresponds to a metastable Cassie 

state. Figure 2.12 shows a wetting diagram (cos θA vs. cosθY) for water, ethylene glycol 

(EG) and hexadecane which displays the transition from a Cassie to a Wenzel state. For 

all three solvents, the data points collapse onto one curve which crosses the x-axis 

(cos(θA) = 0 or θ = 90
o
) at a Young’s contact angle of 58-62º. According to Eqn. (3), this 

angle represents the surface structure inclination angle (or re-entrant angle); that is, the 

curve describes the surface structure (reentrant angle). If the Young’s contact angle of a 

liquid on a surface is smaller than the structure inclination angle, the surface is in a 

Wenzel state, while surfaces with a Young’s contact angle greater than the inclination 

angle form a Cassie state and a liquid-repellent surface can be obtained. This 

phenomenon is characterized by a shift of the transition curve from crossing the x-axis at 

cos(θY) ~0 to ~0.5 as a result of the re-entrant angle structure effect. Enhanced 

hydrophobicity/oleophobicity can be achieved with the combination of re-entrant 

structure and low surface energy layers. For comparison, on surfaces with pyramidal 

microstructures (Figure 2.13), the curve of cos(θA) vs. cos(θY) crosses the x-axis near the 

plot origin (0, 0), as shown in Figure 2.14 and Table 2.3. Furthermore, the slope of this 

plot is gradual in contrast to measurements on re-entrant surface structures, where the 

change of apparent contact angle with Young’s contact angle is abrupt (Figure 2.14). The 

comparison of Figure 2.12 and 2.14 shows that the geometry is critical in achieving 

superoleophobicity since the same silane treatments were used for both textured Si (111) 

and textured Si (100) surfaces. Surfaces with re-entrant structure can effectively achieve 

superoleophobicity due to the amplified Laplace pressure demonstrated in eqn. (3). 
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Figure 2.11 Chemical Structures of five silanes used for surface hydrophobic treatment 

on Si wafers 
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Table 2.2 Young’s contact angle θY and apparent contact angles θA of  Si (111) surfaces 

using Au-assisted etching. Si (111) samples were etched in HF/H2O2/H2O solution (v/v/v 

2:5:10) for 40 min. 

 

 PFOS ODTS DTS 

 X(θY) Y(θA) X(θY) Y(θA) X(θY) Y(θA) 

H2O 112.4 163.3±1.3 105.4 162.9±2.3 92.3 163.2±1.9 

Ethylene 

glycol 
102.5 160.4±1.2 86.3 155.1±2.1 63.5 139.3±1.6 

Hexadecane 76.8 161.2±0.8 58.5 5.4±1.4 7.8 4.7±1.6 

 

 TFPS APS Untreated 

 X(θY) Y(θA) X(θY) Y(θA) X(θY) Y(θA) 

H2O 82.1 161.9±0.6 48.1 8.5±2.0 80.7 161.5±1.2 

Ethylene 

glycol 
61.7 17.2±2.3 31.3 8.1±2.0 53.5 5.1±1.4 

Hexadecane 29 4.8±1.1 4.3 3.8±0.9 5.5 0±0.2 
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Figure 2.12 Cosine of apparent contact angle θA on a textured Si (111) surface as a 

function of the Young’s angle θY. 
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Figure 2.13 Cross section of Si (100) pyramidal structures after KOH etching. 

Table 2.3 Young’s contact angle θY and apparent contact angles θA of Si (100) pyramid 

structures after KOH etching. 

 

 PFOS ODTS DTS 

 X(θY) Y(θA) X(θY) Y(θA) X(θY) Y(θA) 

H2O 115.6 137.4±0.9 105.7 124.6±0.1 99.5 118.9±0.6 

Ethylene 

glycol 
108.1 130.7±1.4 84.9 101.1±2.6 79.0 87.5±1.7 

Hexadecane 87.5 100.3±1.5 35.4 6.0±2.5 10.6 5.8±0.9 
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 TFPS APS Untreated 

 X(θY) Y(θA) X(θY) Y(θA) X(θY) Y(θA) 

H2O 88.5 106.1±0.2 54.7 64.5±2.0 75.0 80.2±1.2 

Ethylene 

glycol 
63.1 73.3±0.2 33.3 37.7±2.2 49.6 37.0±2.4 

Hexadecane 39.2 11.4±0.4 17.4 5.0±1.3 5.9 3.2±0.5 

 

 

 

 

Figure 2.14 Cosine of apparent contact angle θA on a pyramidal Si (100) surface as a 

function of the Young’s angle θY. 

 

2.4 Conclusions 

Superhydrophobicity and superoleophobicity on Si (111) surfaces were achieved by 

metal-assisted etching to form re-entrant geometrical structures followed by silane 
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plays a critical role in achieving oleophobicity and superoleophobicity. By controlling the 

surface structure shape to form re-entrant structures, oleophobicity/superoleophobicity 

can be achieved. A wetting diagram of cos θA vs. cos θY can be used to evaluate the 

oleophobicity/superoleophobicity of a structured surface by comparing the shift and 

shape of the curve (position where it crosses x-axis and the curve slope). A shift to higher 

cos(θY) signifies a surface with more robust superoleophobicity. Such information offers 

insight into the design of surfaces with specific oleophobic behavior. 
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CHAPTER 3   

A COMBINED ETCHING PROCESS TOWARD ROBUST 

SUPERHYDROPHOBIC SIC SURFACES 

 

 Large-scale porous silicon carbide (SiC) was fabricated by a combination of Pt-

assisted etching and reactive ion etching. It is found that the surface roughness of 

combined etchings increased dramatically comparing with metal assisted etching or 

reactive ion etching only. To reduce the surface energy, the porous SiC surface was 

functionalized with perfluorooctyl trichlorosilane, resulting in a superhydrophobic SiC 

surface with a contact angle of 169.2° and a hysteresis of 2.4°. The superhydrophobicity 

of the SiC surface showed a good long-term stability in an 85°C/85% humidity chamber. 

Such superhydrophobicity was also stable in acidic or basic solutions, and the pH values 

show little or no effect on the SiC surface status. In addition, enhancement of porosity-

induced photoluminescence intensity was found in the superhydrophobic SiC samples. 

The robust superhydrophobic SiC surfaces may have a great potential for microfluid 

device, thermal ground plane and biosensor applications. 

 

3.1 Introduction 

SiC has unique physical  properties such as wide bandgap, high breakdown electric 

fields, high electron saturation velocity, and high thermal conductivity.[91] It has 

promising applications for high power semiconductor microelectronics, bright blue LED 

photodiode, and sensors etc.[92-93] The reliability of SiC-based device is an important 

issue in practical applications, yet has rarely been addressed in literature. One of the 

general and most important issues for semiconductor device reliabilities is water/moisture 

uptake/absorption.[94] It has been proposed that introducing hydrophobicity or 
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superhydrophobicity to semiconductor surfaces will improve the device reliability and 

performance under hostile environments, such as high humidity, chemical contamination 

and thermal stress.[95]   

 

Superhydrophobic surfaces, which displaywater contact angles larger than 150° 

with self-cleaning properties,[73, 87] have been widely used in anti-stiction and anti-

contamination films in opto-electronics, biochemical sensors, and 

microelectromechanical systems (MEMS). To prepare a superhydrophobic SiC surface, 

surface chemistry and roughness are the two key factors to manipulate.[96-97] Surface 

chemistry of SiC can be tailored relatively easily by chemical modifications.
13

 In 

comparison, surface roughness control of SiC has been fairly difficult mainly due to the 

high chemical stability of Si-C bonds (Figure 3.1). Although superhydrophobicity has 

been reported for films/nets composed of surface-modified SiC nanowires on Si 

wafer,[98-99] where the surface roughness was realized by synthesized nanowires, no 

success has ever been reported on creating a superhydrophobic surface on a bulk SiC. 

 

Figure 3.1 The tetrahedral crystal structure of SiC. 

To generate desired surface roughness on a bulk SiC, wet chemical etching and dry 

etching are feasible.
1,

[100-101] Wet chemical etching of SiC can be realized in alkaline 

solutions at elevated temperatures, or with photoelectrochemical etching at room 

temperature.[91, 102-103] The need for high temperature (typically higher than 600 °C) 
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and electrical contacts in the anodization process limits the large-scale production of 

etched SiC.[104] Alternatively, electroless chemical etching with metal catalysts, called 

metal-assisted etching (MAE), has been developed.[101, 105] Platinum (Pt) is a typical 

catalyst for MAE of SiC.[106-107] Rittenhouse et al. 
20

 used a solution containing HF 

and K2S2O8 as the etchant to generate porous SiC structure. In the Pt-assisted etching 

process, UV illumination injects holes in the valence band of SiC, and then the holes are 

involved in the oxidation process.  

Being different from the wet chemical etching, dry etching such as reactive ion 

etching (RIE)[108] has  the capability of etching SiC precisely and anisotropically in both 

large and small dimensions.[109] RIE in fluorinated plasma has been widely applied for 

electronic device fabrication at room temperature. Both physical and chemical processes 

occur during the etching. It is reported that SiC RIE in fluorine-based plasmas produce 

anisotropic etching and submicron patterning with etching rate 100-1000Å/min. The 

etchant gases such as CHF3, CBrF4, CF4, SF6, and NF3 are commonly used.[109]  

In the present study, we develop an efficient etching method by combining MAE 

and RIE, which can be used for large-scale fabrication of porous SiC surface. The surface 

roughness and air trapping volume are enhanced significantly through the combined 

etching. After surface functionalization of the etched SiC with 

perfluorooctyltrichlorosilane (PFOS), the contact angle increases up to~170° with a small 

contact angle hysteresis of 2.4°. The superhydrophobicity of SiC surface is highly stable 

under hostile environment, such as in an 85°C/85% humidity chamber and corrosive 

acid/base solutions. Moreover, the luminescent intensity of porous superhydrophobic SiC 

is enhanced comparing with the pristine bulk SiC. 
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3.2 Experimental details 

The Pt-assisted etching was performed using HF and K2S2O8 etchant at room 

temperature. 10 nm Pt was coated on 6H n-type SiC wafer using e-beam evaporation 

method. The wet etchant used was concentrated HF etchant consisting of 6.3 M HF and 

0.1 M K2S2O8. Ultraviolet irradiation, required to form the porous morphology, was 

applied using a 150W Hg arc-lamp. The arc-lamp emission was filtered to expose the 

wafer to ca. 32 mW/cm
2
 at full spectrum. The distance between arc-lamp and SiC 

substrate is 10 cm. After etching, the remaining Pt was removed by sonication in aqua 

regia for 30 min. 

RIE was conducted on SiC in a Plasma Thermal Reactive Ion Etcher using 

fluorinated gas SF6 and noble gas argon. Etching was operated at 50 mTorr pressure and 

150 W power for 30 min. Etching gases were SF6:Ar = 1:3 (10 sccm SF6 and 30 sccm 

Ar). After etching, wafers were cleaned in ethanol. 

A 3 mM solution of PFOS in hexane was used for hydrophobic treatment.  

Specifically, the etched silicon carbide wafers were immersed in the solution for 30 min 

followed by a heat treatment at 150 °C in air for 1 h to complete the hydrophobic surface 

modification. Contact angle measurements were performed with a Rame-Hart goniometer 

that had a CCD camera equipped for image capture. Leo 1530 scanning electron 

microscope (SEM) and Veeco Dimension 3100 atomic force microscope (AFM) was 

used to measure the surface morphology and roughness of porous SiC samples. Thermo 

K-Alpha X-ray photoelectron spectroscopy (XPS) was carried out for element 

composition and analysis. The fitting to XPS data was analyzed by XPSPEAK41 

software. Photoluminescence was measured in a Shimadzu FP-5301PC 

spectrofluorometer. 
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3.3 Results and Discussion 

In the MAE process, Pt was deposited on SiC, which assists the chemical etching of 

SiC in the solution of HF and K2S2O8 under UV irradiation. The proposed mechanism is 

described as follows: 

Cathode (Pt): 

     
   

             
             

     

    
                 

   

Anode (n-tpye SiC): 

                            

                       

Overall: 

     
                    

                  

The photochemistry of peroxydisulfide was reported by Bardwell et al.[110] The 

portion in the UV light with wavelength shorter than 310 nm generates sulfate radicals 

from peroxydisulfide. The sulfate radicals are catalytically reduced at the surface of the 

Pt nanoparticles by obtaining electrons, which generates holes in the valence band of SiC. 

The holes in the SiC are chemically equivalent to dangling bonds. The dangling bonds 

are attacked by H2O, which is a nucleophilic species. The resulting SiO2 can be easily 

dissolved/etched by HF.[111]  

3.3.1 Surface morphology and roughness 

The surface morphology has a great influence on the hydrophobicity. SEM and 

AFM were used as primary tools to investigate the surface morphology and roughness. 

The pore size and etching depth are studied and discussed in detail to elucidate the 

characteristics of MAE and RIE in producing surface roughness on SiC.  

SEM and AFM analysis in Figures 3.2 and 3.3 show a porous SiC surface after 

MAE, and the porosity existed mainly in the near-surface region, confirmed by a small 
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peak to valley depth (Table 3.1). It is found that the surface roughness increased with the 

etching time (Table 3.2). The mean roughness (Ra) and root mean square roughness (Rq) 

were both ~ 10 nm after 60 min’s etching. The average feature size of pores was around 

150 nm.  

 

Figure 3.2 SEM images of SiC using different etching methods (a) MAE (b) RIE (c) 

combined MAE and RIE 

 



 64 

 

Figure 3.3 Three dimensional and one dimensional AFM images of SiC using different 

etching methods (a) MAE, (b) RIE and (c) combined MAE and RIE 
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Table 3.1 Roughness of textured SiC using different etching methods measured by AFM 

 

Etching 

method 

 

Root mean square 

roughness (Rq) 

(nm) 

Mean roughness 

(Ra) (nm) 

Maximum peak to 

valley height (Rmax) 

(nm) 

MAE only 9.11 7.68 55 

RIE only 41.9 33.2 340 

MAE + RIE 72.3 59 471 

 

Table 3.2 Surface roughness of Pt-assisted etching of SiC for different time 

 

Etching time 
MAE-SiC 

RMS roughness (Rq) (nm) Mean roughness (Ra) (nm) 

15min 1.34 0.93 

30min 4.24 2.62 

60min 9.11 7.68 

 

Reactive ion etching on SiC was conducted using fluorinated gas SF6 and Ar. Ar, a 

typical noble gas, is added to facilitate the ignition of plasma and to enhance the ion 

assisted component of the etching. Some reports indicate that the addition of noble gas 

enables more efficient power deposition and greater ion/radical production, which also 

helps increase the sheath potential for larger self-biases under the same gas pressure 

[112-113] . Comparing with MAE, RIE generates a higher density of porous structure 

and larger etching depth. The Ra was ~40 nm when etching time was 30 min, and the 

maximum peak to valley height (Rmax) increased to 340 nm comparing with 55 nm of 

MAE. The averaged pore size was about 50 nm. 
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To fabricate superhydrophobic SiC surfaces, it’s essential to control the surface 

roughness and morphology. Therefore we combined two etching methods to increase the 

surface roughness significantly. Since the feature surface (e.g. along the wall) by MAE 

etching may have more dangling bonds; so the exposed surfaces that are generated by the 

MAE etching but locate beneath the top surface may exhibit higher chemical reactivity. 

Therefore the etching depth of combined etchings was greatly enhanced comparing with 

RIE or MAE only. The Rq and Rmax are 72.3 and 471 nm, respectively. Moreover, the 

pore size increased to ~100 nm, which allows more air trapped within the unit structures.  

 

3.3.2 Hydrophobic treatment 

The silane treatment was performed to further lower the surface energy of porous 

SiC (Figure 3.4).   The surface treatment of PFOS is critical to achieve superhydrophobic 

surfaces. XPS was used to study the surface chemical composition before and after silane 

treatment. Figure 3.5 shows the XPS survey of porous SiC with combined etchings 

before and after hydrophobic treatment. The Si, C, O and F peaks have been identified in 

both untreated and treated SiC spectra. The O1s peaks of ~ 533.3 eV indicates that the 

surface oxygen exists in the form of hydroxyls, which are capable of reacting with PFOS. 

