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Abstract 

Solar thermal energy is a growing sector in the field of alternative energy. The advantage 

of solar thermal energy is that in addition to high scalability for utility power plants, it is also 

able to generate electricity at a later time by making use of thermal storage. Solar thermal 

technology consists of many components but one of the most important is the solar receiver. The 

purpose of the receiver is to absorb the concentrated sunlight and retain that heat as fluid carries 

away the energy that is used by the turbine to generate electricity. The higher the temperature of 

the fluid, the higher is the efficiency of the thermal conversion system. In order for the receiver 

to be efficient, it has to be coated with a layer called spectral selective coating. The goal of this 

coating is to have high solar absorptance and low thermal emittance. Therefore, it should have 

low reflectance for wavelength < 2 µm and high reflectance for > 2 µm. This will enable 

absorbed solar energy to be transferred in the form of heat to the fluid with low radiative losses.  

Spectral selective coatings that are currently used for solar receivers are expensive to 

manufacture since they require vacuum fabrication techniques. A further drawback is that the 

current coatings are only stable up to 500 – 600 0C in air. The driving factors for long-term 

performance degradation are oxidation, delamination of coatings, and cracking. Thus there is a 

need for receiver coatings that have high solar absorptance, low thermal emittance, and can 

operate at high temperatures in air for tens of years.  

In this research, we demonstrate laser sintering of tungsten nano particles to achieve 

spectral selectivity. Laser sintered tungsten coating have microscale surface roughness that has 

been used to achieve high solar absorptance and low thermal emittance. Theoretical modeling 

was carried out to study the interaction of electromagnetic wave with rough surfaces in the 

visible and infra-red spectrum and in turn determine solar absorptance and thermal emittance. 
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Morphological, structural, and compositional properties of laser sintered tungsten films were 

investigated to understand its optical properties and high temperature stability. We have 

demonstrated very high solar absorptance ~ 90.3 % at room temperature and ~ 87% after heat 

treatment at 650 0C. This coating was able to maintain its performance in air when heated at 650 

0C for at least 36 hours making it ideal for solar tower applications. The solar absorptance can be 

further increased with the use of an anti-reflection film on sintered coatings.  
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Chapter 1. Introduction and literature review 

1.1  Solar Energy 

Solar energy can be utilized in multiple ways to produce heat and electricity. There are three 

ways by which solar light can be converted: photovoltaics (PV), solar thermophotovoltaics 

(STPV), and solar thermal.  

a.   Photovoltaics: The photovoltaic effect is the phenomenon by which light directly gets 

converted into electricity. When light of relatively low energy is absorbed by a 

semiconductor, usually silicon, heat is generated without altering the electrical properties of 

the material. This causes the atoms of silicon to vibrate but not break loose. The electrons 

soon return to their original lower energy levels giving off heat as the energy they had 

gained. Light with higher frequency which in turn corresponds to having greater energy can 

alter the electrical properties of the crystal. If such wavelength of light strikes a bound 

electron, the electron is separated from its place in the crystal. This leaves behind a silicon 

bond missing an electron and frees an electron to move about in the crystal. A bond missing 

an electron is called a hole. This electron is in the crystal's conduction band because free 

electrons are the means by which electricity flows. A hole in a silicon crystal can, like a free 

electron, move about the crystal. An electron from a bond near a hole can easily jump into 

the hole, leaving behind an incomplete bond, i.e., a new hole. This happens fast and 

frequently and electrons from nearby bonds trade positions with holes, sending holes 

randomly and erratically throughout the solid. Both the conduction-band electrons and the 

holes play important part in the electrical behavior of PV cells. A PV cell contains an electric 

field that is set up by opposite electric charges. The field generated makes the electrons flow 

to one side of the cell and holes to the other. This charge separation sets up a voltage 
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difference between the cell which is used to drive an electric current in an external circuit. 

 

 

Fig 1. Solar cell with charge carriers [1] 

 

 
b.   Solar thermophotovoltaic (STPV): STPV systems can provide higher solar conversion 

efficiencies than only using solar cells. This is achieved by using an intermediary material to 

modify the spectrum of incoming solar radiation to be better matched to a PV cell. To 

accomplish this, incoming concentrated solar radiation is absorbed by the absorbing surface. 

As the temperature of the absorber rises, it emits large amounts of thermal radiation out of 

the emitting surface also called the emitter. This radiation can be absorbed by a PV cell to 
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create electricity [2]. Since PV cells are highly efficient for only certain band of the 

spectrum, the emitting surface can be modified to create a narrow-band thermal emission. 

This narrow band can greatly improve the efficiency of PV devices as they have been 

matched to the absorption spectrum of the PV cell. Since now the matching is not limited to 

only solar spectrum, the overall STPV system can utilize the full solar spectrum and use all 

the heat to emit only in the necessary band allowing it to exceed the efficiencies of PV 

systems. STPV system is comprised of the following parts: an absorbing, an emitting surface, 

and a PV cell. Even though STPV system can be more efficient that only a solar cell system, 

lack of heat storing capability and a more complex design makes solar thermal a better 

option.   

 

 

Fig 2. STPV system [2]. 

 

c.    Solar thermal energy: Concentrated solar power (CSP) is a promising field in renewable 

energy. CSP systems use mirrors to concentrate sunlight onto a receiver that transfers the 

generated heat to a heat transfer fluid (HTF). The hot fluid is then sent to a heat exchanger 
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where it boils water to run a steam turbine and generate electricity. CSP systems need high 

photothermal conversion efficiency of the receiver in order to increase the overall efficiency 

of the system. For efficient energy conversion, high operating temperatures, >650 0C, are 

desired which in turn require highly efficient receiver surfaces at those temperatures. Figure 

3 below shows a parabolic trough system where sunlight is collected by large array of 

parabolic mirrors with the receiver tube running along its axis. The receiver tubes are placed 

at the focal point of the parabola so that the sunlight is concentrated by parabolic mirrors 

onto the receiver tubes. Usually these parabolic troughs are arranged in the north-south 

direction so that they can track the sun from east to west through out the day for maximum 

efficiency. The concentration ratio for parabolic trough systems is usually between 30 and 

100 [3]. 

 

      Fig 3. Parabolic trough system [4] 
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         Fig 4. Central tower system [5]  

 

Figure 4 shows a central tower system where mirrors on the ground concentrate sunlight onto a 

central receiver on top of the tower.  There are several mirrors called heliostats lying around a 

central tower with receiver on the top. Heliostats are capable of having a concentration ratio of 

more than 600 times raising the temperature of the receiver more than parabolic trough systems. 

Some systems use water as the heat transfer fluid. Molten nitrate based salts are being 

experimented with to be used as heat transfer medium as they have thermal energy-storage 

capability that might allow them to produce electricity at night [3]. Solar thermal systems as 

compared with solar cells and solar thermophotovoltaics are preferred for large-scale commercial 

plants because they not only offer electricity on demand, but also have the ability to store heat 

which can be later used generate electricity. This allows for greater flexibility and thus the choice 

for utility scale solar systems. This work is thus focused on solar thermal systems and developing 

coatings for making solar thermal receivers more efficient. 
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For solar thermal systems, special coatings have to be applied on receivers for efficient energy 

conversion. The goal of the coatings is to have high solar light absorptance and low thermal 

emittance. This implies having low reflectance at wavelengths (λ) ≤ 2 µm, i.e. having high solar 

absorptance (α), and a high reflectance at λ > 2 µm. Infra-red (IR) reflectance wavelength 

requirement can change based on the temperature of operation of the receiver. Below in table 1 

are the characteristics of the above two systems: 

 

Table 1. Solar thermal systems 

 Focusing 
Element 

Concentration 
Ratio 

Heat Transfer 
Fluid 

Receiver 
Temperature 

Reached 
Parabolic Trough 

System 

Parabolic 

shaped mirrors 

30 - 100 Synthetic oil  370 - 400 0C 

Central Tower 

System 

Heliostats > 600 Water 450– 550 0C 

 

 

 

1.2 Methods for achieving spectral selectivity  

The term spectral selectivity is used to describe the spectral behavior of a coating because 

it has to have low reflectance in the solar spectrum and high reflectance in the IR. Thus the 

material has a selective nature in reflectivity for different parts of the electromagnetic spectrum. 

In figure 5, we show solar spectrum and blackbody radiation at 450 0C. As the sunlight is 

concentrated on the receiver, the temperature of the receiver rises and it radiates heat. The 

blackbody radiation is primarily in the IR spectrum and having high reflectance in the IR will 
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prevent this heat from radiating. Therefore, the emittance (ε) in the IR spectrum needs to be low 

and will result in higher conversion efficiency.  

 

           

Fig 5. Solar spectrum and blackbody irradiance at 450 0C 

 

Several techniques have been used to develop spectral selective coatings and they are described 

below:  

 

a.   Intrinsic absorbers: Materials that have intrinsic optical property to achieve spectral 

selectivity at temperatures higher than 650 0C, are not found in nature. As seen in figure 6, 

using bulk material cannot give both, high absorptance in solar and high reflectance in IR 

spectrum. Metals like gold, silver, etc. have low ε but also a very low α. Silicon and 

germanium have been used as absorber surfaces [6] but exhibit poor performance in the IR 
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spectrum. Antireflection (AR) coatings such as SiO2, TiO2, Si3N4, and Al2O3 [6] have been 

used to increase α, however keeping low ε has remained a challenge. Other issues with using 

intrinsic absorbers are that they are expensive to manufacture and they degrade at high 

temperatures. 

