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Abstract  
 
Window materials used in the current generation of high-energy laser (HEL) systems cannot be 

used for next-generation systems since these aim to operate at or near the megawatt level under 

CW operation. Related intensities will lead to beam distortion and possibly damage of current 

optical materials. These materials include polycrystalline spinel and single-crystal sapphire – both 

have undesirable optical absorption and scattering near the 1 µm wavelength that limit their 

performance in future HEL applications. However, phenomena associated with optical absorption 

and scattering have not been comprehensively studied for the crystalline materials of interest and, 

as a result, the physical mechanisms underlying both optical losses in these materials are not well 

understood.     

  

The overall goal for this research is to obtain a comprehensive understanding of low-level 

absorption and scattering in sapphire and spinel at and near the 1 µm wavelength region using the 

commercially available samples.  In this work, ultraviolet-visible spectroscopy and photothermal 

common-path interferometry are used to measure bulk and surface absorption losses in different 

samples in the UV-visible-near-infrared wavelength regions. The absorption coefficient values 

obtained are in the range of 10-5 to 100 cm-1 and increase as the wavelength decreases. In addition, 

scattering measurements on samples with different surface polishing conditions are made at 405, 

532, 633, 1064, and 1550 nm using an instrument developed to assess the bidirectional scatterance 

probability distribution function. The total integrated scatterance is in the range of 10-5 to 10-1 and 

increases for all samples as the wavelength decreases. Different absorption and scattering models 

are applied to interpret the measured data. Materials characterization techniques including positron 

annihilation lifetime spectroscopy, laser ablation inductively coupled plasma mass spectroscopy, 
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secondary ion mass spectroscopy, Raman spectroscopy, atomic force microscopy, and optical and 

electron microscopies are utilized to characterize bulk and surface defects in different samples. 

Overall, the measurement results indicate that both weak absorption and scattering losses are 

strongly related to defect structures such as lattice disorder and impurities that were introduced 

during crystal growth or post-growth processing. Understanding these defects and their 

contributions to optical loss can lead to improved manufacturing and processing methods.      

 

Primary Reader: Prof. James Spicer 

Secondary Readers: Prof. Michael Thomas, Prof. Patricia McGuiggan  
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Chapter 1. Introduction 

1.1 General Background 

1.1.1 High Energy Laser Applications  
 
High-energy laser (HEL) systems produce very high optical fluences or intensities. Their primary 

applications include both defensive and offensive weapons to block ballistic missiles and achieve 

a long-distance precision strike [1]–[4]. Pulsed HELs have also been used in the materials 

processing field including cutting and welding [5]. HEL weapons demonstrate several advantages 

including speed of light delivery, undercover operation, high precision, low collateral damage, and 

a wide operational range that can include non-lethal, disruptive, or destructive effects [1]. 

Furthermore, different types of HELs such as hydrogen fluoride (HF) and deuterium fluoride (DF) 

lasers, the chemical Oxygen-Iodine laser, and solid-state lasers have been developed over the last 

five decades with power output from several kilowatts to 1 MW and operating wavelengths from 

1 to 10 µm [1]. Among these different HELs, solid-state lasers require the gain medium to be solid 

(i.e. doped crystalline materials and optical fibers) and this class of laser has received significant 

attention in recent years for the following reasons:  

1. Major advances in solid-state laser technology have allowed these lasers to be manufactured 

easily and efficiently;  

2. Diode pumping resulted in a significant reduction of the price per watt since the 1980s which 

made the solid-state lasers more affordable [2], [3] and also increased the average power 

outputs; 

3. Increased durability of solid-state lasers has increased the service lifetimes of critical 

components. 
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Currently, solid-state high-power lasers operate near the 1 µm wavelength region with a power 

output up to tens of kilowatts under continuous wave (cw) emission or hundreds of terawatts under 

pulsed mode operation and the optical powers associated with these systems are generally limited 

by the materials used in their optics [1], [3], [6].  