The F1s peak in untreated SiC may be due to the etchant residual (HF or H2SiF6). After 

treatment, the F1s peak becomes intense as a result of the introduction of PFOS layer 

which contains CF2 and CF3 groups. The existence of PFOS layer is also confirmed by 

high resolution C1s spectra as show in Figure 3.6. Before treatment, only peaks from SiC 

(283.4 eV) and CH2 (285.6 eV) groups are observed. After treatment, new peaks of 293.9 

eV and 291.6 eV appear which can be attributed to CF3 and CF2 groups. Moreover, the 

peak of SiC is suppressed after treatment, possibly due to the dense PFOS coating.  
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Figure 3.4 Illustration of PFOS treatment on SiC 

 

 

 

Figure 3.5 XPS survey of porous SiC before and after silane treatment 
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Figure 3.6 High resolution C1s spectra of (a) porous SiC before silane treatment, (b) 

porous SiC after silane treatment 
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We compared the contact angles on SiC fabricated by different etching methods. 

After hydrophobic treatment, the contact angle of MAE-SiC was 110.8°. For RIE-SiC, 

the contact angle was 168° with a large hysteresis of ~ 28.4°, as shown in Table 3.3. The 

high contact angle and contact angle and hysteresis indicate a combined Wenzel-Cassie 

state (drops that are partially in the Cassie and partially in the Wenzel state), which is 

probably due to the low etching depth. Thus there is not enough air trapped in the gap 

between etched structures to achieve low hysteresis superhydrophobicity. After combined 

etchings and silane treatment, the contact angle was 169.7° and hysteresis reduced to only 

2.4°. This low hysteresis indicates a Cassie state, and a self-cleaning porous SiC surface. 

The increased surface roughness and pore size greatly enhanced the air trapping volume 

within each unit structure, which contributes to the high contact angle and low contact 

angle hysteresis. 

Table 3.3 Contact angle and hysteresis of hydrophobic treated rough SiC surfaces 

 

 MAE RIE MAE + RIE 

Contact angle  

(degree) 
117.9 ± 1.1 168.1 ± 0.8 169.7 ± 0.9 

Contact angle hysteresis 

(degree) 
--- 28.4 ± 0.7 2.4 ± 0.2 

 

The effect of combined etchings could also be explained in terms of Laplace 

pressure. The Laplace pressure maintains a composite interface by confining the water at 

the air/water interface, which can be described as
9
 

       




tan

)cos(

0

0
hR

ppp



  

where γ is the surface tension of water, θ is Young’s contact angle of liquid on the 

surface, α is the inclination angle, h is the height as illustrated in Figure 3.7 (a), R0 is half 
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of the width between base edges of two adjacent inclined walls, p is the pressure on the 

liquid side of the meniscus, and p0 is atmospheric pressure.  

Superhydrophobicity is achieved through the formation of a composite interface 

(solid/water and air/water interfaces) with air trapped within the structure. The Laplace 

pressure can affect the hysteresis and the transition between a Cassie state and a Wenzel 

state. For two inclined walls with a certain inclination angle α and young’s contact angle, 

the increase of R0 or h increases the laplace pressure and allows more air trapping 

between unit structure, therefore prevents the meniscus approaches the structure bottom. 

As a result, surface hydrophobicity can be enhanced with an increased apparent contact 

angle and reduced contact angle hysteresis (reduced contact area). The Laplace pressure 

of RIE and combined etching are estimated to be 1.07×10
4 

Pa and 3.83×10
4 

Pa 

respectively. Comparing with RIE only, the combined etching increases both R0 and h, 

therefore Laplace pressure is increased (Figure 3.7 (b)) and contact angle hysteresis was 

reduced significantly. But we need to notice that the parameter R0 can’t be increased too 

much without increasing h, otherwise the central part of the droplet will touch the bottom 

of the structure, and the Cassie state will be lost. 
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Figure 3.7 (a) Water contact at surface structures with inclined walls (b) Laplace 

pressure (p) changes with height (h) and half width of two adjacent inclined walls (R0) 
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3.3.3 The robustness of superhydrophobic SiC  

In order to test the robustness of superhydrophobic surfaces, the superhydrophobic 

SiC were put in an 85/85 (85 ºC, 85% humidity) chamber. It is found that after four 

weeks the surface maintained the superhydrophobic property and showed water contact 

angle of 165.2°.  

The SiC surface also shows superhydrophobicity to corrosive acid/base solutions 

with pH ranging from 1 to 14. Figure 3.8 shows the relationship between pH and CA on 

the superhydrophobic SiC surfaces. Contact angles keep larger than 160° when the pH of 

the droplet varied from 1 to 14, and no obvious fluctuation is observed. This indicates 

that pH values of the aqueous solution have little or no effect on CAs for 

superhydrophobic SiC surfaces.  
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Figure 3.8 (a) The relationship between pH and the CA on a porous SiC surface by MAE 

and RIE combined etching (b) Typical water contact angle image on superhydrophobic 

SiC surfaces 
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3.3.4 Luminescence Property 

Bulk SiC has a low emission intensity due to its indirect band gap. It is expected 

that nano porous SiC exhibit similar emission peak or shifted new emission peaks, 

because of the decreased particle size to nanometer regime.[114] The luminescent spectra 

of porous SiC usually span a wide spectrum range from near UV to 600nm. Many studies 

reported an increase in photoluminescence intensity was found in the 460–500 nm region 

of the spectrum upon etching.[115] In our study, the peaks for both bulk SiC and the 

porous SiC after combined etchings are at 471 nm, and no obvious peak blue shift is 

observed. This may be due to the large size of the porous structures generated by 

combined etchings, and therefore no quantum confinement effect was generated.[116] 

The luminescence intensity is increased three times comparing with the bulk one (Figure 

3.9). The increasing photoluminescence intensity indicates the nanocrystalline size of the 

pores, and is related to the number of nanocrystals. Since SiC has good biocompatibility, 

the high surface area and efficient luminescence porous SiC may have potential 

application in the area of biolabeling and biosensing .  
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Figure 3.9 PL intensity of bulk SiC and etched porous SiC (etched by combined MAE 

and RIE) 

 

3.4 Conclusions 

In summary, a large scale superhydrophobic porous SiC was fabricated by 

combining Pt-assisted chemical etching and RIE. The surface roughness and air trapping 

volume of SiC increased significantly after combined etching. As a result, a self-cleaning 

SiC surface with high contact angle of 169.7° and low hysteresis of 2.4° was generated, 

which was very stable in different pH solutions. The luminescent intensity of porous SiC 

was enhanced comparing with bulk materials. Such stable superhydrophobic porous SiC 

surfaces may have potential applications for micro fluid channels, thermal ground plane, 

sensors etc. even under hostile environment.  

 



 76 

CHAPTER 4  

REVERSIBLE SUPERHYDROPHOBIC-SUPERHYDROPHILIC 

TRANSITION OF ZNO NANOROD/EPOXY COMPOSITE FILMS 

 

 Tuning the surface wettability is of great interest for both scientific research and 

practical applications. We demonstrated a reversible transition between 

superhydrophobicity and superhydrophilicity on a ZnO nanorod/epoxy composite film. 

The epoxy resin serves as an adhesion and stress relief layer. The ZnO nanorods were 

exposed after oxygen reactive ion etching of the epoxy matrix. A subsequent chemcial 

treatment with fluoroalkyl and alkyl silanes resulted in a superhydrophobic surface with a 

water contact angle up to 157.8° and a hysteresis as low as 1.3°. Under UV irradiation, 

the water contact angle decreased gradually, and the surface eventually became 

superhydrophilic because of UV induced decomposition of alkyl silanes and hydroxyl 

absorption on ZnO surfaces. A reversible transition of surface wettability was realized by 

alternation of UV illumination and surface treatment. Such ZnO nanocomoposite surface 

also showed improved mechanical robustness. 

 

4.1  Introduction 

Surface wettability, an important property for solid materials, has been known to be 

controlled by surface energy and morphology.[58, 96, 117-118] Modifying the surface 

wettability is very important for chemical and electronic applications, such as inkjet 

printing,[119] microfluid channels,[120] etc. For those practical applications, both 

superhydrophobic  and superhydrophilic surfaces are very useful.[83, 121-122] Recently, 

materials with tunable wettability have been developed and realized on many inorganic 

oxide surfaces, such as TiO2, ZnO, WO3, V2O5, and SnO2.[123-126] Under UV 
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irradiation, the hydrophobic/superhydrophobic oxide surfaces turns 

hydrophilic/superhydrophilic. In the dark, the surface turns back to 

hydrophobic/superhydrophobic.[123] Tunable wettability was also reported on polymers, 

metal oxides, and semiconductors under UV or visible light illumination.[127-130]  

With a direct wide band gap of 3.37 eV and a large exciton binding energy of 60 

meV at room temperature, ZnO has been demonstrated to have enormous applications in 

electronic and optoelectronic devices, such as ultraviolet (UV) lasers,[131-132] light-

emitting diodes,[133] field emission devices,[134-135] nano generators,[136-137] and 

solar cells.[138-139] One-dimensional (1D) ZnO nanostructures can be synthesized by a 

wide range of techniques including vapor deposition, electrodeposition, hydrothermal 

method, molecular beam epitaxy and so on.[140] Among these methods, hydrothermal 

method has been widely used due to its low cost and scalability .[141] Many papers have 

been reported about creating superhydrophobic surfaces with 1D ZnO nanostructures 

(nanowires, nanorods, nanofibers).[141-142] Reversed wettability has been reported on 

those ZnO nanostructure films.[143-147] For example, Feng et al. reported 

superhydrophobic to superhydrophilic of aligned ZnO nanorod films switched by 

alternation of UV irradiation and dark storage.[148] Kwak et al. grew superhydrophobic 

ZnO nanowire surface modified by fatty acids, and switched to hydrophilic under UV 

irradiation.[149] A selective UV photopatterning of ZnO nanowire film with different 

wettability was realized.  

However, most of previous researches have been focused on wettability 

investigation of ZnO nanostructure itself; until now no paper has been reported about 

preparing ZnO nanocomposites with tunable wettability. For most of superhydrohobic 

surfaces made of inorganic materials, the surface micro- and nano- structures are prone to 

mechanical damage under abrasion forces due to their brittle nature. Therefore a 

protective polymeric material such as epoxy resin, could be introduced as an adhesion 

and stress relief layer to the substrate. The inorganic nanoparticles at the surface of the 
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polymeric layer generates an abrasion resistant surface layer. The resulting 

nanocomposite is also easier to be applied by various methods such as spin coating, 

spraying and printing techniques. In this study, ZnO nanorods were synthesized by 

hydrothermal method, and mixed with epoxy resins of different filler loadings. After 

oxygen reactive ion etching (RIE), the top epoxy was etched and ZnO based hierarchical 

structure was exposed. Superhydrophobic ZnO film could be produced after surface 

modification for lowering down the surface energy. The ZnO nanocomoposite surface 

showed better mechanical robustness than the previously reported superhydrophobic 

surface with inorganic silica nanoparticles. Tunable wettability of superhydrophobicity 

and superhydrophilicity was realized through UV irradiation and surface 

functionalization.  

 

4.2 Experimental 

4.2.1 ZnO nanorod growth and surfactant treatment  

The growth solution of ZnO nanorods is composed of 5 mmol/L of zinc nitrate 

hexahydrate and hexamethylenetetramine (HMTA) at a mole ratio of 1:1. The reaction 

was carried out at 80 °C for 6 hours. After reaction, the nanorods were collected using 

centrifugation and rinsed repeatedly by ethanol. Then the nanorods were baked in oven at 

60 °C overnight.  

The solution of ethanol and water (95:5 by weight) is adjusted to pH 4.5-5.5 with 

acetic acid. Aminoethylaminopropyltrimethoxysilane is added with stirring for 5 minutes 

to yield a 2 wt% final concentration. ZnO nanorods were silylated by stirring them in 

solution for 5 minutes and then decanting the solution. The ZnO nanorods were rinsed 

twice with ethanol. The silane layer was cured at 110°C for 10 min. 
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4.2.2 ZnO nanorods/epoxy resin composites 

The epoxy resin was composed of bisphenol A epoxy resin (EPON 828) and ERL 

4221 with weight ratio of 1:2. The curing agent HMPA was added with a weight ratio of 

1:0.88 to the epoxy resins. Imidazole serves as a catalyst with 1 wt% to the total weight 

of epoxy resin and curing agent. Then the ZnO nanorods were added into the epoxy resin 

and mixed by unltrasonication. ZnO nanorod/epoxy composites were prepared at 

different filler loadings of 17, 33 and 50 wt. %. After that, ZnO nanorod film was coated 

on a glass slide by doctor blade with a thickness of 70 µm. The glass slide was pre-

treated by UV-ozone for 5 min. The film was cured at 150 °C in air for 2 hours.  

 

4.2.3 Plasma etching and hydrophobic treatment 

The oxygen RIE was conducted on ZnO nanorod film for 15 minutes. The power is 

150 W and the pressure is 0.5 torr. Surface modification was performed by immersing 

coated glass slides in a hexane solution of 3 mM perfluorooctyl trichlorosilane (PFOS) or 

octadecyltrichlorosilane (OTS) for 30 min, followed by a heat treatment at 150 °C in air 

for 1 hour.  

 

4.2.4 Abrasion resistance test 

The abrasion resistance of the surfaces was evaluated using the methodology 

previously reported by Xiu et al..[121] Polyester/cellulose Technicloth II wipes served as 

abrasion surfaces, with the superhydrophobic surface to be tested facing this abrasion 

material. While a pressure (~3450 Pa) was applied normal to the superhydrophobic 

surface, the surface was moved in one direction. The contact angle and hysteresis 

changes of the superhydrophobic surface were then measured after abrasion (25 cm in 

abrasion length). 
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4.2.5 UV irradiation and surface characterization 

UV irradiation was obtained from a 150W Hg arc-lamp. The arc-lamp emission was 

supplied at a distance of 10 cm and wavelength between 248 and 365 nm. Contact angle 

measurements were performed with a Rame-Hart goniometer that had a CCD camera 

equipped for image capture. The deionized water droplet volume was 4 μL, and the 

measurements were taken under ambient atmospheric conditions. X-ray diffraction 

(XRD) analysis was carried out with a Philips X-pert alpha-1 diffactometer, using Cu Kα 

radiation (45 kV and 40 mA). Leo 1530 Scanning Electron Microscope (SEM) was used 

to characterize the surface morphology of composite samples. Thermo K-Alpha X-ray 

photoelectron spectroscopy (XPS) was carried out for element composition and analysis. 

 

4.3  Results and Discussion 

4.3.1 Superhydrophobic ZnO nanocomposites 

Figure 4.1(a) shows the schematic of fabricating superhydrophobic ZnO 

nanocomposites. EPON 828 is widely used in surface coatings, adhesives 

(microelectronics packaging), and composite materials (such as carbon fiber and fiber 

glass reinforced epoxy). The mixture of EPON 828 with lower viscosity resin ERL 4221 

improves the processibilty of ZnO-epoxy composition, especially at high filler loadings. 

Aminoethylaminopropyltrimethoxysilane is added as a surfactant to improve the interface 

between nanorods and epoxy matrix. The as synthesized ZnO nanorods have a wide size 

distribution, which is beneficially for generating micro/nano scale (hierarchical) 

roughness. After oxygen RIE, the top epoxy resin was etched and the embedded ZnO 

nanorods were exposed. In order to further reduce the surface energy, two different silane 

coatings (PFOS and OTS) were applied on the composite surface, by introducing the long 

hydrocarbon and fluorocarbon chains as shown in Figure 4.1(b). PFOS and OTS were 

chosen to verify the effect of UV light on hydrocarbon and fluorocarbon chains. 



 81 

 

Figure 4.1 (a) Schematic of the fabrication process for superhydrophobic ZnO nanorod 

composite film and its transition to superhydrophilic film under UV irradiation (b) PFOS 

and OTS silane treatment on ZnO nanorod composites 

 

The XRD pattern of ZnO nanorods indicates that the as synthesized nanorods are 

wurtzite ZnO crystals (Figure 4.2a). The surface morphologies of composites generated 

with different filler loadings are shown in Figures 4.2(b-d), where it is evident that the 

surface roughness increased continuously with the increase of filler loading. Such change 

yields an increase in water CA and a decrease of CA hysteresis after surface hydrophobic 

modification by PFOS (Figure 4.3 and Table 4.1). The contact angle of epoxy is 88.4°. 