 

 

Fig 6. Bulk material as absorber surfaces. 

 

b.   Ceramic – metal composite (cermet): Cermet is a mixture of metallic particles in a dielectric 

host. The cermet layers act as absorbers in the solar region [6] and are deposited onto a base 

metal layer that acts as an IR reflector to keep the emittance low. In addition, anti-reflection 

layer is also added for reducing front surface reflection and to maintain thermal stability. 

Figure 7 shows a multilayer cermet coating. In order to increase solar absorptance, 

researchers have experimented with varying metal content, multiple layers of cermets, and 

metal particle sizes. Single layer cermets and multilayer cermets, behaving as graded index 

medium, have been used by researchers [7] to achieve high solar absorptance. Cr-Cr2O3 

based cermet was fabricated using electroplating and achieved α ~ 96% and ε ~ 25 – 35% 

when heated to 300 0C in vacuum [8]. W-Al2O3 cermet prepared by sputtering achieved α ~ 

93.9% and ε ~ 12% at 400 0C after being heated in vacuum at 580 0C [9]. Ni-Al2O3 cermet 

fabricated using sputtering technique achieved α ~ 94% and ε ~ 7% at 100 0C when heated in 
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air at 500 0C [7]. Challenges with cermet structures are related to high temperature 

degradation in air starting at 500 0C since cermets are susceptible to metal agglomeration, 

inter-diffusion, cracking, and delamination [7]. Also, the manufacturing of these layers 

requires a vacuum environment and precise control of film thickness, contributing to 

considerable manufacturing expense.  

 

     

Fig 7. Cermet based spectral selective coating 

 

c.   Surface texturing: Surface texturing of materials as seen in figure 8 has been applied for solar 

energy applications for a long time. Surface texturing makes use of optical trapping of solar 

energy by multiple reflections of light, thus being partially absorbed at each reflection. This 

method makes it easier to achieve high solar absorptance but keeping emittance low and has 

been a challenge. Copper surface has been textured to achieve α ~ 90% and ε ~ 10% at 300 K 

[10]. Laser texturing of copper was conducted to create periodical structures achieving α ~ 

35% and ε ~ 4% at 300 K [11]. Femtosecond laser processing of titanium and aluminum 

surface was conducted to achieve α > 90% and emittance was not reported; however no heat 

treatment was done [12]. Submicron periodical cylindrical holes were fabricated on tungsten 
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surface that achieved α ~ 82% and ε ~ 15.9% [13] after heat treatment at 1200 K in vacuum. 

Chromium surface was textured to achieve α ~ 94% and ε ~ 30% at 100 0C after being 

oxidized in air at 500 0C [7]. Nickel was sputtered that resulted in having surface roughness 

on the film [14] that had α ~ 80% and ε ~ 10% at 200 0C. The films were stable in air up to 

300 0C but the performance went down after 500 0C due to increased oxidation of the film. 

Complex random structures after sputtering were formed on nickel and stainless steel with α 

~ 92% and ε ~ 10 – 24% [14]. All these surfaces were fabricated using vacuum techniques 

adding to higher manufacturing costs. It can be seen that only some textured surfaces can be 

stable up to ~ 500 0C in air while others can only sustain heat under vacuum. The issue with 

textured surfaces is that they tend to oxidize at high temperatures and also lead to 

modification in surface roughness, which causes a drop in performance.  

 

 

Fig 8. Surface texture for increasing solar absorptance (not to scale). 

 

1.3    Laser sintering of metal nanoparticles for spectral selectivity 

Sintering is a process in which particles of metals, ceramics, or polymers etc. are heated close 

to their melting point after which the particles join together and the density of the resulting film 

increases. There are two types of sintering: Solid state sintering (SSS) and liquid phase sintering 
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(LPS). SSS occurs when the powder is densified wholly into a solid state at the sintering 

temperature, while liquid phase sintering occurs when a liquid phase is present during sintering 

[15]. Below is a brief description of the two types of sintering: 

 

a.   Solid state sintering: SSS involves joining of particles due to high temperatures and there is 

mass diffusion amongst them that results in grain growth. During SSS viscosities are 

relatively high resulting in improper densification. Thus, employing SSS can sometimes 

create pores in the final structure that is why some researchers prefer LPS. 

 

b.   Liquid phase sintering (LPS): LPS involves the formation of a liquid phase that coexists with 

the solid particulate phase. There are two techniques used to introduce liquid phase sintering. 

One is to mix powders having different chemistries [14] and melting points. The interaction 

of two different powders will form a liquid phase during sintering. The second technique is to 

sinter a pre-alloyed powder. Heating at temperatures between solidus and liquidus 

temperatures will introduce a liquid phase during sintering. Figure 9 describes 

microstructural evolution during LPS [14]: LPS and melting/solidification of material are the 

phenomena responsible for bonding of particles. This property is utilized for surfaces and 

structures in direct laser sintering of metal particles.  

 

The energy transfer from a laser beam to a metal surface is determined by plasma frequency. 

Metals have high reflectance for electromagnetic waves having frequency below the plasma 

frequency and have high absorptance for frequencies above the plasma frequency. This takes 

place due to the free electrons reradiating the incoming electromagnetic wave. Reflectance of 
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metallic surfaces increase with increasing wavelength and therefore, using Nd:YAG (1.06 µm) 

laser is more preferable than CO2 (10.6 µm) lasers. Due to higher absorption with the metal, 

Nd:YAG laser leads to a better energy coupling with the material. Light absorption causes the 

intensity of the light to decay with depth at a rate determined by the material’s absorption 

coefficient [16].  

 

                     

 

Fig 9. Microstructural evolution during LPS: (a) Low melting particle is surrounded 

by high melting particles, (b) low melting point particle starts melting, (c) the melt 

spreads, and (d) rearrangement of particles in a dense liquid-solid agglomerate 

 

The intensity, I, decays exponentially within the material with depth z according to the Beer–

Lambert law as follows: 

 

     𝐼 𝑧 = 	
   𝐼%𝑒'()                                   (1) 

 

 where I0 is the intensity right at the surface after reflection losses, 𝛾 is material’s absorption 

coefficient, and z is the depth with which the intensity I(z) decays exponentially. For example, in 

the case of most metals, the absorption depth is on the order of 10 nm when illuminated via UV 
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radiation. Hence choosing wavelength with short absorption depths allows for local modification 

of the surface properties without affecting the bulk. 

Laser sintering involves using a laser as a heat source to partially melt the particles and 

cause them to bind together in order to form a continuous sintered layer. Using a pulsed laser has 

advantages over using a continuous wave laser, since sintering can be achieved at lower average 

power levels. During sintering, high repetition rate of laser pulses causes multiple pulses to 

overlap onto a small spot resulting in partial melting and then consolidation. The temperature of 

the particles during pulsed laser interaction is what governs the melting of the surface of particles 

leading eventually to binding. The heat flow equation can be given as follows [17]: 

 

                                             𝜌𝐶 -.
-/
−	
  ∇	
  . 𝑘	
  . ∇𝑇 = 	
  𝑓                                           (2) 

 

where ρ is the density, C the heat capacity, k the thermal conductivity and f the heat source [15]. 

In metals, the light is absorbed within a depth of the order of few nm [18]. This energy is 

absorbed by the free electrons and is then transferred to the lattice via collisions raising the 

temperature of the bulk. Since it’s a powder and not a bulk metal, the penetration depth of light 

in the powder agglomerate can be on the order of microns. The resulting sintered surface and its 

morphology are dependent on the initial size of the particles and the thickness of the powder 

layer. The surface roughness formed on the sintered layer is used to achieve spectral selectivity 

and this roughness can be tailored to achieve high α and low ε.  

Sub-wavelength structures on metal surfaces are highly desired as they increase solar 

absorptance as the surface behaves like graded index medium, providing antireflection properties 

[13]. For a desirable CSP receiver coating, the reflectance in the IR can be kept very high since 
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IR wavelengths are much longer than the dimensions of surface roughness and therefore the 

surface appears smooth and radiates as a flat surface.  

Therefore, the goal is to achieve sub-wavelength random surface roughness on sintered 

layer that can be spectrally selective and also be thermally stable. The laser heating of tungsten 

nano particles to form a sintered layer having surface roughness ranging from sub-microns to a 

couple of microns was investigated and it has achieved high spectral selectivity and thermal 

stability.  

 

 

1.4 Research objectives and plan 

The objective of this research is to investigate laser sintering of tungsten micro/nano 

particles to control the surface morphology so that spectral selective surfaces for concentrated 

solar power receivers can be achieved. Laser sintering technique was employed to form a 

continuous bonded layer and control of its surface roughness to achieve spectral selectivity. The 

effect of laser processing parameters on sintering were studied and optimized to attain a high 

performance coating. Surface characterization, optical and infrared measurements, and thermal 

stability of the coatings at high temperatures were investigated. To further increase solar 

absorptance, an antireflection film was deposited on the sintered layer and its performance was 

studied. 