 

1.1.2 Motivation and Introduction Overview  
 
Window materials (i.e. materials that separate the lasing medium from the surrounding 

environment) used in the current generation of HEL systems cannot be used for next-generation 

systems since these aim to operate at or near the megawatt level under cw operation [6]–[8]. Such 

a high operational power would result in nonuniform heating in the window materials leading to 

thermally-induced beam distortion and beam quality degradation. Additionally, this heating could 

also induce different types of thermal stresses that could cause structural degradation in these 

materials [8]–[10]. Therefore, the ideal window material candidates should have excellent optical, 

thermal, and mechanical properties that allow them to sustain exposure to megawatt level powers. 

Previously, numerous studies have analyzed optical materials such as calcium fluoride (CaF2) and 

fused silica due to their excellent optical properties, and fused silica windows are commonly used 

in current HEL systems [6], [8], [9]. However, these materials are mechanically weak, are 

vulnerable to thermal shock and fracture resulting from a large thermal load, and can also fail to 

withstand other aspects of the harsh operating environment. New window material candidates must 

be considered for the next-generation of HEL. This study mainly investigates the optical and 

physical properties of synthetic, c-plane, single-crystal sapphire (Al2O3) and polycrystalline spinel 

(MgAl2O4) since both materials have the potential to serve as window materials for future HEL 

applications. Specifically, this work focuses on studying the low-level absorption and scattering 
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observed in sapphire and spinel in the near-infrared wavelength region as well as the defect 

structures associated with the optical losses.       

 
The remaining parts of the introduction address several aspects to provide background for the 

issues associated with the optical materials of interest. The next two sections will discuss the 

problems associated with the current window materials as well as the requirements of HEL 

windows. Then, basic knowledge of light-materials interactions will be presented to provide a 

better understanding of the optical properties of sapphire and spinel. Materials growth methods 

along with the common defects and disorders present in the materials of interest will also be 

examined. Lastly, an overview of the remaining thesis work will be provided.    

 

1.1.3 Low-Level Optical Losses in Sapphire and Spinel  
 
Simple considerations of electronic structure indicate that materials such as fused silica, CaF2, 

sapphire, and spinel should have near zero absorption around the 1 µm wavelength region because 

this region resides well below the bandgap of these materials. The transparent region typically 

defines a wavelength range where materials should have zero absorption if no defect states are 

present. Figure 1.1, shows wavelength versus optical extinction coefficient (scattering plus 

absorption) for fused silica in the range of 0.1 to 100 µm [11]. The left region of the graph includes 

the upper part of the Urbach tail and represents the classical electronic absorption edge of fused 

silica. The multiphonon absorption regime appears on the other side of the graph. Both absorption 

phenomena are well-characterized and their mechanisms are clearly understood [6]. The region in 

between the two absorption regimes is typically where the material is considered to be fully 

transparent. However, as the absorption model associated with the solid red line in Fig. 1.1 

indicates, this is not the case and there is residual absorption near the 1µm wavelength region in 
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fused silica and this loss is commonly referred to as the weak absorption tail. Beyond absorption, 

the scattering coefficient of fused silica is on the order of 10-6 cm-1 in the same region. Density 

variations are responsible for scattering and related mechanisms are relatively well-understood 

compared to the ones responsible for weak absorption [6].        

 

The weak absorption tail was first observed in amorphous semiconductors in 1972 [12]. Other 

materials such as optical fibers and certain types of glasses were also found to exhibit the weak 

absorption phenomenon in the transparent region. Among these different materials, the weak 

absorption tail is generated from sublevels below the conduction band edge and above the valence 

band edge and is related to the additional states generated by lattice disorder, impurities, and other 

 

defects [6]. For example, the weak absorption tail in Ge-Sb-Se optical fibers was found to be 

related to dangling bonds [13]. It is generally assumed that material defects are responsible for the 

loss in this region, but specific mechanism-based descriptions have not been satisfactorily 

established by any work to date. Even so, experimental measurements tend to indicate that the 

 