After surface treatment of PFOS and OTS respectively, the contact angles became 120.0° 

and 105.1°. When the filler loading is low (17%), the surface roughness generated is 

insufficient to construct a superhydrophobic surface. The water CA is only 131.6° ± 1.5°. 

This low CA could be attributed to the fact that the water droplet makes a wetted contact 

with the composites, and fills in the grooves on the composite surface. As the filler 

loading increases to 33%, surface becomes rougher and CA increases to 157.8° ± 1.8°.  

However CA hysteresis shows a high value of 41° ± 1.0°. When increase the filler 

loading to 50%, the CA further increase to 158.4° ± 1.3° and CA hysteresis reduced to 
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1.3° ± 0.2°. The reduced CA hysteresis with increased filler loadings can be explained by 

the two hydrophobic states on rough solid surfaces, Wenzel and Cassie state.    
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Figure 4.2 (a) X-ray diffraction of ZnO nanorods. (b-d) SEM images of ZnO nanorods 

composites with different filler loadings after 15 min RIE etching (b) 17% filler loading 

(c) 33% filler loading (d) 50% filler loading. The scale bar is 2 µm. 
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Figure 4.3 (a) Contact angle and contact angle hysteresis of ZnO nanorods composites 

with different filler loadings (b) Water droplet images of different filler loading ZnO 

nanocomposites in contact angle measurements  

 

 

 

Table 4.1 Contact angle and contact angle hysteresis of superhydrophobic 

nanocomposites with different ZnO nanorods filler loadings. 

 

ZnO NRs filler loading (%) Contact angles Contact angle hysteresis  

17% 131.6 ± 1.5 ---- 

33% 157.8 ± 1.8 41 ± 1.0 

50% 158.4 ± 1.3 1.32 ± 0.2 

 

The Wenzel equation,[6] Eqn (1), describes the effect of surface roughness on the 

water droplet CA: 

cos θA = r cos θY                                                                                                (1) 

where θA is the apparent CA on the rough surface, r is the ratio of the actual 

solid/liquid contact area to its vertical projected area, and θY is the CA on a flat surface 

defined by Young’s equation. As the roughness (r) increases, the CA also increases 
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reflecting an increase in relative hydrophobicity. So when the filler loading changes from 

17% to 33%, surface roughness increases, and apparent CA also increases. However, 

such surface roughness is difficult to trap air between the interface of water droplet and 

the film surface, and water can easily fill the grooves on the surface, resulting in a large 

CA hysteresis. 

The Cassie equation for a porous or composite surface,[7] Eqn. (2), indicates that 

the apparent CA increases when the solid surface fraction f decreases. The CA hysteresis 

in a Cassie state is normally less than 10°. 

cos θA = -1 + f (cos θY + 1)                                                                               (2) 

When further increasing the filler loading to 50%, ZnO nanorods formed a densely 

packed layer and enhanced surface roughness significantly.  Solid surface fraction 

decreases, and more air could be trapped at the water and composite interface. The 

composite surface is composed of both microstructures and nanostructures, such 

hierarchical structure results in a much reduced CA hysteresis of 1.3°. Air may become 

trapped between ZnO nanostructures underneath a water droplet, which would further 

enhance the surface hydrophobicity and reduce the CA hysteresis. 

Similarly, we used OTS solution for hydrophobic treatment on 50% loading ZnO 

nanocomposites. Superhydrophobicity was achieved with a water CA of 152.3° ± 1.2° 

and CA hysteresis of 2.3° ± 0.6°. 

4.3.2 UV-induced wettability change 

The UV induced wettability change of ZnO nanocomposites was studied by CA 

measurements and XPS. Under UV irradiation, the water CA of ZnO nanocomposite film 

by both silane treatments decreased gradually with exposure time, as shown in Figure 4.4. 

The CA is reduced abruptly at the beginning, because of the high speed yielding of 

electron-hole pairs at the initial stage under UV irradiation, as reported by Liu et al..[143] 

After 90 min, the change slowed down. After 9 hours, the water droplet spread out the 

film, and CA reaches a low value of ~ 0° for OTS treated samples and 12.4° for PFOS 



 86 

treated samples, indicating the wettability change from superhydrophobicity to 

superhydrophilicity/highly hydrophilicity. For the PFOS treated samples, the water CA is 

higher (12.4°) than the OTS treated samples after UV irradiation, which may due to the 

remaining fluorocarbons on the film surface. 

 

Figure 4.4 Water contact angle of ZnO nanocomposite modified by PFOS and OTS as a 

function of UV irradiation time. 

 

The mechanism for superhydrophobicity to superhydrophilicity transition involves 

the UV effect on both ZnO and silane hydrophobic coatings. Under UV irradiation, the 

electrons and holes are generated on the ZnO surface. Some of the holes can react with 

lattice oxygen, and form oxygen vacancies. When a surface defective site is generated, 

water and oxygen may compete to dissociatively adsorb on it. The defective site tends to 

be kinetically more favorable for hydroxyl absorption than oxygen absorption. This 
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mechansim is supported by  XPS results. The Zn 2p3/2  spectra of ZnO nanocomposites 

before and after UV irradiation are shown in Figure 4.5. The Zn 2p3/2  peaks for ZnO 

nanocomposites can be deconvoluted into two compoents at 1021.7 (± 0.1) eV and 

1022.7 (± 0.1)  eV, corresponding to to ZnO and Zn(OH)2 respectively. After the UV 

irradiation for Zn 2p3/2  spectra, the Zn(OH)2 ratio of PFOS treated composites increases 

from 22.98% to 45.03%, and Zn(OH)2 ratio of OTS treated samples increases from 

7.52% to 18.22%. These indicate Zn(OH)2, which are more hydrophilic, are formed after 

UV irradiation. As a result, the water CA decresaes, indicating an enhaced surface 

hydrophilicity. Moreover, the alkylsioxane layer from the OTS based silane coating can 

be decomposed by active oxygen radicals.[150] First, the reactive oxidizing species (e.g. 

·OH, O2
-·
, and ·OOH) generated on the ZnO surface through UV irradiation abstract 

hydrogen atoms from alkyl chains. Then alkoxy radicals and carbonyls are produced by 

continuously attacking of oxidizing specie to alkyl radicals, and they are further 

decomposed by photocatalysis. As a result, shorter alkyl chains are formed with loss of 

carbon. 
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Figure 4.5 XPS spectra of Zn 2p3/2  of ZnO nanocomposites modified by (a) PFOS (b) 

OTS before and after UV irradiation 
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4.3.3 Mechanical robustness of the nanocomposites 

One of the limitations in the application of superhydrophobic surface coatings is the 

poor abrasion resistance of surfaces. For example, in the previous work of our group 

(Table 4.2), the superhydrophobic silica surface was generated by sol gel method using 

tetramethoxysilane and isobutyltrimethoxysilane.[54] After abrasion test, the silica 

surface superhydrophobicity was lost as contact angles decreased to 124.3˚ and hysteresis 

increased to more than 60˚, and the self-cleaning effect vanished. The robustness of ZnO 

nanocomposite was tested under a similar condition, which is schematically shown in 

Figure 4.6. It is found that the surface superhydrophobicity remained after abrasion with 

a contact angle of 150.9°. The possible reason is that the polymeric materials serves as 

stress relief layer, and therefore most of the roughness was maintained in the valleys 

between the sub micro and nanorods (Figure 4.7). The increased contact angle hysteresis 

is due to the flattened top ZnO nanostructure surface. Similar mechanism was also 

reported in our previous work about robust superhydrophobic silica epoxy 

nanocomposites.[151]  

 

 

Table 4.2 Abrasion test of superhydrophobic surfaces. 

 

Superhydrophobic 

surfaces 

Initial contact 

angles 

Initial contact 

angle 

hysteresis 

Contact 

angles after 

abrasion 

Contact angle 

hysteresis after 

abrasion 

Silica 
35

 165.4 ± 1.5 2-3˚ 124.3 ± 5.0 > 60˚ 

ZnO/epoxy 

nanocomoposites 
158.4° ± 1.3° 1.3° 150.9° ± 1.0° 25° 
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Figure 4.6 Schematic of the abrasion test employed to evaluate robustness on a 

superhydrophobic surface. 

 

 

 

Figure 4.7 Schematic of the nanocomposite surface before and after abrasion test 

 

The reversibility of surface wettability was also realized on the ZnO nanocomposite 

film surface. After surface treatment of OTS, the CA recovered to 150° with CA 

hysteresis of ~5° and superhydrophobic surface was generated. After UV irradiation for 9 

hourrs, the surface returned to superhydrophilicity with a CA of ~0°. As shown in Figure 
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4.8, a good reversability was achived between superhydrophobicity and 

superhydrophilicity after repeating for five cycles. Such coating can be applied to many 

surfaces to realize tunable wettability for biological, chemical and electrical applications.  

 

Figure 4.8 Reversible transition between superhydrophobicity induced by silane 

treatment and superhydrophilicity induced by UV irradiation 

 

4.4 Conclusions 

In summary, ZnO nanorod/epoxy composite films with tunable wettability from 

superhydrophobicity to superhydrophilicity were realized in our study. The composite 

surface exhibits hierarchical structure with both sub-micro and nano sized ZnO rods 

exposed after RIE. The surface showed superhydrophobicity by hydrophobic treatment in 

silane solution, and it can be transferred to superhydrophilicity by UV induced 

photocatalytic effect. A good reversability of wettability was achieved through cycling 

between UV irradiation and silane treatment. The ZnO nanocomoposite surface showed 

improved mechanical robustness comparing with inoragnic nanoparticle films. Such 
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coating can be applied to many surfaces for wettability modifications, which have great 

potential for functional materials and devices. 
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CHAPTER 5  

SUPERHYDROPHOBIC NANOCOMPOSITES COATING FOR 

RELIABILITY IMPROVEMENT OF MICROELECTRONICS 

 

 We developed superhydrophobic silica/epoxy nanocomposite coating as an 

encapsulant to improve the device reliability. The superhydrophobic surface was 

generated by spin-coating of a silica/epoxy nanocomposite, followed by an oxygen 

reactive ion etching that exposes silica nanostructures for high surface roughness, and a 

subsequent hydrophobic treatment for low surface energy. As a result, a water contact 

angle of 161.2° and contact angle hysteresis of 1.7° were achieved under an optimized 

condition. Such superhydrophobic coating showed good stability under humidity at 

elevated temperatures and was applied on the triple track resistors (TTR) test coupons. It 

was found that the self-cleaning encapsulant successfully improves the test device 

reliability, and the coated TTR showed less degradation of resistance and leakage current 

in the temperature humidity bias (THB) test. In addition, the effect of different types of 

epoxy resin on reliability improvement was studied. 

 

 

5.1 Introduction 

Moisture is one of the most detrimental factors to the reliability of microelectronics. 

Water repelling property such as superhydrophobicity is very demanding for low cost and 

high reliability microelectronic packaging solution.  

 Self-cleaning superhydrophobic surfaces usually display a water contact angle 

greater than 150° and a hysteresis smaller than 10°,[96, 117-118, 139, 152-153] which 

was found in many natural surfaces.[5, 154] Among which, lotus leaves are one of the 
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most well-known examples,[75] which consist of a combination of micro and nano 

roughness along with a low surface energy coating.[76-77, 121, 155-156] 

Superhydrophobic surfaces have been widely used for stiction reduction and anti-

corrosion in opto-electronics and MEMS. [58, 70, 157]  

One of the most important applications for superhydrophobic surface in 

microelectronics packaging is to improve the reliability of devices. Moisture, mobile 

ions, ultraviolet light, and other hostile environment significantly affect the performance 

and lifetime of IC devices.[158-160] To improve the device reliability, a conformal 

coating of organic encapsulant is usually applied on the devices package. The commonly 

used encapsulants include epoxies, polyimides, polyxylylene (Parylene
®

), silicone-

polyimides, and silicones (elastomers and gels).[161] The advantages and disadvantages 

of commonly used encapsulants are listed in Table 5.1. 

It has been reported that the application of encapsulants protects the electronic 

components from high temperature humidity bias condition, thermal shock and 

temperature cycle during actual life applications. Moreover, the encapsulant coating can 

prevent the infusion of mobile ion contaminations and moisture, and increase the long-

term reliability of non-hermetic packages.[161-163] However, till now few researches 

have been reported about using superhydrophobic encapsulant to protect the IC device for 

reliability improvement.   

In this paper, superhydrophobic surface based on silica/epoxy nanocomposites is 

coated on TTR test coupons as an encapsulant layer to improve the device reliability. The 

incorporation of nanosilica particles as filler into the epoxy increases the surface 

roughness of the composites, which is critical for superhydrophobicity. 

Superhydrophobic surfaces were produced after functionalization with low surface 

energy PFOS. The resistance and leakage current of TTRs without coating, with epoxy 

coating and with superhydrophobic epoxy/silica coating were monitored under the 

conditions of 85°C/85% relative humanity (RH) and a constant DC bias of 13.4V. Two 
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types of epoxy resins were employed to compare the effect of mobile ion contents on 

reliability improvement. 

Table 5.1 Potential IC encapsulants [22] 

Encapsulants Applications Advantages Disadvantages 

Epoxies Normal 

Dispensing 

or molding 

Good solvent 

resistance; 

Excellent 

mechanical 

strength 

Non-repairable; 

High stress; 

Marginal electrical 

performance 

Polyimides Normal 

dispensing 

(spin 

coating) 

Good solvent 

resistance; 

Thermally 

stable 

High Temp cure; 

Non-repairable; 

High stress 

Slicones Normal 

Dispensing 

Good temp., 

cycling; 

Good 

electrical; 

Very low 

modulus 

Weak solvent 

resistance; 

 Low mechanical 

strength 

Polyxylylene Thermal 

deposition 

(reactor) 

Good solvent 

resistance; 

Conformal 

coating 

Thin film only; 

Non-repairable 
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5.2 Experimental Details 

5.2.1 Formulation of silica/epoxy nanocomposites 

Silica nanoparticles (100 nm, 10 wt. %) were dispersed in toluene by sonication and 

the particles are shown in Figure 5.1 (b). Epoxy resin, hardener hexahydro-4-

methylphthalic anhydride (HMPA) and catalyst imidazole were added into the 

silica/toluene solution and stirred to form a final coating mixture. Here two kinds of 

epoxy resin were used, 3,4 Epoxy Cyclohexyl Methyl 3,4 epoxy Cyclohexyl Carboxylate 

(Union Carbide, CT) and bisphenol A diglycidyl ether (Momentive, CO) (Table 5.2).  

 

5.2.2 Fabrication of superhydrophobic surfaces 

TTR test coupons were made by deposition of Ta2N metallization on the Al2O3 

substrate. The test pattern consists of three parallel meandering lines with 75um line-

width and spacing between lines (Figure 5.1a). The TTR coupon was cleaned in boiling 

H2O2 for 15 min, rinsed with deionized water, and dried by N2. The silica epoxy coating 

mixture was spin-coated on the TTR at 1,200 rpm for 2 min. After solvent drying, the 

coated TTR coupons were put into the oven to cure the polymer at 150 ˚C for 2 hrs. To 

produce superhydrophobic surfaces, oxygen RIE was conducted on the nanocomposite 

surface under 150 W RF power and 0.5 torr pressure.  After that, surface fluorination was 

performed by coated with 3 mM PFOS in hexane, followed by heat treatment at 150˚C 

for 1 hr. Three types of samples were prepared: uncoated, epoxy coated and 

superhydrophobic silica/epoxy coated samples. The cured test devices were subjected to 

85°C and 85% RH under 13.4 Volt-DC bias for 1,000 hrs.  

 

5.2.3 Characterizations 

Scanning electron microscopy (SEM, Leo 1530) was used to observe the surface 

morphology. Transmission electron microscopy (TEM) images were obtained by using 
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JEOL TEM 100CX. Contact angle measurements were performed with a Rame-Hart 

goniometer with a built-in CCD camera. In the 85 °C/85% THB performance experiment, 

we grounded the two outer tracks and biased the center track, then measured the 

resistance change between the centers of the conductor lines. Resistance of TTR was 

measured by a Keithley 2000 multimeter. Leakage current was measured by Keithley 485 

picoammeter.  