The goal was to demonstrate laser sintering of nanoparticles for solar thermal application 

along with fundamental understanding and basic measurements. The specific objectives of the 

research are listed below:  
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•   Literature review on CSP, spectral selective coatings, and laser sintering: Intrinsic 

absorbers, cermets, and surface texturing techniques that were used to achieve spectral 

selectivity. Laser sintering of metal particles was chosen to achieve spectral selectivity in 

this research 

•   Simulation of light absorptance and reflectance from rough and textured surfaces to 

understand the role of surface roughness on spectral selectivity and solar thermal 

performance 

•   Experimental setup for pulsed high power laser sintering of tungsten nanoparticles was 

designed and built 

•   Study effect of laser parameters on sintering of tungsten nanoparticles: The effect of laser 

power, pulse frequency, and scan speed on bonding and surface morphology 

•   Determine optimized laser processing conditions for sintering of tungsten nanoparticles 

to achieve α > 90% and ε ~16% at room temperature 

•   Investigate optical, infrared, morphological, and compositional properties of sintered 

tungsten coatings: Visible spectrum absorptance, FTIR reflectance, SEM, EDS, and XRD 

measurements are carried out 

•   Examine the effect of surrounding environment on laser sintering of tungsten 

nanoparticles: Sintering was carried out in presence of nitrogen atmosphere and under 

atmospheric pressure. Its effect on optical and IR properties before and after heat 

treatment were examined 

•   Investigated high temperature stability with optical measurement and various analytical 

techniques: Sintered samples were annealed at different temperatures up to 650 0C and 
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the effect of temperature on optical and IR properties were studied. Thermal stability of 

the coatings were also examined using SEM, EDS, and XRD 

•   Study the effect of antireflection coatings on sintered tungsten films: Investigate the 

feasibility of sol-gel prepared TiO2 layer on laser sintered coatings. Measure its optical 

and IR properties 

•   Future work may involve long term stability and scaling up of this technique to be 

applied towards commercial solar thermal systems and areas where high temperature 

coatings are needed to operate without degradation, for example in nuclear industry.  
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Chapter 2. Modeling of light absorption and reflection 

 

2.1 Electromagnetic wave interaction with surface roughness 

As mentioned earlier, surface texturing has been used to increase solar absorptance and 

this can be done by light trapping through multiple reflections by textures or when surface 

behaves as a graded index medium.  

 

  

    Fig 10. Light trapped by surface texture. 

 

When spacing between surface texture features is larger than the wavelength, light 

absorption can be described by ray tracing. In light trapping, the goal is to increase the number of 

times light gets reflected by the surface texture as seen in figure 10. When the surface roughness 

is less than the wavelength the surface behaves as a graded index medium thereby reducing front 

surface reflection. To achieve spectral selectivity, ideally surface roughness on tungsten needs to 

be sub-wavelength having dimensions <500 nm. This enables solar light to get absorbed but still 
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have high IR reflectance. Since the wavelength of the IR radiation is almost ~10 times larger that 

the surface roughness, the surface starts to behave more like an effective medium [19] and thus 

high IR reflectance can still be achieved.  

 

a.   Effective Medium Theory (EMT): In EMT, a structure that is made from multiple materials 

is broken down into layers top-down and each layer is represented as a single material with 

an effective refractive index that is calculated using dielectric constant and filing factor of 

the constituent materials as shown in figure 11. Since only a single effective refractive index 

is used, the represented material is homogenous and the scattering effects are not taken into 

account. Therefore, this method is only accurate for sub-wavelength sized textures that do 

not exhibit significant high-order diffraction [20]. In order to calculate effective medium, 

most common approaches are Maxwell Garnett, Lorentz-Lorentz, and Bruggeman theories. 

The Bruggeman theory is primarily used here due to the fact that it is accurate for a wide 

range of material ratios and is symmetric. Symmetric means that it does not matter which 

material is represented as an inclusion and which is specified as the matrix [20,21]. This is 

critical because in a dual-material system, either material can be considered as the inclusion. 

 

 

Fig 11. A sub-micron array of cone broken down into layers each having an effective 

index. 
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  The effective dielectric constant, originally derived by Bruggeman in his 1935 paper [22], is 

given in [23] as seen in equation 3, where 	
  ∈@AA	
  	
  is the effective dielectric constant, ∈B is the 

dielectric constant of material A, ∈C  is the dielectric constant of material B, and f is the 

percentage of material having ∈  = ∈B. The effective refractive index of the material, 𝑛@AA, is 

equal to ∈@AA  . These structures provide broadband absorption for textures with height 

greater than 0.4λ and an inter-cone spacing less than λ/2n, where n is the refractive index of 

the matrix material [20,24]. When using EMT to calculate spectral performance, f is varied 

as a function of height in the structure, and the structure is broken down into many (~100) 

thin-film layers [20]. The reflectance can then be  calculated using the transfer matrix 

method. 

 

b.   Finite difference time domain (FTDT) method: This work also uses the FDTD method to 

simulate the effect of various submicron textures on the reflectance spectrum of metal 

substrates. In an FDTD simulation, a solution is found by iteratively solving Maxwell's 

equations on a grid [25, 26]. Central difference approximation is used to iteratively solve the 

time-dependent Maxwell's equations. A leapfrog method is then used to solve the discretized 

equations on a spatial grid called a Yee lattice. First the electric field vector components at 

each point in the lattice are solved, then the magnetic field vector components are solved for 

neighboring grid points for the next time-step, and so on [27]. FDTD simulations were run 

using an open-source program called the MIT Electromagnetic Equation Propagation 
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(MEEP) package [28]. The FDTD method also takes into account scattering and resonant 

phenomena, allowing it to be accurate for feature sizes that are on the order of a wavelength. 

One disadvantage of the FDTD method (and numerical methods in general) is that errors can 

be introduced because of the discretization of phenomena.  

 

c.   Random texture vs. periodic structures: Creating structures on surfaces leads to increased 

absorptance but whether a periodic structure or a random one is preferable is addressed in 

this section. Many periodic arrangements exist that include photonic crystals, dielectric 

stacks, and 2D or 3D periodic textures [29,30]. Experimental results using grating structures 

on tungsten show absorption of over 90% in the solar spectral range [31].  Dielectric stacks 

can absorb >90% of incident solar light while suppressing emissivity to be below 16% at 

1750 K [32]. Submicron periodical cylindrical holes have been fabricated on tungsten surface 

and have achieved absorptance ~ 82% and emittance ~ 15.9% at 1200 K in vacuum [13].  

Non-periodic textures or surface roughness were investigated for their use in achieving solar 

selectivity. The advantage of non-periodic structures is that it has a more broader absorption 

in the solar spectrum. The lack of periodicity in textures reduce the effect of Bragg peaks on 

the absorption spectrum [33] due to which relatively larger structures can retain their highly 

absorptive properties [2]. In addition to performance benefits, non-periodic surfaces are 

easier to fabricate as periodic structures require advanced manufacturing techniques. It 

becomes increasingly complex to generate structure with a periodicity smaller than the 

wavelength of absorbed light. In the case of a solar absorber, this requires structures on the 

order of 250 nm to avoid absorption peaks due to Bragg effects [33].  The non-periodic 

structures are able to achieve high absorptivity with structure sizes on the order of a micron. 
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The absorptance of structures were simulated via finite difference time-domain (FDTD) 

method. Fig. 12 shows one of the random cone structures that was used for simulation. Fig. 

13 shows simulated reflectance plot of these structures in the solar spectrum and near IR. It 

can be seen from Fig. 13a that increasing the height leads to increased absorptance due to a 

more gradual change in the refractive index from air to tungsten interface.  

 

d.   Effect of anti-reflection film: By having surface texture in addition to an antireflection film is 

ideal to having high solar absorptance. Figure 14 shows increased absorption by depositing 

~80 nm of TiO2 anti-reflection film. Anti-reflection coating not only helps to reduce front 

surface reflection, but it also prevents oxidation of the coatings at high temperatures in air 

thereby helping to maintain thermal stability and high performance. 

 

 

Fig 12. Cone structures on tungsten surface with random spacing and height [2]. 
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Fig 13. (a) Simulated reflectance for textured tungsten with different average heights.  

(b) various distributions of cone periods [2]. 

 

   

                          Fig 14. Reflectance for tungsten coated with TiO2 AR coating. 
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Thus the goal is to have surface roughness on sintered films that are sub-wavelength and 

which are coated with AR films to achieve high solar absorptance and also high reflectance 

in IR. Authors in [34] show that applying an antireflection layer on textured tungsten surface 

can increase solar absorptance >90% and later in the report, we also present initial data of 

increased solar absorptance by applying an antireflection film on laser sintered coatings. 
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Chapter 3. Experiment: Laser Sintering of Tungsten 

Nanoparticles 

 

3.1 Experimental setup 

A pulsed fiber laser having wavelength of 1064 nm was used as a sintering source. Laser 

pulse width was 50 ns, energy per pulse was 0.2 and 0.4 mJ, and laser spot size was ~ 120 

microns. A mirror and a lens were used to guide and focus the laser beam onto the sample on the 

scanning stage. Laser power, scan speed, and its frequency are the three parameters that were 

varied and numerous sintered films were fabricated.  