Figure 1.1. The extinction coefficient of high purity fused silica as a function of wavelength. The scatter 
coefficient model is the dotted curve and the absorption coefficient model is the solid curve. Experimental 
results are plotted from a variety of sources [6]. 
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weak absorption tail represents a background continuum absorption between the electronic band 

gap edge and the multiphonon absorption edge as shown in Fig. 1.1 [6]. Despite lacking concrete 

physical mechanisms associated with absorption in this region, an empirical mathematical model 

can be created for the absorption coefficient β&'(  based on data collected from different 

amorphous semiconductors which has the following form: 

β&'((*) = β-ex p 1
*
*-
2 (1.1) 

where ν is the frequency and β- and *- are parameters used to fit the model the experimental data 

[6]. The weak absorption tail phenomenon is likely to be an extrinsic effect, meaning the tail form 

is affected by different impurities and defects introduced during growth and post-growth 

treatments. 

 

The weak absorption tail has not been fully characterized for crystalline materials, and the lack of 

experimental measurements in this region is due, in part, to the high quality of current materials 

for the applications in which they are used [6]. However, this is not the case for the next generation 

of HEL since weak absorption in current laser materials can lead to catastrophic failure. Despite 

the lack of absorption data, various studies have included isolated measurements that suggest the 

existence of the weak absorption tail in these materials. Both Figs. 1.2 and 1.3 show absorption 

models and data from the Handbook of Optical Constants indicating that absorption of the form 

of the weak absorption tail is present in  polycrystalline spinel and in single crystal sapphire [6].  

Note that the absorption coefficient for spinel is on the order of 10-3 cm-1 and the one for sapphire 

is on the order of 10-4 cm-1 in the 1 µm wavelength region. Both are much larger than the coefficient 

for high purity fused silica (10-7 cm-1), and this makes these laser materials more vulnerable to 

thermal lensing effects. One potential cause for the higher values is the different levels of 
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impurities and defects being introduced into the materials during the manufacturing process. 

Another cause could be related to the material grain structure since absorption and scattering levels 

are typically higher in polycrystalline materials than in single crystals due to the presence of grain 

boundaries.  

 

There are several scattering sources for all window materials: surface topography, surface 

contamination, bulk index fluctuations, and bulk defects. Surface topography mainly refers to the 

surface roughness along with scratches and digs due to grinding and polishing which cause phase 

deviations of the light wavefront when it is transmitted through or reflected from the window. 

Surface contamination typically includes dust particulates, polishing solution residue, and other 

impurity elements. Bulk index fluctuations are caused by subsurface damage and bulk defects such 

as dislocations, vacancies, strain, grain boundaries, and planar defects. Lastly, impurity aggregates, 

pores, and bubble inclusions are also bulk defects that produce scattering loss.      

 

Therefore, in the next section, evaluations of sapphire and spinel will be performed to examine the 

impact of the low-level, near-infrared absorption on their performance as exit window materials 

for the next-generation HEL. The required absorption loss level for both materials will also be 

discussed.       
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1.1.4 HEL Window Requirements 
 
While scattering mainly causes the beam path deviation from its desired destination when a laser 

beam travels through a window, optical absorption induces photothermal heating within the 

window medium that ultimately leads to beam distortion. Since scattering does not cause any 

changes within the window material, the required scattering level primarily depends on the 

operating environment as well as damage thresholds of other optical components within a HEL. It 

is generally recommended that the scattering coefficient of a HEL window to be less than   10-3 

 
 

 
Figure 1.2. The absorption coefficient of polycrystalline spinel as a function of wave number. Data obtained from 
multiple sources [6].        

 
 

 
Figure 1.3. The absorption coefficient of single crystal sapphire as a function of wave number. Data obtained from 
multiple sources [6].        
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cm-1 [14]. On the other hand, given the low-level absorption loss in sapphire and spinel at the near-

infrared wavelength region, thermal lensing issues must be considered. Thermal lensing is related 

to the process of beam defocusing and distortion due to thermally-induced phase aberrations. 