 

 

 

Figure 5.1 (a) Optical image of triple track resistors (b) TEM image of silica 

nanoparticles 
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Table 5.2 A list of epoxy resin, curing agent and catalyst used in this study 

 

Molecular Structure Synonym Name 

 

EPON 828 Diglycidyl 

ether of 

bisphenol-A 

epoxy resin 

 

ERL 4221 cycloaliphatic 

epoxy resin 

 

HMPA Methyl tetra 

hydro phthalic 

anhydride 

 

2E4MZCN 1-cyanoethyl-

2-ethyl-4 

methylimidaz

ole 
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5.3 Results and Discussion 

In this study, we coated the TTR coupons with epoxy filled silica nanoparticles. The 

fabrication of superhydrophobic coating is schematically shown in Figure 5.2a. Most of 

nanosilica particles incorporated into the epoxy are located inside the epoxy resin and 

found underneath the top epoxy after spin-coating the composites. In order to have the 

nanosilica exposed out of the epoxy for larger surface roughness, we used oxygen RIE to 

etch out epoxy molecules with different etching durations. Then, long chain fluorocarbon 

silane was coated on the nanosilica exposed top surface to further reduce the surface 

energy. As shown in Figure 5.2b, the primary anchoring site for silane molecules is on 

the hydroxyl group on the surface of nanosilica.   

 

Figure 5.2 Illustration of (a) O2 plasma etching of epoxy/SiO2 nanoparticle composite 

films for surface rough structures. (b) Hydrophobic treatment with PFOS on 

nanocomposite surface 
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5.3.1   Superhydrophobic SiO2/epoxy nanocomposites 

The surface morphology plays a critical role in the formation of superhydrophobic 

surfaces. Here, the etching duration of oxygen RIE is a primary factor to control the 

surface roughness. As seen in Figure 5.3a, before oxygen RIE treatment, most of 

nanosilica is covered with epoxy resin and the curvature of particles has negligible 

contribution to surface roughness. With 5 min RIE, nanosilica was partially exposed on 

the surface (Figure 5.3b), while increasing the etching time to 15 min, the nanosilica 

surfaces are all exposed (Figure 5.3c). The increased portion of nanosilica on the surface 

increases the surface roughness and significantly changes the water contact angle. As 

shown in Figure 5.4 and Table 5.3, the water contact angle of unetched surface, 117.7˚, 

increases to 158.6˚ after 5 min RIE and to 161.2˚ after 15 min etching. At the same time, 

the hysteresis dropped from 12˚ to 1.75˚ when increasing etching time from 5 min to 15 

min, indicating the formation of superhydrophobic surface with self-cleaning properties.  
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Figure 5.3 Surface morphology from SEM images:  surface before etching (a), O2 

plasma etched for 5 min (b), and 15 min (c) 
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Figure 5.4 Contact angle and hysteresis for silica nanocomposite surfaces etched for 

different time. 

 

 

Table 5.3 Contact angle and contact angle hysteresis of epoxy silica nanocomposites 

with different reactive ion etching time. 

 

Reactive ion etching time 

(min) 

Contact angles 

(degree) 

Contact angle hysteresis 

(degree) 

0 117.7 ± 1.8 29.4 ± 1.2 

5 158.6 ± 1.3 12 ± 1.0 

15 161.2 ± 1 1.75 ± 0.7 

 

The increased contact angle and reduced contact angle hysteresis with increased 

etching time can be explained by two hydrophobic states on rough solid surfaces, Wenzel 

and Cassie states. The Wenzel equation,[6] Eqn. (1), describes the effect of surface 

roughness on the water droplet contact angle: 
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   cos θA = r cos θY                                                                                          (1)                                                         

where θA is the apparent contact angle on the rough surface, r is the ratio of the actual 

solid/liquid contact area to its vertically projected area, and θY is the contact angle on a 

flat surface defined by Young’s equation. As the roughness (r) increases, the contact 

angle also increases. Surfaces etched for short time (5 min) display non uniformity in the 

micro-bump top surface. Epoxy was not completely etched with short RIE time, and 

therefore most of the silica particles remain embedded in the polymeric layer. The low 

roughness geometry results in high contact angle hysteresis. 

The Cassie equation [7] for a porous or composite surface, Eqn. (2), indicates that 

the apparent contact angle increases when the solid surface fraction f is decreased.  

   cos θA = -1 + f (cos θY + 1)                                                                         (2)                   

When the etching time increases to 15 min, the surface gets rougher. Consequently, 

the surface changes from Wenzel State to Cassie State. The silica particles are fully 

exposed and form a densely packed layer, which significantly enhances the surface 

roughness. More air is trapped at the water and composite interface. As a result, both a 

high contact angle and a reduced hysteresis are achieved.  

 

5.3.2 THB test of the superhydrophobic coated TTR 

In order to test the durability of superhydrophobic surfaces, the superhydrophobic 

silica nanocomposites were put in the 85 ºC/85% RH chamber. During the 85°C/85% RH 

THB test, the triple track structures were biased at 13.4V from the exterior track to the 

middle track and at -13.4V from the interior track to the middle track to accelerate the 

corrosion process (Figure 5.5). It was found that after 1000 hours, the surface maintained 

the self-cleaning property with a water contact angle of 160° and hysteresis of ~2°. 
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Figure 5. 5 Configuration of THB testing hardware 

 

The cycloaliphatic epoxy resin used in this study has low ionic impurity, e.g., 

chloride and sodium, potassium, etc. During reliability tests, the resistance and leakage 

current change of TTR coupons were monitored. The resistance change was a measure of 
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the degree of "electro-oxidation". When enough moisture diffuses through the 

encapsulant to form a continuous water path at the substrate interface, electro-corrosion 

begins with the presence of mobile ions (such as sodium and potassium) under electrical 

bias. The less the resistance changes with testing time, the more stable the encapsulant 

material is. The leakage current results from the anodization of resistors and is an 

indication of the amount of impurities.  

It was found that the THB performance of the superhydrophobic coated samples 

was excellent under the accelerated aging condition, which is shown in Figure 5.6. The 

resistance of epoxy coated samples remained low until the first 60 hrs, showing a certain 

effect in improving device reliability. Remarkably, the superhydrophobic composite 

coated on the TTR greatly slowed down the electro-oxidation process for the first 300 

hrs. The superhydrophobic nanocomposite coated on TTR showed a significantly less 

resistance change comparing with uncoated and epoxy coated sample in the first 300 hrs. 

From 300 hrs to 1,000 hrs, the resistance changes of epoxy coated and superhydrophobic 

nanocomposites coated samples were less significant comparing with uncoated control 

samples (Figure 5.6 a).  

Then we measured the leakage current change with time. During the 1,000 hrs 

aging time, the leakage current of the control sample increased significantly from 10
-10 

amps to 10
-5 

amps. The epoxy coated
 
samples showed stable leakage current in the first 

300 hrs, and started to increase to 10
-7 

amps within 1,000 hrs cycles. The 

superhydrophobic nanocomposites coated samples kept stable leakage current under 10
-9 

amps in 1,000 hrs. The results of the THB testing show that the addition of the 

superhydrophobic layer dramatically decreases the change of resistance and leakage 

current during aging, and enhances the electrical reliability of test vehicles comparing 

with uncoated and epoxy coated samples (Figure 5.6 b). Such a superhydrophobic coating 

significantly reduces the influence from moisture or humidity, and is very promising for 

improving device reliability. 



 106 

 

5.3.3 The effect  of epoxy resin  on reliability improvement 

Mobile ion content in polymers also affects the device reliability. In comparison, a 

bisphenol-A (bis-A) type epoxy resin was also chosen, which may contain higher amount 

of mobile ions (chloride, potassium, etc) than the cycloaliphatic epoxy used in this study. 

Similarly, the bis-A epoxy and superhydrophobic silica/bis-A epoxy composites were 

coated on TTR. The resistance of epoxy coated and superhydrophobic nanocomposites 

coated samples showed less resistance change comparing with uncoated samples. The 

resistance of superhydrophobic nanocomposites coated sample increases gradually from 

20 to 1,000 hrs, and the increase rate is smaller than the epoxy coated sample (Figure 

5.7a). During 1,000 hrs, comparing with uncoated and untreated epoxy coated samples, 

the superhydrophobic nanocomposites coated sample showed the lowest leakage current 

change of the range of 10
-10 

amps to 10
-9 

amps (Figure 5.7b). The higher resistances 

change of bis A type epoxy than cycloaliphatic epoxy based nanocomposites may be due 

to higher mobile ions content in the bis A type epoxy used here.  
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Figure 5.6 Resistance (a) and leakage current (b) change of uncoated, cycloaliphatic 

epoxy coated and superhydrophobic silica/cycloaliphatic epoxy composite coated 

samples with time in the reliability test in 85 °C/85 %RH chamber under 13.4 Volts-DC 

bias. 
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Figure 5.7 Resistance (a) and leakage currents (b) change of uncoated, bis-A epoxy 

coated and superhydrophobic silica bis-A epoxy composite coated samples  with time in 

the reliability test in 85 °C/85 %RH chamber under 13.4 Volts-DC bias. 
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5.4 Conclusions 

In this study, superhydrophobic epoxy/silica nanocomposites were fabricated. A water 

contact angle of 161.2° and contact angle hysteresis of 1.7° were achieved when the RIE 

time increased to 15 min. The superhydrophobic surface showed good stability of the 

TTR test coupons in 85 °C/85% RH temperature humidity chamber and self-cleaning 

property remained after 1,000 hrs of testing. After the reliability test in the 85 °C/85% 

RH chamber under 13.4 Volts-DC bias for 1,000 hours, superhydrophobic 

nanocomposite coated samples showed more stable resistance and less leakage current 

change than uncoated and epoxy coated samples. Cycloaliphatic epoxy coated 

superhydrophobic samples showed better reliability than bis-A type epoxy based samples 

due to its less mobile ion contents. Such coating has great potential to improve the device 

reliability in microelectronic packaging. 
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CHAPTER 6  

HYBRIDIZING ZNO NANOWIRES WITH MICROPYRAMID 

SILICON WAFER AS SELF-CLEANING HIGH EFFICIENCY 

SOLAR CELLS 

 

 We report a novel hierarchical structure of integrating ZnO nanowire arrays on Si 

micropyramids as an effective anti-reflection layer for improving the energy conversion 

efficiency. This structure displays a broadband reflection suppression in the 300-1200 nm 

range, with an average weighted reflectance of 3.2%, much lower than the previously 

reported 6.6% reflectance of tapered ZnO nanostructures on planar surfaces. A cost 

effective screen printed solar cell was fabricated based on this hierarchical structure. A 

conversion efficiency of 16.0 % was obtained, which is the highest for any solar cell 

fabricated using ZnO nanostructures as antireflection coating layer. In addition, a surface 

modification enables a self cleaning property that will prevent the blocking of light by 

dust particles on solar panels. 

 

6.1 Introduction  

Low conversion efficiency is still the main limiting factor for current solar cell 

technologies. A large portion of energy loss during solar cell operation is attributed to 

optical loss, namely reflection loss of the incoming light.[164] To reduce the reflection 

loss, surface texturing and antireflection coatings are the most commonly used 

strategies.[165-166] Surface texturing is able to enhance the light trapping by multiplying 

the internal reflections. The industrial standard for the current Si-based photovoltaic (PV) 

industry process is alkaline fabrication of pyramid textures. An emerging focus today is 
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the incorporation of nanostructures as surface texturing materials.[167-171] For example, 

porous Si and Si nanowires (NWs) have been applied to solar cells to effectively reduce 

the reflection loss.[172-174] Xiu et al. developed a hierarchical structure through a two-

tier texturing method for lower light reflection.[87] Antireflection coating (ARC) is 

another method to reduce the light reflectance via destructive interference of the reflected 

light at the air–ARC–substrate interfaces. Single-layer AR coating such as silicon nitride 

(SiN) is the industry standard ARC on Si PVs.[175]  Further reduction of reflection can 

be achieved through a multi-layer ARC, or a fine control of ARC geometry, which enable 

a gradual transition of the refraction index from air to silicon.[176-177] 

An outstanding one-dimensional nanostructure,[178-179] ZnO NWs have high 

transparency due to the wide bandgap, appropriate refractive index (n ~ 2 at 600 nm), and 

the capability of forming a textured coating virtually on any substrate.[180] These 

characteristics make it an attractive dielectric ARC material for PV applications.[181] 

The integration of ZnO nanowires with optical fiber and quartz waveguide has shown an 

enhancement of efficiency by a factor of 4-6 by utilizing three dimensional 

approach.[182-183]  The application of ZnO nanostructures on planar Si as ARC for solar 

cells achieved a weighted reflectance (WR) of 6.6 %[184] and a conversion efficiency of 

12.8%.[185]  Based on these results, a further boost of solar cell efficiency is expected by 

introducing a novel ZnO nanowire-based hierarchical nanostructure.  

In this study, we report a hierarchical structure with the growth of ZnO NWs on a 

micropyramid textured Si surface as an ARC for solar cells. In the past, the ability to use 

industrial contacting techniques and the physical robustness of the NWs have not been 

demonstrated. As screen-printing of metal electrodes is the dominant contacting method 

for silicon solar cells, this work examines the ability to contact solar cells through a NW 

ARC layer. In addition, ARC layers must be abrasion resistant to survive the screen-

printing process and be useful over the 25 year lifespan of a typical cell module. We 

therefore also examine the effect of abrasion on the hierarchical nanostructure during 
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screen printing, the ARC effect and non-wetting of such structure. The ZnO NWs on Si 

micropyramids allow a gradual transition of the effective refractive index from the air to 

the substrate, while the pyramidal Si surface multiplies the light reflections within the 

hierarchical structure. As a result, this structure yields a low surface reflectance and 

significantly enhanced conversion efficiency of the photovoltaic device. Solar cells based 

on the hierarchal structure show high conversion efficiency as well as a superior self-

cleaning property. 

 

6.2  Experimental  

6.2.1 Si etching:  

The textured Si wafer with micropyramids was created by KOH etching at 80-85 °C 

for 20-30 min. The etching solution is composed of KOH (2 wt %), water, and isopropyl 

alcohol (5 vol %). 

6.2.2 ZnO nanowire growth:  

A ZnO seed layer was deposited onto the SiO2 layer by magnetron sputtering under 

5 mTorr O2 and Ar atmosphere without additional heating. The coated Si wafer was then 

placed in an aqueous solution containing hexamethylenetetramine (HMTA) and zinc 

nitrate hexahydrate. The reactions were performed at 80 °C as follows: 

HMTA + 6 H2O  4 NH3 + 6 HCHO 

NH3 + H2O  NH4
+
 + OH


  

Zn
2+

 + 2OH

  Zn(OH)2 

         Zn(OH)2  ZnO +H2O 

6.2.3 Solar cell fabrication:  

First, an Al paste was screen-printed on the backside of the Si substrate and dried at 

200 ˚C.  Ag grids were then screen-printed on top of the ZnO NWs, followed by co-firing 
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of both the Ag and Al contacts. During the firing step, an Al-doped Si layer, referred to as 

the aluminum back surface field, is also formed. To prevent erroneous measurements, the 

active area of the cells was defined using a dicing saw, which electrically isolates each 

cell from the rest of the substrate. 

 

 

6.3 Results and Discussion 

6.3.1 Reflectance of hierarchical structures 

The structure of the solar cell with ZnO NWs on Si pyramids is shown in Figure 

6.1. The Si substrate used is a single-crystal, p-type float zone substrate with a thickness 

of 300 µm. The textured Si surface with pyramidal structures was created by KOH 

etching. The wafers were then cleaned to remove surface organic and metallic 

contaminants, followed by POCl3 diffusion to form the n
+
-emitter. A diffusion 

temperature of 860˚C was used for obtaining 65 Ω/sq emitter. After the phosphorus-glass 

removal in a buffered HF solution, a SiO2 passivation layer was grown at 900 ˚C. The 

treated wafer was used for ZnO NW growth on a sputtered ZnO seed layer by a low cost 

and scalable hydrothermal method.[186] 
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Figure 6.1 A schematic of the hierarchical ZnO NW-Si solar cell. 