Laser sintering experimental setup is shown in figure 15. Solar absorptance 

measurements for the fabricated sintered films were performed using an integrating sphere, 

supplied by Labsphere Inc. Reflectance measurements in the IR were done using a continuum IR 

microscope by Thermo Fisher Scientific Inc. The sample was illuminated by IR wavelengths 

ranging from 2.5 to 12.5 microns and the reflectance was measured from the sample surface. The 

IR microscope has the ability to collect reflected and scattered light over an angular range of +/- 

350 with respect to normal to the sample. X-ray diffraction measurements were conducted on 

sintered coatings using CuKα radiation source to study the crystal structure. Scanning Electron 

Microscopy (SEM) and Energy Dispersive X – ray Spectroscopy (EDS) were conducted on 

sintered samples to study their morphology and elemental composition.  

 

3.2 Tungsten Nanoparticles 
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Tungsten metal was chosen as the material of choice for sintering due to its optical and 

thermal properties. Since we need high solar light absorptance and high reflectance in the IR 

with 

 

   

Fig 15. Experimental setup of laser sintering of tungsten nanoparticles.  

 

materials having high melting point, metals turn out to be the preferred choice. However, not all 

metals have high solar absorptance. Tungsten as compared to all other metals has a fairly 

constant absorptance ~ 48% in the solar spectrum and thus modifying the surface roughness can 

increase its absorptance even further. Bulk tungsten also has one of the highest reflectance in the  

IR spectrum, ~97%, and having the reflectance of laser sintered tungsten film approaching that 

of bulk tungsten is desired. In addition to optical properties, tungsten has the highest melting 

point, ~3420 0C, and using it for solar thermal where high temperatures are desired makes 

tungsten the most optimal choice. Hence choosing nanoparticles of tungsten was decided for 

laser sintering. Nanoparticles were ordered from SkySping Nanomaterials, Inc. and nano 

particles were chosen since the desired surface roughness needed to be ~ 200 – 400 nm and 
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having micro or bigger sized particles, the surface roughness that would form would be on a 

much bigger scale after sintering. Also, having too big particles can also result in relatively 

flatter surface morphology thus having lower solar absorptance. Most of the particles were 

between 80 – 100 nm but some were between 1 – 5 microns. These particles are deposited onto a 

stainless steel (SS) substrate before sintering. SS is chosen as the substrate because it is the 

choice of receiver material for solar thermal applications due to its low cost and compatibility 

with HTF. The sample (tungsten particles on SS substrate) was then placed on an X-Y 

positioning stage for laser sintering.  

 

3.3 Nanoparticle deposition technique 

Various deposition techniques for nanoparticles were investigated and are presented below: 

a.   Dip coating: A beaker containing a solution of isopropyl alcohol (IPA) was mixed with 

tungsten nanoparticles. SS substrate was then dipped into the solution and withdrawn slowly. 

The sample was then kept aside to allow the IPA to evaporate, leaving only tungsten 

nanoparticles on SS. This approach proved ineffective because after IPA evaporation, 

tungsten particles were spread too far from each other, leaving large voids between them. 

Thus a continuous coating could not be formed because the particles were too far apart. 

 

b.   Drop casting in washer: A thin metallic washer was placed on SS substrate and the solution 

of IPA and tungsten nanoparticles was poured on SS in the center region of the washer using 

a dropper. After the IPA evaporated, the washer was removed and tungsten nanoparticles 

were close enough to be sintered. However, to form a sintered coating was difficult. The 

thickness of the coating was dependent on thickness of the washer therefore the layer of 
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tungsten particles was too thick to be sintered effectively. This process caused a non-

continuous layer in some areas as bonding between tungsten particles and SS substrate did 

not occur. 

 

c.   Drop casting: The solution of IPA and tungsten nanoparticles was drop cast directly onto the 

SS substrate with a dropper. Two to three drops have to be placed in the same region on the 

substrate to ensure that tungsten particles were close enough for sintering after the IPA 

evaporated. This method has worked best compared to the other two methods and has been 

used for all the sintered samples.  
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Chapter 4. Characterization of Laser Sintered Tungsten 

Films  

 

4.1 Effect of laser process parameters 

Laser power, scan speed, and repetition rate of the laser were the parameters that were varied 

to examine the effect on sintering of tungsten nanoparticles. Repetition rate of the laser was 

varied from 30 kHz to 80 kHz to examine its effect on sintering tungsten nanoparticles. With 

higher frequency, more of a balling phenomenon was observed. Since the number of laser pulses 

per spot was too high an increasingly large amount of liquid can be produced that stays for a 

longer time [35]. The longer heat residence time leads to balling due to surface wetting 

phenomenon [36], therefore, 80 kHz repetition rate was not selected. At lower frequencies, 30 

kHz and 50 kHz, not much change in surface morphology was observed and as suggested in [35] 

a moderate repetition rate was recommended. Thus 50 kHz was chosen as the repetition rate of 

choice. The other two parameters laser power and repetition rate were varied keeping the 

frequency fixed and their effect on sintering was examined. 

 

a.   Effect of laser power: The sample scan speed was fixed to 1 mm/s and laser repetition rate 

was fixed at 50 kHz. In table 2, data are provided for conversion of laser power % to laser 

power in watts. 

                                           

Table 2. Laser power in watts 
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Laser Power (%) 20 40 60 80 

Average Laser Power (watts) 3.1 5.05 7.4 11.7 

 

 

The laser power was varied from 20% to 70% of the available 100% power from the laser. 

Below 20%, laser power was not sufficient to melt the tungsten nanoparticles and bond them 

to SS, therefore a very discontinuous coating was formed showing areas of only partial 

bonding. As can be seen from Fig. 16a, the sintered region is discontinuous and SS substrate 

and melted tungsten both can be seen. The areas where tungsten nanoparticles did manage to 

get sintered were areas where the deposited tungsten layer was very thin. Thus even this low 

laser power was sufficient enough to melt and bind it to SS. Tungsten powder being 

deposited on SS is not of uniform thickness, so we have to choose the laser power such that 

we can still have a continuous sintered coating.  

Laser power between 20% and 25% provided a thin continuous coating of sintered tungsten 

on SS. Figure 16b shows the SEM image for these sintered coatings with 20 - 25% laser 

power. This increase in laser power provided the increase in the total amount of deposited 

energy. This produced sufficient amount of liquid, improved the inter-track binding and was 

good enough to get desired sintered layer. Increasing the laser power to be between 30% and 

40% caused a yellowish-white layer to form on the sintered region. This layer was of 

tungsten trioxide [37] as confirmed by X-ray diffraction measurements. The sintering was 

done in the presence of air and having laser power between 30% and 40% caused the 

formation of this opaque yellowish-white oxide layer of WO3 that was not suitable for solar 

thermal applications. Figure 16c shows SEM image of the oxide layer that was formed on the 
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sintered layer under this power condition. The effect of further increase in laser power to 

45%, 50%, and 60% was examined. A continuous sintered coating with no opaque oxide 

layer was formed which meant that the temperatures were high enough to cause 

decomposition of the tungsten trioxide. A continuous layer with different surface 

morphology was observed due to different sintering kinetics and surface tension effects of 

the melt pool. The surface roughness was also on the larger scale >5 µm. An increase in 

surface roughness has been observed with increase in average power [36] due to longer heat 

residence time having a tendency towards ablation thus resulting in larger structures. Fig 16d 

and 14e, show the SEM images for sintered coatings formed using laser powers between 45 - 

60% power. However, these power ranges could not be used since they resulted in greater 

surface roughness that caused low reflectance in IR and therefore higher emittance. Beyond 

60%, the laser power was too high and sintered layer exhibited cracks due to thermal stress 

as seen in figure 14f. Since the amount of deposited power was too high, ablation of the 

powder material takes place and the thermal stresses are enormous that can lead to cracks 

during the cooling phase [38].  
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Fig 16. Laser sintered coatings with laser power (a) less than 20%, (b) 20 – 25%, (c) 30 – 

40%, (d) 40 – 50%, (e) 50 - 60%, and (f) >60%. 

 

b.   Scan speed: The X-Y stage was scanned at various speeds ranging from 1 mm/s to 10 mm/s 

to determine the optimum speed to achieve a good bonded sintered layer. Below in table 3, 

solar absorptance for the sintered coatings that were formed with various laser powers and 

scan speed is presented. The numbers indicate the amount of solar absorptance obtained by 

performing only one scan under the laser. When the speed was 1 mm/s, coatings obtained 

using various laser powers were investigated and having laser power between 20 – 25 % was 

chosen for giving desired morphological characteristics as described in section 3.3.a.  When 

the speed was 3 mm/s, there was only partial bonding of the sintered layers up to 30% laser 

d 
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power. Yellowish-white oxide coating of tungsten trioxide was formed for laser powers 

between 30 and 40%. Continuous sintered layers were formed for laser powers 50, 60, and 

70%. Further increase in laser power led to direct laser writing/texturing of SS which was not 

suitable. When the laser power gets too high, as mentioned earlier, considerable ablation of 

the powder can take place and the laser can directly start forming grooves in the substrate. 