When a window absorbs a portion of the incident laser beam, local heating occurs that leads to the 

changes in the refractive index along with the physical path length, which ultimately alters the 

incident beam path and shape. Furthermore, temperature gradients within the window also 

generate mechanical stresses that can eventually fracture the material. The ideal HEL window 

candidate should not only transmit the laser beam with minimum distortion but also needs to be 

strong and tough to sustain a large power load under various environments. Previously, a set of 

figures of merit (FOM) were developed to characterize the impact of optical distortion and 

stressed-induced failure modes to evaluate different HEL window material candidates using their 

physical and optical properties [8], [9]. Here, three evaluation criteria (required window thickness, 

allowable peak fluence due to thermal lensing, and allowable peak fluence due to planar stress) 

will be used to evaluate the materials of interest (single crystal sapphire and polycrystalline spinel) 

against two other popular HEL window candidate choices (fused silica and fusion-cast CaF2). 

Among these materials, fused silica is known to have the lowest optical absorption (as low as 10-

7 cm-1) at 1 µm while CaF2 has a negative thermo-optic coefficient (dn/dT) that could greatly 

reduce the optical distortion but both materials are less mechanically durable compared to sapphire 

and spinel [6], [8]. Although sapphire and spinel have a relatively higher optical absorption at 1 

µm (10-5/cm to 10-3/cm) and a positive dn/dT, both materials have excellent mechanical and 

thermal properties that allow them to operate in many extreme environments [14]. Lowering the 

optical absorption in both materials could help them outperform the other two candidates if all 

evaluation criteria are considered. 
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Three FOM quantities will be used to evaluate each window candidate at the laser operating 

wavelength of 1 µm. The first FOM is the required window thickness, L, (under the pressure 

differential is of the order of 1 atm) and it is given by 

L =
353(π4)

7
89D( Dcm)

7
9

=σ?
 (1.2) 

where D is the window diameter, m is the Weibull shape factor, 1/cm indicates that the window 

diameter should be provided in centimeters, and σ? denotes the characteristic strength (in Pa) of a 

material when 1-cm2 of it is subjected to an equi-axial tensile stress. The second FOM considered 

is the allowable peak fluence due to the optical distortion and it is expressed as 

JABB
C.E =

1.668
k

CK
χβ&L

 (1.3) 

where t represents the time, k is the propagation constant, 8M
N

,  CK is the volumetric heat capacity, 

χ is the thermal lensing coefficient, L is the required thickness, and β& is the optical absorption 

coefficient [9]. The thermal lensing coefficient is a combination of two optical distortion 

coefficients, χO and χP, that can be expressed as 

χ = |χO|R1 + G-(
χP
χO
)8 (1.4) 

where G- is a parameter that depends on the Gaussian beam truncation parameter given in [8] and 

equals 0.755. Both χO and χP are given as 

χO =
dn
dT
(n − 1)α(1 + υ)

n[αE
4

(q∥ + q_) (1.5) 

χP =
n[αE
4

(q∥ − q_) 
(1.6) 
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where n represents the index of refraction, α is the thermal expansion coefficient, υ is the Poisson 

ratio, E is the elastic modulus and q∥ and q_ are related to the stress-optic coefficients, q77, q78, 

and qaa by 

q∥ + q_ = q77 + q78 +
j[
5
[qaa − (q77 − q78)] (1.7) 

q∥ − q_ = q77 − q78 +
j[
5
[qaa − (q77 − q78)] 

(1.8) 

where j[ is given as 

j[ =
5caa(3K + 4G)

G(9K + 8G) + 6caa(K + 2G)
 (1.9) 

where K and G are bulk and shear moduli, respectively [8], [9]. Note that Eq. (1.7) and Eq. (1.8) 

apply to single crystal materials where anisotropy exists. For isotropic materials, q∥ + q_ and q∥ −

q_   simply equal  q77 + q78  and q77 − q78 , respectively. The last FOM characterizes the 

allowable peak fluence due to planar stress and is given by [9] 

JABB
g.h =

3.52CK
αE S∗

B∗DP7( Dcm)
7
9 + β&(

D
cm)

8
9

 (1.10) 

where 

S∗ =
σ?