 

After the growth of ZnO NWs, screen-printed n
+
-p-p

+
 solar cells (4 cm

2
) were 

fabricated. The surface morphology of the ZnO NWs on the Si pyramid structure is 

shown in Figure 6.2. The Si micropyramid size is around 2-4 μm (Figure 6.2a). Highly 

dense ZnO NWs are hierarchically grown on top of the micropyramids. Most ZnO NWs 

are perpendicular to the Si pyramid, due to their anisotropic growth along c-axis. The 

morphology of the ZnO NWs arrays can be controlled by modifying the seed layer 

thickness and corresponding growth parameters.[187] The length of ZnO NWs was 

measured from the cross-section view. As seen from Figure 6.2d, the ZnO NWs have a 

length of ~ 800 nm. This length was chosen according to the ray tracing simulation 

optimization, which will be discussed later.  
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Figure 6.2 Surface morphology of hierarchical ZnO NWs on a pyramidal Si surfaces 

under low (a) and high (b) magnifications, as well as cross section views under low (c) 

and high (d) magnifications. 

 

The weighted reflectance (WR) was calculated from the hemispherical reflectance 

spectrum (300-1200 nm) measured in our study. Figure 6.3a compares the measured front 

reflectance of bare planar Si surface and Si pyramid surfaces without and with ZnO NWs 

on top. Bare planar Si reflects about 35% of incident sunlight. Textured pyramid surfaces 

improve the light trapping by doubling the bounces of incident light, and reduce the light 

reflection to 11.3%. The deposition of ZnO seed layer on Si micropyramids as ARC 

results in a significant reduction of light reflection in all UV, visible light, and IR regions, 

with a WR of 4.1%. After applying the ZnO nanowires on the seed layer, further 

suppression of light reflectance is observed. Therefore a WR suppression of as low as 3.2 

% is achieved for ZnO NW hierarchical structure, which is much lower than the 

previously reported 6.6% WR of tapered ZnO nanostructures grown on planar Si 

surfaces.[184] An effective refractive index can be calculated by averaging the refractive 

indices of air and ZnO weighted by volume at the interface between air and ZnO, as 

pointed out by Zhu et al..[67] The enhanced WR suppression of the hierarchal structure is 

attributed to the effect of micro scale texturing that allows two bounces of light at the 
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surface, and a more gradually changing effective refractive index from air to the Si 

substrate compared to a single ZnO seed layer ARC (Figure 6.4).    

 

Figure 6.3 (a) Front light reflectance of ZnO NWs on pyramidal Si comparing with 

planar Si, pyramidal Si, and pyramidal Si with ZnO seed layer (b) Simulated light 

reflectance of the ZnO NW solar cell. red: Sunrays simulation data on planar surface; 

blue: Sunrays simulation data on textured surface; black: experimental data for ZnO NWs 

on pyramidal Si 
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Figure 6.4 The reflection of incident light on (a) pyramidal Si (b) planar Si. The effective 

refractive index profile of the interface between air and (c) ZnO NWs on pyramidal Si (d) 

ZnO NWs on planar Si. 

 

6.3.2 Light tracing simulation of hierarchical structures 

A better understanding of the effect of hierarchical structure in reflectance 

suppression was obtained by Monte Carlo ray tracing simulation using Sunrays 1.3 

program. The reflectance spectra of our textured solar cells were analyzed by varying the 

parameters of the ZnO NW ARC. The simulator takes into account the three-dimensional 

surface geometry of the simulated structure, as well as the optical properties (index of 

refraction and extinction coefficient) of every layer and interface in order to quantify the 

reflection and absorption in the structure.[188] We employed a 300 µm thick Si layer 

with an upright pyramid front texture in the simulation. The surface coating on Si 

pyramids was divided into three layers: a bottom passivation layer of SiO2 (15 nm), a 

middle ZnO seed layer (variable thicknesses) and a top ZnO NW layer (variable 
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thicknesses). The dispersion relation (n and k)  for the crystalline ZnO was obtained from 

the literature[189] and provided as an input to Sunrays, as shown in Figure 6.5. The ZnO 

NWs in our structure were estimated to be ~70% volume fraction, and the effective 

refractive index (n) of ZnO NW layer is calculated as the sum of 70% nZnO NW and 30% 

nair.  

 

 

Figure 6.5 Refractive index (n) and extinction coefficient (k) curve of crystal ZnO and 

ZnO nanowires 
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Table 6.1 Sunrays simulation parameters for determining optical loss in air 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Initial simulations showed strong interference fringes in the simulated reflectance 

curves (Figure 6.6), which is similar to what have been reported using RCWA 

simulations.[184] The SEM cross-section images (Figure 6.2c) indicated that the length 

of most NWs varied +/- 75 nm from the average NW length (h). Therefore, for each NW 

length that was simulated, three reflectance spectra (h, h-75nm, and h+75nm) were 

 
 

Ambient 
Air 

Texturing 

Structure Upright pyramid 

Width 5um 

Depth 3.535um 

Material 

Front Air (n=1) 

Encapsulant Air (n=1) 

Texture Silicon 

Substrate Silicon 

Back Aluminum 

Antireflection coating 

Front/Encapsulant Air 

Encapsulant/Texture ZnO NW, SiO2 

Back Surface Reflector Aluminum 

Illumination  Normal 

Spectrum 
 

AM1.5G 

(1000 W/m2) 

Polarization Unpolarized 
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generated and averaged. The resulting reflectance spectrum shows an almost complete 

suppression of the interference fringe (Figure 6.6).   

 

Figure 6.6 Light reflectance of ZnO NW solar cell with different ZnO NW lengths 

 

In order to optimize the light reflection of ZnO NW solar cell, we modified the ZnO 

NW parameters in Sunrays1.3, including the thickness of seed layer and the length of 

ZnO NWs (Figure 6.7). The simulation results are listed in Table 6.2 and Table 6.3. 

When optimizing the seed layer in the 20-100 nm range with a constant ZnO NW length 

of 800 nm, the weighted reflectance has a minimum of 3.3% for a thickness of the seed 

layer of 60 nm,. For the NW length optimization in the 200-1500nm range with a 

constant seed layer thickness of 60nm, the same minimal value of 3.3% is obtained for a 

length of 800nm. Under air mass (AM) 1.5, it is desirable to fully utilize the visible light 

region while still maintaining the low reflection in UV and IR region. Therefore, the NW 

length of ~ 800 nm with a seed layer of 60 nm was chosen, and the resulting reflectance 

curve with a WR of 3.3% matches very well with the experimental reflectance spectra 
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(Figure 6.3b). Sunrays 1.3 also calculates the open circuit current Jsc under the AM1.5 

spectrum assuming a cell with 100% internal quantum efficiency. For pyramid solar cells 

with thin SiO2 passivation layer only, Jsc was 38.18 mA/cm
2
. The additional ZnO ARC 

layer (60nm ZnO seed layer and 800nm ZnO NWs) results in a Jsc enhancement of 7.0%, 

which was 40.86 mA/cm
2
. In addition, Sunrays 1.3 simulation shows that ZnO NWs on 

textured surface enable a significantly lower light reflectance than ZnO NWs on planar 

surfaces with the same ZnO NW dimensions (length and thickness of seed layer, Figure 

2b). This further confirms the effect of Si surface texturing in reflection suppression, as 

we discussed before.   

 

 

Table 6.2 Effect of ZnO seed layer thickness variation on average weight reflectance 

(AWR) values 

 

SiO2 thickness  

(nm) 

ZnO Seed layer thickness 

(nm) 

ZnO NW length  

(nm) 

AWR  

(%) 

15 20 800 4.39 

15 40 800 3.74 

15 60 800 3.36 

15 80 800 3.54 

15 100 800 3.75 
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Table 6.3 Effect of ZnO nanowire length variation on AWR values 

 

SiO2 thickness  

(nm) 

ZnO Seed layer thickness 

(nm) 

ZnO NW length  

(nm) 

AWR  

(%) 

15 60 200 4.41 

15 60 500 3.52 

15 60 800 3.36 

15 60 1100 3.62 

15 60 1500 3.73 
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Figure 6.7 Light reflectance of ZnO NW solar cell with different ZnO seed layer 

thicknesses (a) and different ZnO NW lengths (b) 

 

 

6.3.3 Hybridizing ZnO NWs and micropyramids for solar cells 

To prove the applicability of the ZnO NWs as an antireflection coating for 

industrially processed Si solar cells, we fabricated screen-printed Al-back surface field 

(Al-BSF) solar cells with the optimized ARC parameters. The thermal stability and 

mechanical robustness of the ARC is an important characteristic as the screen-printed 

cells must survive under the pressure of the printing process from the screen and a short 

contact firing cycle at 700-800 °C. The difference in the WR of the ZnO NW ARC before 

and after screen printing is smaller than 0.1%, since only some of the ZnO NWs on 

pyramid peaks were destroyed and most of the side wall NWs all remained (Figure 6.8). 

For the screen printed n
+
-p-p

+
 solar cell (Figure 6.1), ZnO NWs act as anti-reflection 

layer, and SiO2 helps to improve the front surface passivation. The advantages of using 

the ZnO nanowire array with a conventional cell structure are: 1) Rapid application to an 

industrially proven solar cell structure. 2) A mature platform which will facilitate rapid 
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optimization and characterization of the reflection/light-trapping properties of the 

nanowire arrays. The cell performance was characterized by I-V curve under AM 1.5 

illumination condition (Figure 6.9). The hierarchical ZnO NW/pyramidal Si solar cell 

exhibits a conversion efficiency of up to 16.0% with open circuit voltage of 616.3 mV, 

short circuit current of 35.3 mA/cm
2
 and fill factor of 73.4%. This is a high efficiency 

ZnO nanostructure based solar cell, and is comparable to the commercial SiN-coated 

solar cells. The cells fabricated for this work used commercial Ag pastes that were 

formulated to provide an ohmic contact to n
+
-Si after etching through the industry 

standard SiN ARC – a process known as ‘fire-through’. However, the ZnO NWs were 

found to be much more resistant to etching than SiN resulting in either: 1) little to no 

contact between Ag and Si or 2) partial junction shunting if the firing temperature was 

increased to increase the etch rate and ensure complete etching of the NWs. The latter 

method provided the best contacts but is also responsible for the modest fill factors 

achieved on our best cells. Therefore, we believe that the efficiency of our solar cells can 

be further improved by increasing the fill factor through the use of an Ag paste 

formulated for nanostructures and optimized firing temperature. 
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Figure 6.8 Hierarchical ZnO NWs after screen printing process showing that only the 

NWs on some of the pyramid tips were destroyed by the process. 

 

Figure 6.9 I-V curve of ZnO NW/pyramidal Si screen printed solar cell 
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6.3.4 Self-cleaning solar cells 

For solar cells, shading is an important practical issue for light absorption, because 

the dust accumulation on the panel surface blocks the incident light and reduces the 

power output. In order to reduce dust accumulation on the solar cell surface, self-cleaning 

function was applied to the solar cell by surface functionlization of the hierarchical 

structure. Self-cleaning surface shows a water contact angle larger than 150° with a 

hysteresis smaller than 10°.[83, 96, 117] To fabricate the self-cleaning surface, low 

surface energy and surface texturing are necessary. It is well-known that the surface free 

energies of the various crystallographic planes differ significantly. The Wurtzite 

structured ZnO grows fastest along the c axis, and thus exposes the relatively low energy 

side surfaces. Therefore, the hierarchical structure presented in this study amplifies 

hydrophobicity due to the air trapped in between the individual NWs. The initially 

prepared structure showed both high surface roughness and relatively low surface energy, 

with a high water contact angle of 162° ± 2° and a contact angle hysteresis of 18°. After 

hydrophobic coating with perfluorooctyl trichlorosilane (PFOS) and 80 °C thermal 

treatment for 1 hr, the surface energy was further reduced and self-cleaning surface was 

obtained, with a contact angle of 171° and a hysteresis of 1.9 ° (Figure 6.10a). As shown 

in Figure 6.10b, the self-cleaning surfaces can effectively prevent the dust accumulation 

on the solar cell surface and will help maintain the high power output performance of 

devices.[68]  
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Figure 6.10 Self-cleaning superhydrophobic ZnO nanowire solar cell (a) water droplet on 

self-cleaning surface with a contact angle of 171° (b) schematic view of the self-cleaning 

property. 

 

6.4 Conclusions 

In summary, we have demonstrated a superhydrophobic high efficiency solar cell 

based on ZnO nanowires decorated on Si micropyramids as antireflection coating. The 

ZnO nanowires provide effective antireflection with a weighed reflectance of 3.2% over 

the 300-1200 nm spectral range. A screen printed solar cell based on this hierarchical 

structure shows a high conversion efficiency of 16.0 %. The structure showed good 

mechanical robustness after screen printing process. Moreover, the functionalized 

hierarchical surface enables superhydrophobic and self cleaning properties of the solar 

cell. 
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CHAPTER 7  

HIERARCHICAL ROBUST TEXTURED STRUCTURES FOR 

LARGE SCALE SELF-CLEANING BLACK SILICON  

SOLAR CELLS 

 

We explored hierarchically textured Si for large scale, low reflection, and self-

cleaning solar cells. The hierarchically textured Si was fabricated from micropyramids 

with additional nanostructures generated by Au-assisted chemical etching. Such structure 

allows a gradient effective refractive index from air to Si and leads to a black appearance, 

which displays a broadband reflection suppression in the 300-1200 nm range. A front 

average weighted reflectance of 1.4% was achieved, which is one of the lowest values of 

reported black Si solar cells. The effect of micro and nano scale roughness on light 

reflection suppression is studied. A cost effective screen printed solar cell was fabricated 

based on this hierarchical structure. A conversion efficiency of 8.1% was obtained, and it 

was further improved to 16.5% (under improvement) after Al2O3 and SiN passivation. In 

addition, surface modification enables a self-cleaning property that will prevent the 

blocking of light by dust particles on solar panels.  

 

7.1 Introduction 

Si solar cells have been dominating the current high efficiency solar power 

industry.[190] Optical loss, which attributes to the reflection loss of the incoming light, is 

one of the primary factors that hinder the further increasing of photovoltaic conversion 
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efficiency.[191] Many efforts have been made to reduce the optical loss, among which 

antireflection coatings and surface texturing are the most commonly used strategies. 

Antireflection coating (ARC) can reduce the light reflectance via destructive interference 

of the reflected light at the air–ARC–substrate interfaces.[192] Single-layer ARC such as 

silicon nitride (SiN) is the industry standard ARC on Si PVs.[193] Further reduction of 

reflection can be achieved through a multi-layer ARC, or a fine control of ARC 

geometry, which enable a gradual transition of the refraction index from air to sI.[176, 

194] Surface texturing is another way to enhance the light trapping by multiplying the 

internal reflections.[195] The industrial standard for the current Si-based PV industry 

process is alkaline fabrication of pyramid textures. An emerging focus today is the 

incorporation of nanostructures as surface texturing materials.[171, 196] For example, 

nano textured black silicon has attached more and more attention. Such surface structure 

has the dimension of smaller than the wavelength of incident light, and showed gradually 

varied refractive index.[197-199] Therefore it gives prominent light trapping and 

reflection reduction features. For example, good optical and electrical properties have 

been reported on single and multi crystalline nano textured black Si solar cells.  

Many approaches have been reported for surface texturing of black Si, including 

wet etching, laser ablation,[200-201] and plasma etching of silicon pillars.[165, 202] 

Metal-assisted etching of Si surfaces has been employed to define specific structures on 

silicon surfaces.[36, 203] After deposition of a thin layer of a metal such as Au, Pt, or 

Pt/Pd onto p- or n-type silicon surfaces, nanostructures can be formed by immersing this 

substrate into various mixtures of hydrofluoric acid/oxidant/solvent. In our study, even 
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lower light reflection can be achieved by a hierarchical structure through a micro-nano 

scale texturing method.  

In the practical application of solar cells, shading is an important practical issue for 

light absorption, because the dust accumulation on the panel surface blocks the incident 

light and reduces the power output.[69, 139, 142, 204] Therefore, self-cleaning function 

was applied to the solar cell by surface functionlization of the hierarchical structure, in 

order to reduce dust accumulation on the solar cell surface.  

 

7.2 Experimental 

7.2.1 Hierarchical Si etching:  

p-Type silicon (100) wafers with the largest pyramid size of 5μm, 20μm and 25 μm 

were used in all experiments. KOH etching was performed in a solution of KOH (2-3 wt 

%), water, and isopropyl alcohol (20 vol% ). At 80-85 °C for 20-30 min to create 

pyramidal structures (2-4 µm in height). To form nanostructures, a thin discontinuous 

layer of Au nanoparticles (2, 5 and 10 nm diameter) was deposited by electron-beam 

evaporation to form different nano structure size. Etching was then performed for various 

times in a HF/H2O2 solution (49% HF, 30% H2O2, and H2O with a volume ratio of 

1:5:10). Subsequently, the Au nanoparticles were removed by immersing the samples in 

KI/I2 (100 g of KI and 25 g of I2 per 1 L of H2O) for 60 s.  