When the speed was 5 mm/s, there was only partial bonding up to 40% laser power, tungsten 

trioxide formation for laser power between 40 and 50%, and continuous sintered layers for 

60 and 70% was observed. Finally, when the speed was increased to 10 mm/s, there was 

partial bonding of the layer up to 50% laser power, tungsten trioxide formation for 60%, and 

continuous sintered layer at 70%. As can be seen, the power levels at which WO3 starts to 

form has increased and that is due to the increase in scan speed. The deposited energy 

increases with laser power but decreases with scan speed, thereby producing similar 

condition for WO3 formation. The optimum speed was found to be 1 mm/s since at other 

scan speeds the solar absorptance of the sintered coatings was not very high (78 - 80 %). In 

cases where similar solar absorptance to the ones produced using 1 mm/s are achieved (for 

example having 3mm/s at 50 and 60% power, and 10 mm/s at 70% power), IR reflectance 

was used for comparison. IR reflectance for sintered layers produced at these high scan 

speeds was much lower due to having larger surface roughness than the ones obtained using 

1 mm/s scan speed. Thus, even though solar absorptance is similar having low IR reflectance 

will result in a lower performance therefore, 1 mm/s with laser power between 20 and 25% 

was chosen as the optimum laser sintering parameters.    

 

4.2 Morphological study by scanning electron microscopy (SEM) 
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After varying all the laser process parameters, optimum conditions for the coating with 

best performance were finalized. Scan speed of 1 mm/s and laser power of 20% was used to 

sinter the nanoparticle coating as that was the optimum as discussed in section 4.1. SEM image 

for the sintered coating after the first laser scan is show in figure 17. As concluded from this 

SEM image, the first laser scan was performed to form a continuous sintered coating without any 

voids. Solar absorptance of this coating was ~ 70%. 

 

Table 3. Solar absorptance for different laser powers vs. scan speeds obtained by 

performing only one scan under the laser (‘ – ‘ means partial or no sintering) 
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Fig 17. SEM image of laser sintered coating at 20% laser power. 

 

Once this layer was sintered, a second scan on this sintered layer was done without any 

powder drop casting. Due to variation in coupling of laser energy to powder vs. sintered layer, 

different surface morphologies were observed. The goal was to create surface roughness on the 

sintered layer that would give high solar absorptance and thus the second scan was necessary to 

modify the surface roughness of the already sintered tungsten layer. Fig. 18 shows the SEM 

image of sintered layer using 30% laser power and fig. 19 with using 35% laser power for second 

scan. As can be seen from the SEM images, the roughness formed on the sintered layers after the 

first and the second scan is quite different. The second laser scan with laser power 30% in fig. 18 

modified the surface at random areas. The laser power was not high enough and due weak 

coupling with the already sintered layer having random roughness with different heights leads to 

modification only in some areas. However, the surface did get more rougher leading to having 

solar absorptance ~ 75.6%. Increasing the laser power to 35%, also increased solar absorptance 
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to ~ 82%. This can be explained by the SEM image in fig. 19. The surface roughness starts to 

take some form of structure/pattern and the solar light now gets absorbed more.  

Finally, increasing laser power to 40% produced a surface roughness with distinct peaks 

and valleys as seen in fig. 20a and b. This laser power was enough to modify the entire sintered 

coating uniformly and was chosen as the laser power for second scan. On this coating, surface 

roughness has some semi-periodicity and as seen in fig 20c, there is additional sub-micron 

roughness on those peaks. The combined effect of sub-micron roughness on semi-periodic 

structures, led to achieve highest solar absorptance of ~ 90.3%. This was our optimized coating 

and was used throughout the rest of the work for further investigation.  
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Fig 18. SEM images of sintered coating with 2nd scan having laser power 30% (a) at lower 

magnification and (b) higher magnification 
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Fig 19. SEM images of sintered coating with 2nd scan having laser power 35% (a) at lower 

magnification and (b) higher magnification 
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Fig 20. SEM images of sintered coating with 2nd scan having laser power 40% (a) at lower 

magnification, (b) at higher magnification, & (c) at highest magnification. 
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4.3 Composition study using energy dispersive x-ray spectroscopy (EDS)  

Elemental composition was found using EDS and for stainless steel substrate the weight 

(wt) percent composition was as follows: 18.2% chromium, 8.1% nickel, 1.44% manganese, 

3.6% carbon, 0.3% silicon, and the remaining is iron. Elemental composition of the optimized 

laser sintered coating is shown in Table 4. It shows the EDS data for the sintered layer after the 

first laser scan using 20% laser power and after second laser scan using 40% power, respectively. 

After first laser scan with 20% laser power, the wt% of tungsten was 44.36, iron was 31.20, 

chromium was 9.38, nickel was 3.29, and oxygen was 11.77. After second scan with higher laser 

power, the wt% of tungsten was 28.42, iron is 38.66, chromium is 9.21, nickel is 3.19, and 

oxygen is 20.52. The decrease in the wt% of tungsten is due to it being oxidized at high laser 

power since higher temperatures are reached. The variation in composition from location to 

location can be ~5%. Iron, nickel, and chrome are the elements present in SS. It can be seen that 

there was increased oxidation after the second scan as it is expected since higher temperatures 

are reached during the second scan with higher laser power.  

 

          Table 4. EDS data for sintered coating after 1st and 2nd laser scan 

 1st Laser Scan – 

20 % Power 

2nd Laser Scan – 

40% Power 

Tungsten 44.36 28.42 

Iron 31.20 38.66 

Chromium 9.38 9.21 
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Nickel 3.29 3.19 

Oxygen 11.77 20.52 

 

In order to further understand the composition of the sintered surface, we took a cross-

section of the sample and looked at its elemental composition. Below in fig. 21 is the SEM 

image of the cross section. From fig. 21, we see a continuous bonded sintered layer on top of 

stainless steel substrate. Laser sintering has caused a very good bonding to the substrate without 

any discontinuity and has been used for further investigation. Fig. 22 shows profile of the 

elements present from the top down. Fig. 22a shows that tungsten (green color) is present only in 

the sintered layer and below is the SS substrate. The other elements chromium, iron, and nickel  

 

 

Fig 21. SEM image of cross section of sintered layer on stainless steel substrate. 
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are make up the composition of SS and are shown in fig, 22b, c, and d respectively. There is 

barely any Cr or Fe in the sintered layer and some trace amount of Ni is present. Knowing that 

tungsten is the only major element present in the sintered layer, we can reason that the optical 

properties are due to the roughness of sintered tungsten surface.  
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Fig 22. SEM images of the cross-section of sintered layer on stainless steel substrate 

showing elemental composition having (a) tungsten, (b) chrome, (c) iron, and (d) nickel. 

 

4.4 Structural characterization using x-ray diffraction (XRD) 

X-ray diffraction is a common technique to study crystal structures and atomic 

spacing.  X-ray diffraction is based on constructive interference of monochromatic X-rays. These 

X-rays are produced by a cathode ray tube that are collimated and made to concentrate on the 

sample. The interaction of the incident rays with the sample produces constructive interference 

and a diffracted ray when conditions satisfy Bragg’s Law. Braggs’s Law relates the wavelength 

of electromagnetic radiation to the diffraction angle and the lattice spacing in a crystalline 

sample. By scanning the sample through a range of angles, all possible diffraction directions of 

the lattice are obtained. The diffraction peaks that are produced are converted to d-spacings that 

allow for identification of the material. A database is prepared for d-spacings of materials which 

is used for identification of the investigating material.  

The instrument supplied by Rigaku Corporation was used for XRD analysis using a 

CuKα	
   radiation source. Figure 23 shows the XRD data of the sintered film after second scan. 

From X-ray measurement we observe ferberite (FeO4W) phase peaks along with iron peaks from 

stainless steel as shown in fig. 23. The coating is ~ 1 µm thick so the X-rays can penetrate the 
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coating and pick up the stainless steel (iron) signal. Nickel, chrome, and others in form of solid 

solution thus they don’t show up in XRD. The ferberite phase is formed during the laser sintering 

process because very high temperatures are reached and so the tungsten and iron in presence of 

air form this compound. Iron oxide (Fe2O3) peaks are also formed for the same reason as high 

temperatures are reached on stainless steel substrate. The peak positions were identified based on 

the reported x-ray diffraction data (Card No. 9000224 in Rigaku Corp. software database). 

 

 

Fig 23. XRD spectra of the laser sintered tungsten coating after second scan. 
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Chapter 5. Optical and Infrared Properties of Laser 

Sintered Tungsten Films 

 

5.1 Optical absorption  

Solar absorptance measurements were done using an integrating sphere, supplied by 

Labsphere Inc., and laser wavelengths of 410 nm, 532 nm, 633 nm, 790 nm, and 1064 nm were 

used. Solar absorptance of bulk tungsten metal was ~ 48% which is in agreement with the 

literature data [13]. Below in table 5 are absorptance values at three different wavelengths. As 

can be seen, the absorptance is approximately constant at all wavelengths and thus an average of 

all the measurements was taken and represented as solar absorptance.  