4 ∗ (π4)
7
9

 (1.11) 

L∗ = 177R
Pa
S∗

 
(1.12) 

B∗ =
6 ∗ 10Pp

L∗
 

(1.13) 

Physical and optical properties of fused silica, fusion-cast CaF2, sapphire, and spinel at 1.064 µm 

can be found in in Table 1.1 and these values were used to compute different FOM values for each 

material [7], [14]–[21]. Note that photo-elastic constants of fused silica and fusion-cast CaF2 used 

were the values reported at 1.315 µm while those of sapphire were the ones reported at 633 nm 
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[8], [18].  Using the properties provided in Table 1.1, different FOM values of each sample were 

calculated and are shown in Table 1.2. The required thickness was calculated based on a 100-cm 

diameter disk. It can be seen that both sapphire and spinel require a relatively smaller thickness 

owning to their higher characteristic strength. For the lensing coefficient, CaF2 outperforms other 

candidates due to its negative dn/dT value. No literature data were available on stress-optic  

 Table 1.1. Physical and Optical Properties of Different Window Candidate Materials 
Property Fused Silica CaF2 Sapphire (C-

plane) 
Spinel 

Young’s 
Modulus (GPa) 

72.4a 110a 344b 271b 

Poisson’s Ratio 0.16a 0.28a 0.27b 0.26b 

Bulk Modulus 
(GPa) 

35.5a 83a 249c 200h 

Shear Modulus 
(GPa) 

31.2a 43a 135c 104i 

Characteristic 
Strength (MPa) 

~50a ~80a 946d 396g 

Shape Parameter 4.5a 3.5a 3.4d 7.3g 

Heat Capacity 
(per unit volume) 
(Jcm-3K-1, room 

temperature) 

1.66a 2.58a 3.10b 2.93b 

Thermal 
Expansion 

(10-6K-1, room 
temperature) 

0.52a 21.3a 7.15b 6.97 b 

Thermal 
Conductivity 
(Wcm-1K-1) 

0.013a 0.08a 0.46b 0.25b 

Refractive Index 1.4504b 1.4289b 1.756b 1.701b 

Thermo-optic 
Coefficient 
(10-6 K-1) 

10b -8.1b 12.6b 9b 

Absorption 
Coefficient 

(cm-1) 

3*10-7 b 5*10-5 b 5*10-5 e 0.003b 

Piezo-optic 
constant (q77) 

(TPa)-1 

0.58a -0.4a -0.52f N/A 

Piezo-optic 
constant (q78) 

(TPa)-1 

2.8a 1.09a 0.08f N/A 

Piezo-optic 
constant (qaa) 

(TPa)-1 

N/A 0.72a -0.71f N/A 

** aRef [8]; bRef[14];cRef[16];dRef[17];eRef[7]; fRef[18];gRef[19];hRef[20];iRef[21] 
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constant of spinel so the lensing coefficient was estimated solely based on its dn/dT value as it has 

the dominant contribution to the distortion coefficient. For the allowable peak fluence values, one 

must compare them with an actual operating value. Consider a HEL operating at a peak power 

level of 1 MW at 1 µm with a beam diameter of 30 cm for 5 minutes, the converted peak fluence 

is approximately 0.42 MJ/cm2. Looking at the allowable peak fluence associated with the amount 

of optical distortion for each window material shown in Table 1.2, with all physical and optical 

properties considered, only fused silica satisfies the required performance. The JABBC.E  value of 

sapphire is lower than the required fluence by a factor of 10. Since JABBC.E is inversely proportional 

to the absorption coefficient, if the absorption loss can be reduced to a level of ppm or less, then 

sapphire would be able to sustain the large power load with a minimal optical distortion. Similar 

statements can be made for spinel.; If its absorption coefficient level were to reach 10-6 cm-1, then 

it could be a window candidate for the next generation of HEL. Similarly, the calculated JABBg.h for 

all materials suggest that both fused silica (with low optical absorption and thermal expansion 

coefficients) and sapphire (with a relatively low optical absorption and high characteristic strength) 

can tolerate the associated planar stress of the higher energy beam. In the case of spinel, the high 

absorption value still undermines its ability to sustain exposure to high beam fluences. However, 

with improvements, both sapphire and spinel could serve as window materials for the next 

generation of HEL systems, since they show high characteristic strength and relatively low thermal 

expansion. To do so, their absorption losses should be lowered to the level of 10-7 cm-1 or below.     