7.2.2 Superhydrophobic coating:  

After fabrication of the surface structures, surface fluorination was performed by 

treatment with PFOS. Typically, a 3 mM solution of PFOS in hexane was used for these 

treatments. Specifically, the etched silicon wafer was immersed in the solution for 30 min 
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followed by a heat treatment at 150 °C in air for 1 h to complete the hydrophobic surface 

modification. 

7.2.3 Solar cell fabrication:  

The Si substrate used is a single-crystal, p-type float zone substrate with a thickness 

of 300 µm. The textured Si surface with pyramidal structures was created by KOH 

etching. The metal assisted chemical etching was carried out to further generate nano 

texturing on micro pyramids. The wafers were then cleaned to remove surface organic 

and metallic contaminants, followed by POCl3 diffusion to form the n+-emitter. Tystar 

Nitride Furnace was used for obtaining 65 Ω/sq emitter. After the phosphorus-glass 

removal in a buffered HF solution. First, an Al paste was screen-printed on the backside 

of the Si substrate and dried at 200 ˚C.  Ag grids were then screen-printed on top of the 

hierarchical Si, followed by co-firing of both the Ag and Al contacts. Al2O3 and SiN 

passivation layers were coated by atomic layer deposition (Cambridge NanoTech Plasma 

ALD) and plasma enhanced chemical vapor deposition (Unaxis PECVD) respectively. 

During the firing step, an Al-doped Si layer, referred to as the aluminum back surface 

field, is also formed. To prevent erroneous measurements, the active area of the cells was 

defined using a dicing saw, which electrically isolates each cell from the rest of the 

substrate. 

7.2.4 Characterizations:  

Contact angle measurements were performed with a Rame-Hart goniometer that has 

a CCD camera equipped for image capture. SEM was used to investigate the surface 

morphology. The light reflectance was tested using a commercially available Optronic 

Laboratories OL 750 spectrophotometer with an integrating sphere at the University 
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Center of Excellence for Photovoltaics Research and Education (UCEP) at the Georgia 

Institute of Technology. The solar-cell efficiency was measured using an I-V tester, 

which was calibrated using a calibration standard cell, measured at the National 

Renewable Energy Laboratory (NREL). The calibration was performed before each 

measurement. 

7.3 Results and Discussion 

7.3.1 Fabricated hierarchical structure by MACE 

 

Figure 7.1 The (a) schematic and (b) mechanism of metal assisted chemical etching 

In our study, we employed metal-assisted chemical etching to generate nano scale 

roughness on Si micro pyramids to form hierarchical structures. The mechanism of MAE 

is shown in Figure 7.1. Due to the presence of Au nanoparticles, electroless etching 

occurs at the Au/Si contact interface, which is composed of cathode reduction and anode 

oxidation. H2O2 decomposition causes injection of holes into the silicon surface, and 
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etching by HF proceeds in the vicinity of the Au/Si contact. As a result, pits or 

nanostructures are formed on the micro pyramid surface.  

The weighted reflectance (WR) was calculated from the hemispherical reflectance 

spectrum (300-1200 nm) measured in our study. Figure 7.2a compares the measured front 

reflectance of bare planar Si surface, and Si pyramid surfaces without and with nano 

texturing on top. Bare planar Si reflects about 34.8% of incident sunlight. Textured 

pyramid surfaces improve the light trapping by doubling the bounces of incident light, 

and reduce the light reflection to 11.2%. The nano scale roughness on Si micropyramids 

results in a significant reduction of light reflection in all UV, visible light, and IR regions. 

A WR suppression of as low as 1.4 % is achieved for the hierarchical structure. The RI 

gradient on hierarchical structure plays an important role in suppressing the light 

reflection. According to effective medium approximation, an effective refractive index 

can be calculated by averaging the refractive indices of air and Si weighted by volume 

fraction at the interface between air and Si. The benefit of RI gradient has been observed 

in our previous results about hybridized ZnO nanowires on silicon micron pyramids. The 

enhanced WR suppression of the hierarchal structure is attributed to the effect of micro 

scale texturing that allows two bounces of light at the surface, and a more gradually 

changing effective refractive index of nano structures from air to the Si substrate 

compared to a single SiN ARC (Figure 7.2b).    
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Figure 7.2 (a) Front light reflectance of micropyramidal Si with nanotexuring, compared 

with planar Si and pyramidal Si. (b) The reflection of incident light on a bare smooth Si, 

Si micro pyramids and hierarchically textured Si wafer. The images showing the 

difference in light reflection on three wafers. 
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7.3.2 Effect of micro/nano-structure on light reflectance  

In order to better understand the micro/nano size effect on light reflection 

suppression. We fabricated different micro and nano size hierarchical Si structures. 

Different micro scale texturing sizes (5µm, 20µm and 25µm) were prepared by 

modifying KOH solution concentration. The surface morphologies are shown in Figure 

7.3. The light reflection results (Figure 7.4a and Table 7.1) showed that 25 μm pyramid 

samples have higher reflectance than the 20 µm and 5 µm pyramid samples, which is 

mainly due to the untextured spots or incomplete texturing between the large size 

pyramids. After metal-assisted etching under the same conditions, the two scale 

roughness silicon wafers with different micro size pyramids showed similar light 

reflectance, which is significantly lower than micro size pyramid silicon in the whole 

spectrum. The presence of surface nanostructures allows multiply bounces of incident 

light and reduces the reflection. Therefore, different micro size texturing didn’t have a 

significant effect on the light reflectance of two tier roughness Si. 
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Figure 7.3 SEM images of hierarchical textured Si wafers with different micro pyramid 

sizes (a) pyramid size 5 μm (b) 20 μm (c) 25 μm. The nano texturing was generated by 

Au-assisted chemical etching for 4 min 
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Figure 7.4 Front light reflectance comparison of micropyramidal Si and hierarchical 

structure Si etched by Au-assisted chemical etching (a) Effect of different micro size 

pyramids (b) Effect of different nano size texturing 
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Table 7.1 Weighted reflectance on different textured surfaces 

Sample 

Weighted 

reflectance % 

 

5 μm pyramidal Si 15.6 % 

20 μm pyramidal Si 16.0 % 

25 μm pyramidal Si 17.1 % 

5 μm pyramidal Si  with 

nano texturing 
10.1 % 

20 μm pyramidal Si  with 

nano texturing 

9.1 % 

 

25 μm pyramidal Si  with 

nano texturing 
9.5 % 

 

 

7.3.3 Effect of nanostructure size on light reflectance  

Different size nano scale roughness was fabricated by modifying the metal layer 

thickness in metal assisted chemical etching. We prepared Au layers of three different 

thicknesses on silicon surfaces: 2 nm, 5 nm and 10 nm as shown in Figure 7.5a-c. The 

distance between metal catalyst particles strongly influences the morphology of the 

etched structures. When the particle density becomes higher, smaller nanostructures were 

obtained. The effect of the Au layer thickness on etching morphologies is shown in 

Figure 7.5 d-f. As the Au layer thickness increases, the etched nanostructures decrease in 

roughness. Correspondingly, the light reflectance increases (Figure 7.4b and Table 7.2). 

This is mainly due to less bounces of light within smaller nano structures. It is found that 
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nano scale roughness has a significant effect on light reflection and larger nano scale 

roughness will lead to less light reflection. 

 

Figure 7.5 (a-c) Silicon pyramid surface with Au layers of thickness of, 2 nm, 5 nm and 

10 nm respectively (d-f) SEM images of hierarchical textured Si wafers with different 

nano texturing sizes (d) 2nm Au (e) 5 nm Au (f) 10 nm Au. The nano texturing was 

generated by Au-assisted chemical etching for 4 min. 
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Table 7.2 Weighted reflectance on different textured surfaces 

 

Sample 

Weighted 

reflectance % 

 

20 μm pyramidal Si 16 % 

Two tier roughness structure 

etched on 2 nm Au film 
8.7 % 

Two tier roughness structure 

etched on 5 nm Au film 
10.4 % 

Two tier roughness structure 

etched on  10 nm Au film 
12.8 % 

 

7.3.4 Superhydrophobic black Si 

After metal-assisted chemical etching process, hydrophobic coating was applied in 

order to produce superhydrophobic surface. SEM micrographs of etched silicon surfaces 

with different etching times are shown in Figure 7.6. Evaluation of silicon surface 

superhydrophobicity was made by considering both the contact angle and the contact 

angle hysteresis. (Figure 7.7) The nanotexturing helps reduce the hysteresis due to the 

generation of nanoscale roughness superimposed on the microscale roughness. All the 

samples showed high water contact angle (>150˚), and when the etching time was more 

than 4 min, a relative low contact angle hysteresis (around 1.5˚) was obtained due to the 

increased nanoscale roughness on micro pyramids.  
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Figure 7.6 Silicon two scale rough surfaces of different magnifications resulting from 

pyramid size 20 μm + nanostructure from Au-assisted HF/H2O2 etching for different 

time (a) 30s, (b) 1 min, (c) 2 min, (d) 4 min, (e) 10 min 
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Figure 7.7 (a) Contact angle and (b) contact angle hysteresis on Si (100) surface with 20 

μm pyramid size, etched by Au assisted etching in HF/H2O2/H2O (v/v/v 1:5:10) for 

different time at room temperature  

 

7.3.5 Fabricated self-cleaning hierarchical black Si solar cells 

We fabricated screen-printed Al-back surface field (Al-BSF) solar cells with 

hierarchical Si structure, as shown in Figure 7.8. The Al-BSF provides the back surface 
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passivation. The cell performance was characterized by I-V curve under AM 1.5 

illumination condition. The hierarchical Si solar cell exhibits a conversion efficiency of 

up to 8.1% with open circuit voltage of 561.8 mV, short circuit current of 28.6 mA/cm
2
 

and fill factor of 46.2%. 

 

Figure 7.8 Schematic of screen printed hierarchical black Si solar cells. The inset is the 

cross section of hierarchical Si with surface passivation layers 

 

For black Si solar cells, one important issue is surface passivation, because high 

surface area nnaostructures tends to have low charge carrier lifetime and high surface 

recombination velocity, causing adverse effect on solar cell efficiency.[205] Commonly 

used passivation layers include SiN, SiO2, and amorphous Si etc. Low temperature 

passivation such as Al2O3 has been recently developed.[206] Thin Al2O3 layer can form 

an effective chemical passivation by hydrogenation and coordination between Si and O at 

the interface. It has been reported that atomic layer deposition of Al2O3 can form a 

conformal layer on nano texturing. In our study, two passivation layers Al2O3 and SiN 

were deposited. Figure 7.8 inset shows the surface morphologies of the etched 

hierarchical Si with surface passivation layers. The nanoscale pits is on top of the 

microscale pyramidal Si. The cross section view show the etching depth is around 130 



 146 

nm after 1 min etching. The lateral width of nano structure is around 200 nm. After 

surface passivation, the efficiency of black Si solar cell increased to 16.5%, with an open-

circuit voltage of 621mV, a short-circuit current of 33.1mA/cm
2
, and a filler factor of 

80.2%. 

In order to reduce the dust accumulation on the solar cell surface, self-cleaning 

function was applied to the solar cell by surface functionlization of the hierarchical 

structure. The pyramid Si surfaces show a contact angle of ~140° after hydrophobization 

with PFOS. The nanostructure on top of the pyramid surfaces is critical to achieve both a 

high contact angle and low hysteresis. Surface treatment with PFOS hydrophobize the 

surface and yields a high contact angle of 160° and low hysteresis of 1.2°. The existence 

of the two roughness scales resulted in a roll-off self-cleaning surface due to the reduced 

liquid contact area fraction. 

 

7.4 Conclusions 

Hierarchical textured silicon with micropyramids and nanostructures was fabricated 

by low cost wet chemical methods. A gradient effective refractive index from air to 

silicon leads to black appearance and low reflection of 1.4%. It was found that 

nanostructures on top of micropyramids play an important role in reflection suppression 

and achieving superhydrophobicity. Such structure is explored for large scale, low 

reflection, and self-cleaning solar cells. A conversion efficiency of 16.5% was achieved 

after Al2O3 and SiN passivation.  
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CHAPTER 8  

HIGH REFRACTIVE INDEX AND TRANSPARENT 

NANAOCOMPOSITES AS ENCAPSULANT FOR HIGH 

BRIGHTNESS LED PACKAGING 

 

For current LED packaging technology, one of the major limitations is the low light 

extraction efficiency, due to the refractive index (RI) difference between LED chip and 

air. Encapsulants such as epoxy and silicone are usually added to reduce the RI contrast 

and enlarge the light escape cone. But the RI of epoxy or silicone is usually limited to 

1.45 to 1.55. High RI particles can be added to help increase the RI of encapsulant. The 

particle size should be controlled smaller than one tenth of the visible light wavelength 

(400-800nm), in order to reduce Rayleigh scattering and increase the transmittance of 

encapsulant effectively. In this study, we prepared TiO2 silicone nanocomoposites as 

LED encapsulant. Vinyl silane was employed to improve the dispersion of nanoparticles 

in polymer matrix. The RI of nanocomposites increased from 1.54 to 1.61 at 589 nm 

wavelength with 5 wt% filler loading while maintaining high relative transmittance of 

84%. The nanocomposites showed stable high RI and transmittance after reliability test. 

We further investigated the effect of crystal phase, filler loading and particle size on RI 

and transmittance of nanocomposites. 

 

8.1 Introduction 

LED has many advantages over conventional incandescent and halogen lamps in 

power efficiency, lifetime and reliability.[207] For current LED packaging technology, 

one of the limitations is the low light extraction efficiency that is caused by the light 

trapping within LED chips. Since RI difference between a LED chip and air is large, 
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which limits the angle of light-escape cone. Moreover, the trapped light in LED may 

convert into heat, lower the conversion efficiency and affect the LED reliability. To 

improve the light extraction efficiency, a transparent encapsulant layer with a relatively 

high RI is desirable, which could reduce the RI contrast between chip and air, and thus 

improve the light extraction efficiency. It was reported that the extraction efficiency of 

LED will double when the RI of the encapsulant increases from 1.5 to 2.0.[208] Epoxy 

and silicone are usually employed as encapsulant materials. However, the RI of epoxy or 

silicone is limited to 1.45-1.55. Some special higher RI polymers have been developed, 

which contain aromatic or high π-electron structures, or organic groups like halogen, 

sulfur atoms.[209] However, such highly conjugated structure tends to absorb more light 

in the visible region.  These limitations give rise to the development of higher RI 

nanoparticles filled polymer encapsulants.[210] The nanocomposites combine advantages 

of polymers (flexibility, good impact resistance, and processability) and inorganic 

nnaoparticles (high refractive index, good chemical resistance and high thermal 

stability).[211]  

TiO2 nanoparticles have a high RI (n = 2.45 and 2.9 for anatase and rutile phase, 

respectively) and a very low absorption coefficient in the visible region. Therefore TiO2 

nanocomposites have been proposed as one of the promising candidates to achieve high 

refractive index and maintain high transparency.[212-214] One problem that appears in 

the nanocomposites is the aggregation of nanoparticle, which affects the physical 

properties of polymer matrices, such as thermal stability, modulus, toughness, etc.[215] 

Moreover, highly aggregated particles in transparent polymers may cause light scattering 

that limits their optical applications. To reduce the scattering loss of nanocomposites, 

many researches have been carried out using RI matching nanoparticles or introducing 

smaller size particle. Usually the particle size should be controlled smaller than one tenth 

of the visible light wavelength (400-800nm), around 20 nm, in order to reduce Rayleigh 

scattering and increase the transmittance of encapsulant effectively.[216] Other efforts 
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have also been made by using physical sonication, surface modification with organic 

ligands, or silane coupling agents.[217-219]  

For TiO2 based nanocomposites, ‘‘in situ’’ syntheses (i.e., in situ formation of 

nanoparticles in polymer matrix) or ‘‘ex situ’’ syntheses (i.e., inorganic NPs are 

synthesized prior to the formation of the nanocomposites) have been developed to obtain 

homogeneous dispersion of nanoparticles in the matrix. The in situ synthesis method 

results in well dispersed inorganic NPs within the polymer matrix.[220-221] However, 

the by-products of in-situ reaction adversely affect the properties of the composite 

materials. Ex situ syntheses of nanocomposites has the advantages of large scale 

production of NPS as well as better control of particle size and surface properties.[222] 

But the challenge is the compatibility and dispersion of the inorganic nanoparticles in the 

organic polymers.[212, 223-225] In our study, we used ex situ synthesis method for 

producing TiO2 nanoparticles. Surface modification of TiO2 nanoparticles with vinyl 

silane was carried out to improve the dispersion of inorganic NPs in silicone. The effect 

of particle size, silane treatment, and particle crystal phase on RI and transmittance of 

nanocomposites were investigated.  