 

Table 5. Absorptance values at three different wavelengths 

 532 nm 633 nm 1064 nm 

Sintered layer after 1st scan 67.8 % 73.1 % 70 % 

Sintered layer after 2nd scan 88.3% 92.2% 91% 

 

 

Solar absorptance of ~ 70% was achieved for sintered tungsten layer after the first laser scan 

with 20% laser power and ~ 90.3% was achieved after scanning the sintered layer the second 

time with laser power of 40%. This second scan, as can be seen, significantly increased α to 

90.3% and this is due to the increase in surface roughness as seen from SEM in fig 18. The 

height and spacing of the random roughness of the sintered layer varies from a micron to at least 
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a couple of microns. There is also sub-micron roughness on peaks and valleys that can contribute 

to increased solar absorption. This surface behaves as a graded index medium [13,19] when the 

roughness is sub-wavelength thus leading to increased solar absorptance. When the roughness is 

larger than the wavelength, the increased absorptance is due to the light getting trapped by 

multiple reflections. 

 

5.2 Infrared reflectance  

The sample was illuminated by IR wavelengths ranging from 2.5 to 12.5 microns and the 

reflected IR light was captured to provide a reflectance versus wavelength data.  

 

 

Fig 24. IR reflectance plot of the laser sintered coating before heat treatment. 
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Figure 24 shows IR reflectance plot of the sintered layer after 2nd scan. The shape of the 

reflectance curve is governed by the surface morphology of the sintered coating. There is a 

decrease in reflectance at 6 µm  wavelength that cannot be observed for bulk tungsten. In order 

to understand the origin of the decreased reflectance the effect of plasmons was studied.  

Plasmons: Metals are predominantly reflective from spectral range of microwave and IR 

all the way up to visible part of the electromagnetic spectrum. At near-IR and visible spectrum 

the electromagnetic filed penetration increases leading to higher absorption. At ultraviolet 

frequencies, metals start allowing propagation of electromagnetic waves with varying degrees of 

attenuation depending on their electronic band structure [39]. The dispersive properties of metals 

depend on the complex dielectric function which leads to varying optical properties across the 

spectrum. Previous work [40][41] has shown that increased absorption in the near IR region of 

tungsten periodical gratings can take place due to surface plasmon polaritons (SPP) excitation. 

SPPs are local excitation of electromagnetic waves and they exist and propagate along the 

interface of two different media [41]. The energy of surface plasmons in metals usually exist 

near the ultraviolet range or visible range for some metals. Photons that have lower energy than 

surface plasmon get totally reflected from the metal surface. But visible and IR light can be 

coupled with surface plasmons by introducing surface grating on metallic substrates that 

periodically perturbs the electron density near the surface [40]. In general, materials must have 

negative real part of dielectric constant to support surface plasmons and tungsten meets this 

requirement. When the electromagnetic wave enters the grating surface it gets coupled with 

surface plasmon and is absorbed [40]. Localized SPPs can thus cause a sharp decrease in 

reflectance in near IR region and the magnitude and position of the dip can be controlled by 

changing grating parameters. Fig. 25 below is taken from [41] to demonstrate the enhanced 
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absorption caused by SPPs in the near IR region. It shows the structure of 1D tungsten periodical 

grating that was used for calculations to see the effect of grating height on absorptance in visible 

and near IR region. Fig. 26 shows spectral performance of the grating and we observe that there 

is indeed enhanced absorption at 1.5 µm, 2 µm, and 2.5 µm for grating heights 200 nm, 300 nm, 

and 400 nm respectively. Thus one can get enhanced absorption in the near IR region from 

tungsten gratings due to plasmonics that cannot be obtained if bulk tungsten is used. Similar 

results were observed in [40] where they used rectangular periodical 1D gratings and peaks 

between 1 – 2.5 µm were observed which were due to SPP excitation.  

 

 

Fig 25. Tungsten 1D periodical grating. 

 

We have observed increased absorption at 6 µm which is much further away in the IR than was 

observed by [40] and [41]. And there are no other reports that show enhanced absorption at 

beyond 4 µm for tungsten surface. This leads us to conclude that the dip in reflectance is due to 

the surface roughness and not because of any plasmonic interaction taking place at the surface. 
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Fig 26. Normal absorptance plot of the tungsten grating with period 500 nm and varying 

heights [41]. 

 

Theoretical modeling performed on random roughness similar to sintered layer on tungsten 

surface also shows this dip and the position of the dip depends on the period of the roughness. 

Beyond wavelength of 6 µm, the reflectance rises and approaches ~90%, as the wavelength is 

getting much larger than the surface roughness.  

 

 

5.3 Effect of antireflection coating on optical and infrared properties 

We have deposited solution based TiO2 coatings on sintered films in order to further 

increase solar absorptance. TiO2 coatings were prepared using sol-gel technique. Titanium(IV) 
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isopropoxide (97%), acetylacetone (acac, 99%) and i-PrOH (propanol) were purchased from 

Sigma–Aldrich. The titania solution was prepared by mixing titanium isopropoxide (0.64 mL), 

acac (0.23 mL), and i-PrOH (6.4 mL) and the mixture was stirred for one hour. Then the solution 

was spin coated on sintered coatings at different speeds ranging from 1000 rpm (revolutions per 

minute) to 4000 rpm to determine the optimal thickness and the films were baked for 5 minutes 

at 200 0C. The coatings produced at 1000 and 2000 rpm were thicker and they caused higher 

absorption in the IR thus these speeds were not chosen. Coatings produced with using 3000 and 

4000 rpm were optimal since they did not have significant absorption in the IR. Solar 

absorptance of sintered samples before and after TiO2 coating was ~89% and ~92.5% 

respectively. This shows an increase in solar absorptance that is highly desired. Fig. 27a and b 

show the IR reflectance plot of SS substrate and sintered coating before and after applying TiO2 

coating. As it can be seen, the IR reflectance before and after applying the coating is very similar 

thus implying there is no effect of TiO2 on IR properties.  

 

        

a 
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Fig 27. IR reflectance of (a) SS substrate and (b) sintered coatings before and after TiO2 

coating. 

 

 

 

 

 

 

b 
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Chapter 6. Thermal Stability of Laser Sintered Tungsten 

Films 

 

6.1 Effect of temperature on optical, infrared, and compositional Properties 

Stainless steel is thermally stable in presence of oxygen at higher temperatures and is one 

of the the reasons why it is used in solar thermal applications. There was barely any change in 

solar absorptance and IR reflectance of stainless steel substrate below 600 0C in air. After heat 

treatment at 600 0C for two hours change was observed in spectral data. The solar absorptance 

increased from ~34% before heat treatment to 37% after heat treatment at 600 0C.  IR reflectance 

dropped by approximately ~3 – 5% from 3.5 to 12.5 microns in wavelength as seen in figure 28a. 

This tells us that the stainless steel substrate is thermally stable up until the operating range of 

solar thermal operation with only slight modifications. Tungsten on the other hand forms oxides 

of different compositions based on what temperature it is exposed to air. Based on our 

investigation, we have observed a slight increase in solar absorptance from ~ 48% before heat 

treatment to ~50% after heat treatment at 400 0C for 2 hours. IR reflectance has dropped by 

nearly 10% at 2.5 micron wavelength and then the drop decreases to reach an absolute drop of 

~3% from 4.5 to 12.5 micron wavelength as seen in figure 28b. This implies that tungsten has to 

be coated with a protective coating in order to maintain its spectral performance and thermally 

stability beyond 400 0C. The protective coating not only has to allow for higher temperature 

operation, but also should not alter the optical and IR properties of the spectral selective surface.  

Laser sintered tungsten samples were heated to 300 0C, 400 0C, 500 0C, and 600 0C under 

atmospheric pressure in order to evaluate the long term stability. For heating up to 600 0C for  



	
   65	
  

 

 

      

Fig 28. IR reflectance of (a) SS substrate before and after heat treatment at 600 0C for 2 hrs 

and (b) tungsten sample before and after heat treatment at 400 0C for 2 hrs. 
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one hour no change in solar absorptance was observed. Since the commercial desired 

temperature operation range is >600 0C, the sintered coating was heat treated at 650 0C under 

atmospheric pressure for 2 hours, 12 hours, and then 36 hours. The results on the effect of heat 

treatment on solar absorptance are presented in table 6. 

 

       Table 6. Solar absorptance of laser sintered coating before and after heat treatment 

 Solar Absorptance (α) 

Room Temperature 90.3 % 

650 0C for 2 hours 87.0 % 

650 0C for 12 hours 87.2 % 

650 0C for 36 hours 87.0 % 

 

 

To understand the change in solar absorptance and the possible effect of oxidation under high 

temperature treatment, EDS was performed. The film composition data are presented in table 7: 

 

Table 7. EDS data in weight (wt%) percent before and after heat treatment at 650 0C. 