Table 1.2. Calculated Figure-of-Merits of Different Window Candidate Materials 
 Fused Silica CaF2 C-plane Sapphire Spinel 

Required Thickness 
L 

(cm) 

8.07 9.63 2.95 1.38 

Distortion 
Coefficient χO 

(10-6 K-1) 

10.4 5.23 17.4 ~15 
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Distortion 
Coefficient χP 

(10-6 K-1) 

-0.0255 -0.137 -2.91 N/A 

Lensing Coefficient 
χ 

(10-6 K-1) 

10.4 5.23 17.6 ~15 

JABB
C.E(MJ/cm2) 5.59 0.029 0.034 ~0.0013 
JABB
g.h(MJ/cm2) 58 0.11 1.2 0.052 

 

Moreover, Thomas et al. have developed a set of equations describing the net ray deviation Δrst 

as a function of the radial distance and time is related to the thermo-optic coefficient and the 

temperature rise, Δu(v, w), by [14]  

Δrst(v, w) = −x y
1

n(v)
dn
dt
+ { |

n(r)
n&}~

− 1�Ä
dΔu(v, w)

dv
 (1.14) 

Note that the temperature rise is directly proportional to the optical absorption coefficient, β&, 

through  

Δu(v) =
β&M

kw-π7.p
É

1
vÑ
|É vÑÑexp|−

vÑÑ8

w-
8�

ÖÜ

-
dvÑÑ�

Öá

Ö
dvÑ (1.15) 

where M and à-  are the laser irradiance and beam waist respectively. Using the materials 

properties given in Table 1.1, assuming a 1 MW Gaussian beam with a 10 cm diameter passing 

through a laser window with a 5 mm thickness and a 35 cm diameter, the net ray deviations as a 

function of radial distance for sapphire, spinel, CaF2, and fused silica are shown in Fig. 1.4. 

According to Fig. 1.4, the net ray deviation shows a large difference among different materials. 

Fused silica has the lowest deviation due to its extremely low absorption coefficient and small 

thermal expansion coefficient. CaF2 also has a relatively low deviation since it has a negative 

dn/dT value that counter balances the deviation due to thermal expansion. Sapphire and spinel both 

have a high net ray deviation due to their higher absorption losses. Again, if the absorption is 

lowered, then a much smaller ray deviation could be achieved.    
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In the next sections, basic principles of light-material interactions will be introduced to provide a 

deeper understanding of different optical phenomena such as transmission, reflection, absorption, 

and scattering, etc. It is important to know that the electromagnetic wave propagation is different 

in sapphire and spinel since the two materials have different crystal structures.         

 
1.2 Electromagnetic Wave Propagation in the Dielectric Medium 
 
1.2.1 Plane Wave Solutions in Isotopic and Anisotropic Media 
 
In this study, polycrystalline spinel is an isotropic material due to its cubic crystal structure while 

single crystal sapphire is an anisotropic, uniaxial material with a trigonal crystal structure. Plane 

wave solutions to the Maxwell’s equations for electromagnetic wave propagation in an isotropic 

dielectric media are given by solutions to the following equations: 

∇8ä −
n
c8
∂8ä
∂t8

= 0 (1.16) 

 
Figure 1.4. Net ray deviation at 1.064 µm wavelength for different laser window materials candidates with a power 
level of 1 MW [6].  
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∇8å −
n
c8
∂8å
∂t8

= 0 

 

(1.17) 

 

where E and B are the electric field and magnetic field vectors, respectively [11]. The speed of  

light that travels through the medium could be further expressed as  

c =
c-

√µ9ε9
 (1.18) 

where c0 is the speed of light traveling through vacuum, µ9 and ε9 are the magnetic permittivity 

and the dielectric permittivity of the medium, respectively. The ratio of c- c⁄   is known as the 

refractive index, n, which is a unitless quantity that represents the relative speed of light in a 

medium. The refractive index has both real and imaginary parts; the real part in typical materials 

is always positive and greater than 1 while the imaginary part is associated with the optical 

absorbance or gain in the medium. 