 

8.2 Experimental 

We synthesized TiO2 nanoparticles by hydrothermal method using hydrochloric 

acid (HCl) and Titanium (IV) isopropoxide (TTIP, 97%). The concentration of HCl 

solvents was varied, which were 0.25 M and 6 M. The 3 mL TTIP solution was added 

drop by drop to the HCl solvent at room temperature. The hydrothermal reaction was 

conducted in an autoclave at 120 °C for 6 hours. After the reaction, the precipitate was 

cooled to room temperature and washed by ethanol. The silicone used was OE6630 from 

Dow Corning. It was a high refractive index silicone with high adhesion, high purity, 

moisture resistance, thermal stability and optical transmittance. 
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The as synthesized TiO2 nanoparticles were modified by two silanes with different 

vinyl chain length, which are vinyltrimethoxysilane and trimethoxy (7-octen-1-yl)silane. 

The solution of ethanol and water (95:5 by volume) was adjusted to pH 4.5-5.5. Silane 

was added with stirring to yield a 1 wt% final concentration.  The mixture was heated  to 

reflux for 24 hours. After that, the TiO2 nanoparticles were centrifuged and rinsed twice 

with ethanol. 

The TiO2 nanoparticles were re-dispersed in toluene by sonication. The mixture 

(TiO2 in toluene) was added into OE 6630B, and sonicated for 12 hrs. After that, the 

solvents were then removed in a vacuum oven at 60 °C. Then OE 6630A was added into 

the mixture and sonicated for 12 hrs. Finally, the nanocomposite was cured at 150 °C for 

2 hrs. The reliability test of TiO2 nanocomposites were carried out according to JEITA 

ED-4701 (200 203) standard. The RI and transmittance were measured after reliability 

test. 

Powder X-ray diffraction (XRD) analysis was carried out with a Philips X-pert 

alpha-1diffactometer, using Cu Kα radiation (45 kV and 40 mA). Transmission electron 

microscopy (TEM) images were obtained using JEOL TEM 100CX. The refractive index 

was measured by Woollam M2000 ellipsometer. The UV-Vis absorption of and 

transmittance of nanocomposites were characterized by a UV-Vis spectrophotometer 

(DU520, Beckman, Fullerton, CA), from a wavelength of 300–900 nm.  

 

8.3 Results and Discussion 

Mont et al. reported that the calculated light-extraction efficiency increases rapidly 

as the refractive index of the encapsulant increases, as shown in Figure 8.1.[39] This 

represents the clear motivation for developing encapsulants with higher refractive indices 

than typical epoxy or silicones.  
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Figure 8.1 Relation of RI and light extraction efficiency[39] 

 

The silicone OE 6630 used in our study was purchased from Dow Corning® (Table 

8.1).  The silicone LED (light emitting diode) encapsulants are designed to meet the 

challenging needs of the LED market, including high adhesion, high purity, moisture 

resistance, thermal stability and optical transmittance. Silicone materials can absorb 

stresses caused by thermal cycling inside the package, protecting the chip and the 

bonding wires. As the electronic industry quickly moves toward lead-free processing, 

silicone encapsulants, with their demonstrated, excellent stability at reflow temperatures, 

are a natural fit for LED applications.  
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Table 8.1 Properties of silicone OE 6630 

 

Viscosity (Mixed) 2.5 Pa-sec 

Heat Cure Time @ 150ºC 120 minutes 

Working Time at 25ºC 8 hrs 

Refractive Index 1.53 

Impurity (Na+) 0.1 ppm 

Impurity (K+) 0.2 ppm 

Impurity (Cl-) 0.5 ppm 

 

 

8.3.1 Crystal phase effect 

 

Figure 8.2 TEM images of TiO2 nanoparticles obtained via the hydrothermal method 

after 6 hrs reaction (the scale bar is 25 nm) 

 

During the formation of the TiO2 nanoparticles, the Ti-isopropoxide serves as Ti 

source in the hydrothermal process. The Ti
4+

 ion is surrounded by OH
-
 or Cl

-
 ions in the 

solution, and octahedral structure is formed. When the HCl concentration is high, the 

number of Cl
-
 groups connect with Ti

4+ 
increases. Therefore the deoxolation between 



 153 

octahedral structures is more probable, and the corner shared bonding instead of edge 

shared bonding between two Ti
4+

 complex centers. As a result, rutile TiO2 can be 

produced. The TEM image of TiO2 synthesized by different HCl concentrations is shown 

in Figure 8.2. The TiO2 particles have an average size of 10~15 nm. The XRD pattern of 

TiO2 nanoparticles prepared by hydrothermal process was shown in Figure 8.3. The XRD 

patterns of rutile phase TiO2 exhibit strong diffraction peaks at 27°, 36° and 55°, where 

that of anatase phase TiO2 shows strong diffraction peaks at 25° and 48°. As shown in 

Figure 8.4, rutile has a primitive tetragonal unit cell. The titanium cations have a 

coordination number of 6. They are surrounded by an octahedron of 6 oxygen atoms. The 

TiO6 octahedra are linked at the corners. Anatase has octahedrons that share four edges 

forming the four-fold axis. The obtained TiO2 synthesized by 0.25M HCl showed a 

mixture of anatase and rutile phases. It showed rutile phase when HCl concentration is 

6M. The peak positions are in good agreement with the standard pattern (JCPDS no.: 88-

1175, and 84-1286). So higher concentration of hydrochloric acid is favorable for the 

formation of rutile TiO2. 
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Figure 8.3 XRD patterns of TiO2 nanoparticles prepared via hydrothermal process for 

6hrs  (a) 0.25 M (b) 6M HCl 
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Figure 8.4 Crystal structure of TiO2 (a) anatase (b) rutile 

 

We measured the RI of TiO2 nanocomposites comparing with the silicone control 

samples. It was found that the silicone control sample has a RI of 1.544. With the same 

filler loading 1 wt%, the rutile TiO2 nanocomposite has significantly higher RI (1.559) 

than anatase TiO2 composite (1.548). as shown in Figure 8.5a and Table 8.2. Since rutile 

TiO2 has RI of 2.9 while anatase TiO2 has RI of 2.5. For the transmittance, no significant 

difference was found for the rutile and anatase TiO2 nanocomposites (Figure 8.5b). 
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Figure 8.5 (a) Refractive index and (b) transmittance of 1% TiO2 nanocomposites film 

composed of different crystal phase TiO2 nanoparticles 
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Table 8.2 Refractive index of TiO2 nanocomposites with different crystal phase 

nanoparticles 

 

 
control 1% anatase 1% rutile 

Refractive index at 

589 nm 
1.544 1.548 1.559 

 

8.3.2 Effect of silane treatment  

 

 

Figure 8.6 Chemical structure of (a) Vinyltrimethoxysilane 

(b) trimethoxy(7-octen-1-yl)silane 



 158 

 

Figure 8.7 The dispersion of TiO2 in silicone diluted by toluene (a) as synthesized TiO2 

(b) vinyltrimethoxysilane modified TiO2 (c) trimethoxy(7-octen-1-yl)silane modified 

TiO2 with different magnifications. 
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The as prepared TiO2 modified by two vinyl silanes with different chain lengths (as 

shown in Figure 8.6) were diluted in toluene and mixed with silicone for comoposites. 

Since there are a lot of differences in surface energies of silicone and TiO2, which are 

19.8 mN/m and 60 mN/m respectively. Hydrophobic modification of TiO2 using 

hydrocarbon chain silane will help match the surface energy and improve the dispersion 

in silicone. The dispersion of 1 wt% TiO2 in silicone was evaluated by TEM. From 

Figure 8.7, we found that there are less particle agglomerations after vinyl silane 

modification, especially for particles modified by the long chain vinyl silane.  

Consistently, the transmittance of long chain vinyl silane modified TiO2 nancomposite 

thin film (20 µm) had significantly higher transmittance at 500-900 nm (Figure 8.8), 

which showed the highest transmittance of ~96%..  

 

Figure 8.8 Light transmittance of 1 wt% TiO2 nanocomposites thin film (20µm) 

modified by different chain length vinyl silanes. 
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8.3.3 Filler loading effect 

 

Figure 8.9 (a) Refractive index and (b) transmittance of different filler loading TiO2 

nanocomposites film after silane treatment 
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Table 8.3 Refractive index and relative transmittance of TiO2 nanocomposites with 

different filler loadings. 

 

 control  1% rutile  5% rutile  

Refractive index at 589 nm 1.544 1.559 1.616 

Relative transmittance at 589 

nm 
100% 91% 84% 

 

 

Figure 8.10 Transparency demonstration of glass slides coated with different filler 

loading TiO2 nanocomposites (20µm thickness) 
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We fabricated rutile TiO2 nanocomposites with filler loadings of 1% and 5%. The 

RI increased linearly from 1.559 to 1.616 comparing with 1.544 for the pure silicone 

(Figure 8.9a and Table 8.3). The relative transmittance was higher than 84% at 589 nm 

for 5% filler loading samples (20µm thickness) (Figure 8.9b and Table 8.3). The 

nanocomposite films with different filler loading were coated on glass slides and showed 

high transparency, as demonstrated in Figure 8.10. 

 

8.3.4 Particle size effect: 

We synthesized TiO2 nanoparticles with the particle size increased from 8 nm to 12 

nm by increasing the synthesis time. The intensity loss of transmitted light through 

nanocomposites due to light scattering can be described as: 

 

  
     

        

   
 
  

  
     

Where I and I0 are the transmitted and incident light intensity, r is the radius of 

spherical particles, Vp is the volume fraction of inorganic particles, x is the optical path 

length, np and nm are the refractive index of particles and polymer matrix. The 

transparency loss increases exponentially with the volume fraction and size of particle. 

So with the particle size increase, the transmittance decreased (Figure 8.11). However, 

the particle size also doesn’t have a significant effect on RI of the nanocomposites (Table 

8.4). 
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Figure 8.11 Transmittance of 1% TiO2 nanocomposites composed of TiO2 nanoparticles 

synthesized with different times. 

 

 

Table 8.4 Refractive index of 1 wt% TiO2 nanocomposites synthesized via hydrothermal 

method for different times. 

 

 

TiO2 nancomposites made 

by 4 hr rutile TiO2 

TiO2 nancomposites 

made by 6 hr rutile TiO2 

Refractive index at 589 nm 1.553 1.559 

 

8.3.5 Reliability test 

We put the 5 wt.% TiO2 nanocomposites sample into the temperature humidity 

chamber for the reliability test. The test condition is shown in Figure 8.12. After the 

reliability test for 100 hours, we found that the difference of RIs before and after 

reliability test is less than 0.01 at 589 nm (Figure 8.13), which is within the experimental 
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error. The transmittance of the nanocomposites decreased 2.5% after the reliability test 

(Table 8.5).  So no significant change of transmittance was observed after reliability test. 

 

 

Figure 8.12 Reliability test conditions 
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Figure 8.13 RI of 5 wt.% TiO2 nanocomposites before and after reliability test 

 

Table 8.5 Transmittance of nanocomposites before and after reliability test 

 

 Before reliability test  After reliability test  

Transmittance 

at  589 nm  
73.3% 70.8% 

 

 

8.4 Conclusions 

We fabricated TiO2 silicone nanocomposites as the encapsulant for LED. The RI of 

5 wt.% TiO2 nanocomposites achieved 1.62 comparing with 1.54 of the silicone sample. 

The crystal phase of TiO2 significantly affects the RI and rutile TiO2 has relatively higher 

RI than the anatase ones. Meanwhile, the sample still keeps high transparency, with 

relative transmittance of greater than 84% of pure silicone. The nanocomposites 
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maintained high RI and transmittance in the reliability test. They have great potential to 

be applied on LEDs as encapsulant for light extraction efficiency improvement. 
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CHAPTER 9  

                                         Future Work 

 

9.1 Patterned superhydrophobic/superhydrophilic surfaces for electronic packaging 

3D stacking of integrated circuits (ICs) has already been demonstrated by stack-

bonding multiple wafers or individual dies on wafers with thorough silicon vias, with 

various bonding schemes, including copper-to-copper bonding by thermo-compression, 

oxide diffusion, direct covalent bonding, and copper pillar with tin-silver solder caps. 

Such 3D stack-bonding requires not only electrical interconnection between chips 

through TSVs but also environmental protection and stress-management of the stack 

within each of the ICs, thus needing unique underfill materials and processes for filling 

ultra-thin gaps (~5-15µm) between chips with ultra-small pitch (~5-20µm) 

interconnections. These dimensions are approximately an order of magnitude (10X) less 

than the flip-chip interconnection technology, as shown in Figure 9.1 that is currently in 

production. 

  

Figure 9.1 10x reduction in 3D IC interconnection pitch and stand-off height as 

compared to flip-chip. 

 

There are some primary technical barriers which need to be overcome in order to 

meet the needs mentioned above: In this task, we propose a novel self-patterning process 
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and underfill materials for 3D IC stacking. Key innovations proposed in this task include 

unique and customized wafer-level underfills, which wet only the passivation surfaces of 

wafers but not the interconnection metal pads to allow for bonding while at the same time 

filling the gap in between (Figure 9.2a). The proposed selective underfill wetting can be 

achieved by multi-tier nano-structured pads surfaces with superhydrophobicity (water 

contact angle >150°C). Large difference in surface energy between the two hydrophobic 

and hydrophilic surfaces is the driving force for selectivity. The superhydrophobic 

surfaces with very low surface energy (<14.5 dyne/cm) and SiN surfaces with high 

surface energy (40~90 dyne/cm) (Figure 9.2b), therefore, are key to achieving self-

patterned underfills on the wafer (Figure 9.2c and d). 

 
Figure 9.2 (a) Coplanar no-flow underfill, and (b)-(d) Schematic of SAM molecule 

coating for self-patterning underfill (selectively located on hydrophilic areas and 

subsequent bonding with a mating IC/TSV) 

 

We designed and fabricated test vehicles (TVs) for selective patterns, where Cu 

and SiN were employed as bond pads and passivation surfaces, respectively. In order to 

have underfills spread only on passivation surfaces, we made superhydrophobic surfaces 

on Cu and hydrophilic ones on SiN. Preliminary tests of selective wettability of water 

droplets and epoxy resins were carried out on the TVs and the feasibility of the self-

patterning has been observed. The TV preparations and the wetting tests are discussed. 

9.1.1 Test vehicles design 

We designed TVs with circular Cu bump on SiN (Figure 9.3a). The Cu bumps are 

40µm in height, 1 cm in diameter, and the distance between bumps is around 0.5 cm. The 
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fabrication process of TVs is schematically shown in Figure 9.3b. The photoresist used is 

positive 1827 photoresist from Dupont. 

(a)  

 

(b)  

Figure 9.3 Test vehicle design (a) and fabrication process (b) with patterned Cu and SiN 
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9.1.2 Hydrophilic Surface Formation on SiN 

Plasma treatments are widely used to modify the surface properties of materials 

and improve their performance for various applications. In particular, hydrophilization of 

a surface can be achieved by oxygen or nitrogen plasmas. When SiN is treated with 

oxygen plasma, polar functional groups containing oxygen are introduced to its surface, 

yielding the hydrophilic surface. In our study, O2 plasma treatment was carried out under 

the following conditions: 150W RF power, 0.5 torr pressure and 75 sccm O2 flow rate. 

After the hydrophilic treatment for 30 min, the water contact angle changes from 45.8° to 

10.0°.  