Composition Room Temperature 650 0C for 

2 hours 

650 0C for 36 

hours 

Tungsten 28.42 27.95 21.40 

Iron 38.66 35.78 42.30 

Chromium 9.21 8.83 8.30 
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Nickel 3.19 2.74 2.40 

Oxygen 20.52 24.70 25.60 

 

 

The wt% of iron has increased after heat treatment for 36 hours and that could just be due 

to variation in composition at different locations and, as mentioned earlier, the equipment also 

has a ~5% variation in the values it measures. It could also be that the iron may be diffusing out 

from within the coating and therefore tungsten is being picked up less by the EDS. Also, high 

temperatures are generated on the surface of the sample where laser sintering takes place. Since 

all this is done under atmospheric pressure, surface oxide could be formed on the coatings. This 

surface oxide acts as a protection layer that prevents further oxidation of sintered coatings when 

being heated in air at 650 0C. Authors in [42] have laser textured titanium surface in air and they 

present a similar observation where the optical properties of the surface remains unchanged 

before and after heat treatment in air at 500 0C. The surface oxide serves as a protection layer 

and also as an index-matching layer at tungsten-air interface that reduces front surface reflection, 

thereby contributing to higher solar absorptance. After heat treatment for 2 hours, there is some 

change in the surface morphology of the sintered coating as seen in fig. 29 when compared to 

fig. 20. This slight change in surface morphology of the laser sintered coating could have led to 

the decrease in α. Authors in [13] fabricated sub-micron cylindrical cavities in bulk tungsten and 

achieved α ~ 82% after annealing at 1200 K, however, heat treatment was done in vacuum. 

Authors in [34] fabricated dendritic textures on tungsten surface and were able to achieve α ~ 

98.5 after heat treatment in air only up to 275 0C but a degradation in solar absorptance was 

observed at higher temperatures. This work presents first experimental result for achieving α ~  
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Fig 29. SEM image of laser sintered tungsten after heat treatment at 650 0C for two hours. 

 

87% after heat treatment at 650 0C for 36 hours in air for a spectral selective coating developed 

using tungsten.  

Figure 30a and b show experimental and simulation of IR reflectance for sintered coating 

before and after heat treatment respectively. As seen in fig. 30a, there is a shift in the IR curve 

after heat treatment for two hours but the overall shape is still similar. After further heat 

treatment, there are only small shifts in the IR curve when the sintered coating is heat treated for 

12 hours and then for 36 hours. To understand the shift in the IR peak from 3.7 to 4.7 microns 

after heat treatment, theoretical simulation of reflectance of the sintered surface before and after 

heat treatment was performed [43]. The simulation was carried out using finite difference time 

domain (FDTD) method [44] and the program was MIT electromagnetic equation propagation 

(MEEP) [45]. The surface dimensions were obtained from the SEM images shown in fig. 20. The 
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features sizes were extracted using a software imaging technique where different heights and 

periods in an image can be represented by different colors. Those feature sizes obtained were 

then imported to MEEP and the simulation was carried out as explained in the modeling section 

(chapter 2).  Figure 30b shows IR reflectance spectra of the simulation performed for sintered 

surface before heat treatment and after heat treatment for 2 hours. Changing the period slightly in 

the simulation of sub-micron surface roughness from 30 nm to 20 nm causes the shift in the 

peak. The periodicity of sub-micron features on sintered surface decreases by ~ <50 nm after 

heat treatment since it gets a little smoother as seen in the SEM image. The SEM images are not 

that high in resolutions and so the program cannot approximate the exact surface. The purpose of 

the simulation was to explain the shift and not the magnitude of the reflectance values.  

Also, the initial shift in the IR reflectance after heat treatment for 2 hours was large but further 

heat treatments for longer duration produced only small changes. This can be due to the fact that 

once some oxide layer is formed, it is harder to grow further.  

Fig. 31a shows XRD spectra of laser sintered coating before and after heat treatment at 

650 0C for 2 hours and 31.b shows the XRD spectra after heat treatment at 650 0C for 36 hours. 

There is less noise in fig. 31b as compared to fig. 31a and that is because a different equipment 

was used that pre-filtered the baseline and did some noise correction. However, the quality of 

data is not compromised and all the detectable peaks are present for analysis. The coating is ~ 1 

µm thick so the X-rays can penetrate the coating and pick-up the stainless steel (iron) signal. This 

is the first observation of ferberite formation using laser sintering method. It has been reported 

that ferberite is stable upto 950 0C in air [46] and that explains the thermal stability of laser 

sintered coating in addition to the protective surface oxide being present. In fig. 31a and b peaks  
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Fig 30. (a) IR reflectance of the laser sintered coating before and after heat treatment at 

650 0C and (b) simulated IR reflectance before and after heat treatment at 650 0C for two 

hours. 

a 

b 
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Fig 31. (a) XRD spectra of laser sintered coating after heat treatment at 650 0C for 2 hours 

and (b) after 36 hours. 

 

of iron oxide iron are present and since they were there even before heat treatment (fig. 23), we 

can conclude that Fe2O3 was formed due to laser sintering taking place on SS substrate. 

Additional peak of body centered cubic (BCC) iron is present as seen in fig 31.b after being heat 

b 
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treated to 650 0C for 36 hours. This BCC iron peak present after 36 hours of heat treatment was 

also present when only a SS substrate was heated to 650 0C for 36 hours. This suggests that BCC 

iron peak occurs due to the substrate being heat treated. In cases involving heat treatment of 

materials at such high temperatures diffusion of elements from the interface of two media or also 

from within the substrate can take place. Authors in [47] report diffusion of elements from the 

substrate at high temperatures. In order to prevent this, a pre heat-treatment of SS in air at lower 

temperature can be carried out to form an oxide layer that will act as a barrier for diffusion. 

 

6.2   Effect of Laser Sintering Environment 

a.   Sintering in nitrogen environment: Laser sintering of tungsten nanoparticles was carried out 

in nitrogen environment to study its effect on optical and infrared properties before and after 

heat treatment in vaccum and in air. Table 8 shows solar absorptance of one of the sintered 

coatings before and after heat treatment at 600 0C in vacuum and in air for two hours. The 

variation from location to location in solar absorptance is +/- 1 – 2 %. This shows that the 

sintered coating maintains its solar absorptance when heat-treated in vacuum but drops when  

 

Table 8. Solar absorptance of sintered coating prepared under nitrogen atmosphere 

before and after heat treatment at 600 0C for 2 hours 

Solar 

Absorptance 

Before Heat 

Treament 

After Heat Treatment 

in Vacuum 

After Heat Treatment 

in Air 

α ~ 70% ~ 68 – 70 % ~ 60% 
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heat treated in air. Surface roughness will reduce due to heat treatment in general, but this 

significant drop is also due to the coating getting oxidized that further reduces surface 

roughness. We observed that the IR curve of the coating when heat-treated in vacuum stays 

similar to the curve before heat treatment. The SS substrate was also unaffected. However, 

when heat-treated in air, the IR curve drops for sintered coating and SS implying having a 

higher emittance, thus having poor thermal stability. Since laser sintering was carried out in 

nitrogen atmosphere, the sintered coating did not have a protective oxide layer to prevent 

further oxidation nor there was any formation of thermally stable compound like ferberite as 

observed in optimized coatings. Thus we concluded that laser sintering in presence of 

nitrogen environment was not suitable for achieving thermally stable coating. Thus sintering 

in nitrogen atmosphere was not pursued further. 

 

b.   Sintering Under Atmospheric Air: As we have previously seen that sintering under 

atmospheric air allows a surface oxide to form that prevents major oxidation. This is crucial 

for maintaining similar performance in optical and IR region of the spectrum before and after 

heat treatment. In table 9, we see that solar absorptance does not change after being heat 

treated in vacuum or in air.  

 

Table 9. Solar absorptance of sintered coating prepared under atmospheric air before 

and after heat treatment at 600 0C for 2 hours 

Solar 

Absorptance 

Before Heat 

Treament 

After Heat Treatment 

in Vacuum 

After Heat 

Treatment in Air 

α ~ 70% ~ 68 – 70 % ~ 68 – 70 % 
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IR reflectance measurements of the sintered coating heated at 600 0C in vacuum and in air 

were also conducted and we observed that the performance obtained before and after heat 

treatment was similar and therefore we concluded that it was thermally stable. Thus all our 

sintering was carried out in air as having that surface oxide is important to maintain high 

spectral selectivity and thermal stability.  
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Chapter 7. Applications of laser sintered coatings for solar 

thermal and other areas 

 

7.1 Solar tower systems 

The laser sintered coating would be applicable for solar central tower systems because it 

can maintain its performance and meet the desired operating temperature of >600 0C and can be 

operated in air. As mentioned earlier, this high temperature operation will enable to meet the 

Department of Energy (DOE) goal of $0.06/kWh. Multilayer cermets have been tried to be used 

as solar selective coatings [9 – 13] [15] [17] but their performance degrades in air due to 

oxidation at high temperatures. This high temperature operation also causes other problems for 

the coatings such as diffusion of metal particles, delamination of coatings, and cracking. Cermet 

coatings have been stable only up to 500 0C in air [47], which is far short of the desired 

temperature operation range. Currently, Pyromark 2500 series paint is the standard for central 

tower receivers that has α ~ 0.96 and ε ~ 0.86. They suffer from high thermal losses [48] and the 

paint also degrades over time leading to lower performance and added cost to CSP systems [48] 

Since central tower systems have high concentration factor, ~600, it is highly important 

to maximize solar absorptance. This can be seen by evaluating selective absorber efficiency as 

calculated using equation 4: 

 

                                                 𝜂 = 	
   FGH'	
  IJ.
K

GH
	
             (4) 
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where α, ε, I, C, T stands for solar absorptance, thermal emittance, solar irradiance, concentration 

factor, and temperature respectively. If the solar absorptance is dropped from 87% to 80% for an 

emittance of ~50% at 650 0C, the selective absorber efficiency drops from 83.5% to 76.5%. This 

is a significant drop in absorber efficiency, therefore achieving higher solar absorptance is very 

important. This does not mean that controlling emittance is not important, but it does not have as 

much an effect on absorber efficiency. After an optimum solar absorptance is reached, 

controlling the emittance can benefit further to improve the overall selective absorber efficiency 

as can be seen in the table 10.  