9.1.3 Hydrophobic Surface Formation on Cu 

A 0.03M ammonia solution was prepared in a 1L glass bottle. The TVs were 

immersed into the solution and kept at 5°C for different time (Figure 9.4a-c). The 

samples were taken out of the solution and rinsed with DI water for three times, and then 

dried in air. The surface of Cu bump became blue after the treatment. Next, a 3 mM 

solution of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (PFOS) in hexane was used for 

hydrophobic treatment (Figure 9.4d). Such coating has good thermal stability of up to 

350-400°C. Specifically, the TVs were immersed in the solution for 30 min followed by a 

heat treatment at 150 °C in air for 1 hr.  

Cu(OH)2 nanoneedle-like networks were formed after ammonia etching, as shown 

in figure 3. The etching depth increases with etching time, which ranged from 12 hrs to 

48 hrs. We tested the surface wettability on coated surfaces (Table 9.1). For water, the 

surface tension is 72 mN/m and the viscosity is 8.90 × 10
−4

 Pa·s at 25°C. The water 

contact angle increases continuously when we increase the etching time from 12 to 48 

hrs. The contact angle hysteresis decreases from 4.9° to 1.5°, indicating superior 

superhydrophobic properties. The electrical resistance of Cu increases from 1 Ω before 

http://en.wikipedia.org/wiki/Pascal_(unit)
http://en.wikipedia.org/wiki/Second
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etching to 200-300 Ω both after etching and hydrophobic treatment, due to the formation 

of Cu(OH)2. 

 

Figure 9.4 Morphology of etched copper at different etching time (a) 12 hrs (b) 24 hrs (c) 

48 hrs (d) Illumination of PFOS coating on etched Cu. 

 

Table 9.1 Contact angle and hysteresis of superhydrophobic Cu surface 

 12 hrs 24 hrs 48 hrs 

Water contact angle 

(degree) 
159.6 165.4 170.0 

Contact angle hysteresis 

(degree) 
4.9 3.1 1.5 

 

9.1.4 Selective wettability and self-patterning demonstration on TVs 

In order to fabricate TVs with patterned wettability, we first did oxygen plasma 

treatment of the whole TVs surface, and then covered the SiN part with photoresist. 

Surface etching and hydrophobic treatment were made on the exposed Cu surface, and 
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then the photoresist was removed by acetone (Figure 9.5). The epoxy resin we tested is 

the mixture of EPON 828 and ERL 4221 (molar ratio 1:1). The viscosity of the resin is 

1.8Pa·s at 25°C and the surface tension is around 42-46 mN/m. The contact angle of 

epoxy resin on Cu is ~ 150°. In the self-patterning demonstration process, we pipetted 

water and epoxy resin drops at the interface of Cu and SiN, and found that both water and 

epoxy resin droplets were repelled by the superhydrophobic Cu region, and stayed in 

hydrophilic SiN region (Figure 9.6). For the commercial underfill UF 8806G, after spin 

coating at 1000 rpm for 1 min, the underfill remained in the hydrophilic part (Figure 9.7).  

 

 

Figure 9.5 Superhydrophobic/superhydrophilic patterned wettability process. 
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Figure 9.6 Demonstration of water droplet (a) and epoxy resin (828:4221=1:1) (b) on 

TVs. The inset is the side view of water droplet on TVs. The droplet stayed in 

hydrophilic SiN part. 

 

 

Figure 9.7 Commercial underfill UF 8806G on TVs after spin coating. 

9.1.5 Conclusions and future work 

We fabricated patterned TVs with superhydrophobic Cu bond pads/hydrophilic 

SiN passivation surfaces. Superhydrophobic Cu was fabricated by etching in ammonia 

solution, followed by long chain fluorocarbon silane coating. Superhydrophilic SiN was 

achieved by oxygen plasma treatment. The feasibility of the self-patterning process of 

water droplet and epoxy resin has been demonstrated. The droplets stayed in hydrophilic 

SiN part, and were repelled by the superhydrophobic Cu part.  
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In the future work, efforts will be made in the following aspects: 

(1) Fabricating TVs with smaller feature size (50 micrometers) to understand the 

effect of pattern geometry on self-patterning process.  

(2) Simultaneous bonding and underfilling process: 

a. Explore and develop 3D IC bonding interconnection via thermo-diffusion or 

reflow. 

b. Develop and optimize simultaneous bonding and underfilling process. 

c. Design and fabricate test-vehicles to assess assembly defects and stack-bond 

reliability. 

 

9.2 High refractive index core-shell nanophosphors for high brightness LEDs 

White LED can be achieved by three methods: mixing red green and blue (RGB) 

LEDs, using UV LED to stimulate RGB phosphors, and combining blue LED with 

yellow emitting phosphors.[226] Among them, the combination of blue LED and yellow 

emitting phosphor is the most promising method due to the cost effectiveness and 

technical convenience. The first commercialized white LED from Nichia Chemical Co. in 

1996, used blue InGaN LED chip and yellow emitting Y3Al5O12:Ce
3+

 (YAG:Ce) 

phosphors. The currently commercial LEDs uses GaN LED chip with YAG:Ce phosphor. 

However, the current LEDs still have drawbacks of relatively low efficiency, poor color 

rendering index (CRI) of smaller than 85 and high correlated color temperature (CCT) of 

4000-8000 K. The low CRI indicates the missing of red component in the spectrum, and 

the high CCT corresponds to the neutral and cool-white color. These issues are closely 

related to the immature phosphor technology and the lack of proper encapsulation 

materials. In this work, the PI proposes to use a novel core-shell structured nanophosphor 

and its polymer composite as LED encapsulation, which has great potential for high 

brightness white LED applications.  
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The goal for current white LEDs researches is to achieve high luminous efficiency, 

brilliant color rendering properties, cost effectiveness and high chromatic stability 

simultaneously. Current white LEDs on the basis of yellow YGA:Ce have good 

luminance properties, but the high CCT and low CRI impair the quality of white light and 

limit their practical applications. To enrich the red emission, phosphor mixing can be 

employed.[227] As shown in Figure 9.8a, by using both YAG:Ce and a red emission 

phosphor, appropriate CRI and moderate luminescence efficiency can be achieved. The 

combination of green and red phosphors with UV-LEDs can also give high CRI. 

However, both of these two methods suffer from several issues: 1) low luminescence 

efficiency compared to conventional yellow YGA:Ce; 2) the additional red phosphors, 

typically sulfide-based or nitride-based phosphor etc. have poor chemical stability, 

environmental unfriendliness, and sometimes require high temperature and high pressure 

to process; 3) the mixture of phosphors leads to fluorescence re-absorption and non-

uniformity of luminescence properties. Overall, it is still quite difficult to achieve high 

CRI and luminescence efficiency at the same time. 

 

Figure 9.8  (a) Comparison of different phosphor mixing methods for white LEDs based 

on a blue LED chip, including yellow phosphors, yellow/red phosphors, and green/ red 

phosphors. (b) Relationship between light extraction efficiency and RI of the encapsulant; 

schematic of light extraction from a GaN LED chip. 
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Light extraction from LED chips is another big challenge due to the large 

refractive index (RI) difference between Ш-V crystals and outer medium. As a result, a 

large portion of incident light will be trapped inside the LED structure.[208] From Snell’s 

Law, there is a critical angle when light is passing from a high index to a low index 

material, above which light will no longer pass the interface and be internally reflected 

instead. Simple calculation shows that the escape-cone angle for unencapsulated AlGaInP 

(nAlGaInP=3.35) is only around 17°, resulting in light-extraction efficiencies of only a few 

percent. Moreover, the trapped light in LED may be converted to heat, lowering the 

conversion efficiency and device reliability. To improve the light extraction efficiency, a 

transparent encapsulant layer with a relatively high RI is used to reduce the RI contrast 

between chip and air and improve the light extraction efficiency. Epoxy and silicone are 

currently employed as encapsulant materials, whose RI are ~ 1.45-1.55. However, such 

RI is still too low to have satisfactory light extraction efficiency. It was found that the 

extraction efficiency of LED will double when the RI of the encapsulant increases from 

1.5 to 2.0 (Figure 9.8b).[210] 

To improve the RI of polymers, some special polymers have been developed, 

which contain aromatic or high π-electron structures, or organic groups such as halogen, 

sulfur atoms. However, such highly conjugated structure tends to absorb more light in the 

UV and visible region.[209] Another promising approach is to use high RI nanoparticles 

filled polymer encapsulants. When the particle size is smaller than one tenth of the 

wavelength of the incident light, the Raleigh scattering will be negligible. One possible 

issue associated with these nanocomposites is nanoparticle aggregation. It will not only 

causes light scattering but also may affect the physical properties of polymer matrices, 

such as thermal stability, modulus, toughness, etc.[215] In this regard, the development 

of nanophosphors and the dispersion control of nanophosphors in polymer matrix become 

critical for improving light extraction of LEDs. 
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Phosphor-converted white LEDs are considered as a new lighting source for the 

next generation SSL. A major drawback in current technologies is that the generated 

white light is cold, due to the lack of red color. White LEDs need extra red phosphors 

that can be excited by blue or near ultraviolet (NUV) LED chips. However, the red 

phosphors on the basis of sulfides or nitrides suffer from the poor chemical stability or 

rigorous synthesis conditions. Therefore, it is very important to develop chemically 

stable, high CRI and high luminous efficiency phosphors that can emit white light 

directly to meet with the requirements for SSL. Moreover, the low light extraction 

efficiency is another limitation for current LED technology, which is caused by RI 

contrast between the LED chip and the encapsulant and the resulting light trapping within 

the chips.  Typical encapsulants, such as epoxy and silicone, have RI of 1.45-1.55, which 

is far below practical needs. It is urgent to develop high RI encapsulant (RI ~ 1.7-1.8) to 

improve the light extraction efficiency. 

9.2.1  Proposed work 

 

Figure 9.9 (a) Proposed structure of novel nanophosphor with a QD core and a phosphor 

shell. (b) Schematic of polymer composite with well dispersed nanophosphor; the 

diameter of nanophosphor should be smaller than one tenth of wavelength of the incident 

light source to avoid the light scattering. 

 

We propose a core-shell nanophosphor to address the aforementioned issues. As 

shown in Figure 9.9a, the structure of the proposed nanophosphor includes the following 

two parts:  

 

QD Core

Phosphor Shell

< λ/10

a b
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High RI red-emitting QDs as the core  

High refractive index QDs will be incorporated into the phosphors by the core-

shell structure. The addition of high RI component will effectively improve the overall RI 

of the composite. At the same time, size dependent emission of QDs allows tunable 

photoluminescence, which gives more red-emitting components to phosphors and 

improve the CRI.  In addition, energy transfer between QDs and rare earth elements 

promotes the emission of rare earth doped phosphors. 

    Rare earth element doped white nanophosphors as the shell 

We will synthesize phosphors shell that absorb excitation energy from blue or 

NUV LEDs and generate visible emissions. In this case, a single-phase phosphor with 

direct white light emission is highly advantageous to mitigate the problems of 

fluorescence re-absorption and non-uniformity of luminescence which are observed in 

mixed phosphors systems. 

In addition to studying the preparation and properties of nanophosphor, we will 

also investigate its interfacial properties and dispersion in polymer matrix. As seen in 

Figure 9.9b, it is ideal to have well-dispersed nanophosphor in polymer matrix with 

particle size smaller than one-tenth of the wavelength of the incident light source in order 

to minimize the effect of light scattering.  

CdSe QDs are excellent for our application because of the high refractive index of 

2.7 at 589 nm with a size-dependent bandgap. When the size is ~ 7 nm, they will emit red 

light.   

Alkaline earth orthosilicates (Sr2SiO4) will be used as the phosphor host materials 

due to high UV absorption and chemical stability. Comparing with commercial YAG:Ce 

phosphor, alkaline earth orthosilicates-based phosphor is not only suitable for blue LEDs 

but also for NUV LEDs. Recently, It was reported that GaN (400 nm chip) with a 
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Sr2SiO4-based phosphor exhibits a better luminous efficiency than that of the industrially 

available LEDs of InGaN (460-nm chip) with YAG:Ce.[228] 

Dysprosium (Dy) is used here as a natural white light emission ion, with two 

dominant emission bands of blue (485 nm, 
4
F9/2→

6
H15/2) and yellow (570 nm, 

4
F9/2→

6
H13/2). It is necessary to note that Dy has only one luminescent center, which is a 

huge advantage over other single-phase phosphors with two or above luminescent 

centers, such as Eu
2+

/Mn
2+

, Ce
3+

/Eu
2+

, because the quenching between different centers 

can be avoided. 

To fabricate the proposed core-shell nanophosphor, QDs will be first synthesized 

using standard procedures described in the literature.[229] Then, a SiO2 shell will be 

added which severe as the precursor for rare-earth element doping and formation of 

nanophosphor shell.  

Figure 9.10 shows the proposed reverse microemulsion method for the synthesis of 

SiO2 coated CdSe QDs. In oil solvent, the selected surfactant can form micelles with 

hydrophilic inner domain and hydrophobic tails facing out. When trioctylphosphine oxide 

(TOPO)-capped CdSe QDs are introduced into the system and disperse in the solution, 

ligand exchange of TOPO with the surfactant occurs, allowing the QDs to enter the 

hydrophilic micelles. Ammonia solution is added to stabilize the system, and water 

molecules in the solution enter the micelles. When tetraethyl orthosilicate (TEOS) is 

added, SiO2 particles will form within the aqueous domains in the micelles, and the CdSe 

QDs originally in the micelles before TEOS addition will be coated with SiO2. Here the 

thickness of SiO2 shell can be easily controlled by adjusting the amount of water and 

TEOS. 
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Figure 9.10 Reverse microemulsion method for silica coated CdSe QDs synthesis 

After the synthesis of CdSe@SiO2, we will use a combustion synthesis method to 

incorporate the Sr3+ and Dy
3+

 dopants to SiO2 shell.  Sr and Dy sources, Dy(NO3)3 and 

Sr(NO3)2, will be added into the solution of CdSe@ SiO2, which will be heat rapidly to 

elevated temperatures (~ 800 C) and stay for a short period of time (several minutes). At 

high temperature, Sr and Dy will be doped into the lattice of SiO2 shell, generating 

CdSe@Sr2SiO4:Dy
3+

 nanophosphor. This short heat treatment will effectively avoid the 

sintering of nanoparticles and maintain the small size with a narrow size distribution. In 

order to control the crystal phase of Sr2SiO4, the effect of reaction temperature, time and 

ratio between various precursors will be studied. This method has advantages of low 

temperature synthesis, high quenching concentration of the activator, and a homogeneous 

distribution of the emission centers, which can lead to better emission efficiency. 

Transmission electron microscopy (TEM), X-ray diffractometer (XRD) and UV-vis 

spectroscopy will be used to characterize the morphology, crystallinity and performance 

of nanophosphor.  

The RI of the core shell nanophosphors will increase with the increased filler loadings 

(Figure 9.11), according to effective medium approximation. The RI of nanocomposites 
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neff=Vp*np+Vh*nh,, in which Vp and Vh are volume fraction of nanoparticles and polymer 

matrix.  

The Raleigh scattering coefficient of nanocomposites is 

ks = NCscat = 
   

 
 

  
      

   

  
       

    
       

 
  
  

  

 

 
 

 
     

 

The mean distance between scattering event, is the inverse of the scattering 

coefficient ks
-1

, which is strongly dependent on QDs radius and volume loading fraction. 

In our study, we will modify the core-shell nanophosphor size and filler loading to 

optimize scattering coefficient for higher light extraction. Light tracing simulation will 

also be employed to investigate the effect of optical scattering by nanoparticles in an 

encapsulant on light extraction efficiency.  

 

Figure 9.11 Effective RI of nanophosphor-composite vs CdSe QDs mass and volume 

fraction. 

 

9.3 Mechanically Robust Superhydrophoic Surfaces 
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In the previous chapters, we investigated the mechanical robustness of 

superhydrophobic epoxy nanocomposites and hierarchical structure. It was proved that 

microscale texturing protects more fragile nanoscale roughness, and the 

superhydrophobicity was remained after the abrasion test. However, the hysteresis still 

increases after abrasion. The possible reason is the brittleness of the materials, which 

makes the damage of structure inevitable. Studies can be conducted to explore the 

fabrication of micro nano structures with more flexible materials silicone and 

polyurethane, or mechanically robust metal particles, alumina, and diamond like carbon 

nanostructures.  
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