 

Table 10. Selective absorber efficiency with solar absorptance of 87 %. 

 

Emittance 

Efficiency at Various Temperatures 

650 0C 700 0C 750 0C 

0.49 83.6 82.9 81.9 

0.70 82.2 81.1 79.8 

0.90 80.8 79.4 77.7 

 

 

We can see for current laser sintered coatings at 650 0C that the selective absorber efficiency is 

83.6% but if the emittance was at 0.9, the efficiency would drop to 80.8%. The concern becomes 

even greater at higher temperatures where the drop in efficiency is larger, for example at 750 0C, 

the efficiency at emittance of 0.49 is 81.9% and for emittance of 0.9 is only 77.7%. To the best 

of our knowledge, this is the first experimental demonstration of achieving α ~ 87% after heat 

treatment at 650 0C for 36 hours in air. Therefore, this makes the coating very attractive for 
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tower systems since receiver coatings that are capable of operating in air at high temperatures are 

highly desirable. 

 

7.2 Radiative/High Emittane Coatings  

Laser sintered coatings can be fabricated to either have low emittance, as in the case for 

solar thermal, or have high emittance to enhance radiation. Stainless steel is used in high 

temperature environments as heat exchangers for various applications. The goal is to conduct 

heat from the hot side and reject heat to the other side of the metal as radiation. However, 

polished metals have very low emittance and therefore need to be coated with materials that can 

withstand high temperatures, be oxidation resistant, and can act as radiators. Thus, laser sintering 

of tungsten can be performed to develop a coating that has low reflectance in the IR for it to have 

high emittance. A scan speed of 1mm/s and higher laser power, ~50 – 60%, was used to form 

sintered coating. As mentioned in section 4, larger surface roughness was formed at higher laser 

powers. This roughness was >5 µm and therefore led to higher absorptance in IR. This caused 

coatings to have higher emittance, which is required for radiation applications. Fig. 32 shows one 

such example of the laser sintered coating that has low reflectance in the IR and thus will have 

higher emittance. 

 



	
   78	
  

 

Fig 32. IR reflectance plot of laser sintered coating for high radiation application 

prepared under 60% laser power. 
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Chapter 8. Additional Research 

 

8.1 Glancing angle deposition (GLAD) of tungsten nanostructures 

A collaboration with Oak Ridge National Laboratory (Dr. Ivan Kravchenko) was 

established for the fabrication of glancing angle deposited tungsten film on stainless steel 

substrate [49]. Also, graduate student Craig Ungaro in our group in collaboration with Argonne 

National Laboratory performed the modeling of optical absorption and infrared reflectance 

properties of GLAD films.  

Figure 33 shows SEM image of tungsten structures on SS substrate deposited by GLAD.  

Tungsten nanostructured films were obtained by means of GLAD technique.  The substrate tilt 

angle was kept at 85 degrees and the sample rotation speed was 20 rpm. Films were obtained by 

electron beam evaporation. The evaporator chamber vacuum was kept at 4x10-3 Pa. The 

structures are randomly arranged and the height of the structures varies from ~ 130 – 202 nm as 

seen in fig. 33. The width of the structures varies from ~ 40 – 100 nm and the spacing between 

them varies from ~ 10 – 50 nm. These tungsten structures were coated with HfO2 to act as an 

antireflection layer and enhance stability. Thus the graded index behavior in combination with 

antireflection effect led to solar absorptance ~87.4%. The structures were thermally stable as 

after heat treatment at 500 0C for 1 hour, the solar absorptance was ~88.1%. This indicated the 

importance of HfO2 coating as it also served as a protective layer during heat treatment.  
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Fig 33. SEM image of GLAD tungsten structures on SS substrate (provided by ORNL). 

 

Fig. 34 shows IR reflectance plot of the W structures with HfO2 coating before and after heat 

treatment. The shape of the curve is governed by surface morphology of the tungsten structures. 

The dip in the curve between 4 and 6 microns can be attributed to occur due to surface structure 

effects. Beyond wavelength of 5.5 microns, the reflectance starts rising and approaching to that 

of bulk tungsten as the structure dimensions are much smaller than the wavelength. After heat 

treatment at 400 0C, the IR reflectance remains unchanged indicating thermal stability of the 

coating in air. A slight shift to the right can be seen in the IR reflectance after heating the sample 

at 500 0C in air and this could be due to interference effect from slight oxidation or a surface 

morphology change during heat treatment. However, the structures still maintain their 

performance as beyond 6.5 microns the reflectance approaches that of bulk tungsten and also the 

solar absorptance remains unchanged. 
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Fig 34. IR reflectance of GLAD tungsten structures before and after heat treatment. 
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Chapter 9. Conclusions and Future Work 

 

9.1 Conclusions 

An experimental setup was developed for the fabrication of tungsten nanoparticle coating 

and sintering using high power laser. Laser parameters and processing conditions were optimized 

and sintered tungsten films were successfully fabricated on SS substrates to obtain visible light 

absorption and IR reflectance to achieve spectral selectivity for solar thermal applications. The 

surface morphology of laser sintered coatings was varied to achieve high solar absorptance and 

low thermal emittance. The optimized sintered coatings had surface roughness ranging from sub-

microns to a couple of microns. We found that two laser scans were necessary, one with low 

power and second with higher power, to achieve the necessary surface roughness for high solar 

absorptance and low thermal emittance. Sintered tungsten films with solar absorptance of ~ 

90.3% at room temperature and ~87% after heat treatment at 650 0C in air for 36 hours have been 

achieved. The sintered coating is thermally stable at 650 0C for at least 36 hours and it maintains 

its performance after heat treatment. The reason for thermal stability of these coatings is due to 

the formation of ferberite phase that was formed while laser sintering as ferberite is stable up to 

950 0C in air [46] and formation of oxide film. Achieving solar absorptance ~ 87% and thermal 

emittance ~ 49.3% has promising application as spectral selective coatings for solar tower 

systems. Anti-reflection TiO2 film was deposited on the laser sintered coating that further 

increased the solar absorptance ~ 92.5%. 

Laser sintered tungsten coatings could also serve as high emittance surfaces making them 

ideal where thermal stability and high radiation is needed for efficient heat transfer.  
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Following objectives have been accomplished: 

•   Deposition of tungsten nanoparticles based coating 

•   Development of laser sintering experimental setup 

•   Performed laser process parameter study and its effect on sintering of tungsten nanoparticles 

to find optimum laser sintering condition 

•   Optical and infrared properties of laser sintered coatings have been measured. Solar 

absorptance ~ 90.3% before heat treatment and ~87% after heat treatment at 650 0C for 36 

hours 

•   Preliminary modeling was performed to explain IR reflection vs. wavelength behavior 

•   Performed optical, infrared, morphological, and elemental analysis of optimized laser 

sintered coating in order to understand their suitability for solar thermal applications 

•   XRD study indicated the presence of ferberite compound in laser sintered coating and this 

compound is stable at high temperatures 

•   Evaluated high temperature (up to 650 0C for 36 hours) behavior of laser sintered coatings. 

The coating was found to be stable at these conditions without any major changes in 

performance 

•   Demonstrated enhancement in performance of laser sintered W coating with TiO2 

antireflection film of thickness ~80 nm. Solar absorptance of the coating increased to ~92.5 

% barely affecting the IR spectral performance leading to having emittance ~16% and 

~16.4% before and after applying antireflection film, respectively 

 

9.2 Future work 

Following tasks can be carried out for further improvements and applications: 
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•   Evaluation of long term stability of laser sintered coatings for thermal receivers. Laser 

sintered coatings need to be under heat treatment for much longer duration to study the long 

term effects. This is important as the operation of thermal systems is for a few years and 

having long term testing and performance data will be beneficial 

•   The laser sintering process needs to be scaled up to make it more viable for commercial use. 

Lasers are constantly being developed with higher powers allowing for higher energy 

densities on the incident material that can lead to faster sintering. A study of using high 

power lasers and their effect on sintering mechanism can prove helpful for making this 

technology more commercial ready 

•   Rigorous modeling needs to be carried out to correlate absorptance and emittance with 

surface roughness and material composition. A thorough modeling of these effects can lead 

to the optimum surface roughness required with necessary material composition that could 

achieve very high spectral selectivity. This in turn can dictate laser sintering process 

parameters that will result in the development of optimum surface coating 
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