 

The electric field plane wave solution for an electromagnetic wave traveling through an isotropic 

medium can be expressed as  

ä = ë-ePí(ì∙ïPñó) (1.19) 

where ë-  is a constant, ì is the wave vector, r represents the radial distance vector, ò is the 

angular frequency, and t represents the time. In this study, polycrystalline spinel is considered as 

an isotropic material due to its cubic crystal structure. 

 

Anisotropic media display birefringence that can be associated with different indices of refraction 

for propagation along principal axes that depend on polarization direction. For a uniaxial material, 

two of these indices are equal while the third differs: nx = ny ¹ nz. For this case, the z-axis is known 
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as the principal optic axis. A laser beam traveling through a uniaxial material can be decomposed 

into two orthogonal, linearly polarized states that relate to ordinary and extraordinary waves. In 

anisotropic, uniaxial materials, the dielectric constant is a second-rank tensor with different values 

that depend on the direction. The full expression of the displacement, D, due to electric induction 

field vector, E, is then written as 

ô
öõ(ï)
öú(ï)
öù(ï)

û = ü
ε† 0 0
0 ε† 0
0 0 ε°

¢ ô
ëõ(ï)
ëú(ï)
ëù(ï)

û (1.20) 

where ε†  represents the dielectric constant along the ordinary axis and ε°  is the dielectric 

permittivity along the extraordinary axis. An electromagnetic wave (with E field that has both y 

and z components) traveling through a uniaxial medium in the x direction can be expressed as 

follows: 

ä(ï) = z§ë•eP}(ì¶ßPñ®) + y§ë™eP}(ì´ßPñ®) (1.21) 

1.2.2 Optical Birefringence in Sapphire 
 
Birefringence in a medium causes the light entering to split into two distinct, polarized rays that 

refract along different paths. For a sapphire window being used in the HEL applications, 

birefringence must be minimized. In anisotropic, uniaxial materials, the ordinary wave has a 

refractive index of no which does not change with the propagation direction while the extraordinary 

wave has an index of refraction of ne that depends on the propagation direction. The ordinary wave 

has the polarization perpendicular to the z- axis and the extraordinary wave is polarized parallel to 

the z-axis. In sapphire, the principal optic axis is the crystallographic c-axis shown in Fig. 1.5 [22] . 

Any ray traveling along the c-axis has a refractive index of no as it is considered as an ordinary ray 

with E field perpendicular to the c-axis. To minimize the birefringence effect, c-plane sapphire is 

typically chosen for windows and is oriented such that the window face is the crystallographic c 
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plane perpendicular to the c-axis. The normally-incident ray traveling along the c-axis direction 

and perpendicular to the window face propagates as a normal ray, no component.  

 

Sometimes, the two surfaces of a sapphire window might not be perfectly parallel due to imprecise 

preparation causing the ray to travel at a small angle with respect to the c-axis. Although the angle 

is typically very small, it is still worth noting the refractive index associated with it. In this case, a 

principal plane containing both the incoming ray and the c-axis must be defined. According to 

Fig.1.6 [22], the ordinary ray has oscillating E-field perpendicular to the plane while the 

extraordinary ray has the E-field parallel to the plane. Note that any ray traveling along the c-axis 

of sapphire is an ordinary ray. The extraordinary ray that travels at an angle f with respect to the 

c-axis has a refractive index of ne (f) given as 

¨°(ϕ) =
¨†¨°

=¨°8cos8ϕ + ¨†8sin8ϕ
 (1.22) 

with the value ne(f) goes to no when f approaches zero degrees and to ne when f=M
8
 [22].  

 

 

 

 

 

 

 

 

 

 

 
Figure 1.5. Sapphire crystal with 2-fold and 3-fold symmetry directions with c-axis is 
normal to the c-plane [22].     
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1.2.3 Laws of Refraction and Reflection 
 
When a laser beam travels at the interface between air and a window material with different indices 

of refraction, a portion of the light is reflected while the rest transmits through the medium at a 

refracted angle assuming no other optical losses [11]. For the case of refraction in an isotropic 

medium such as polycrystalline spinel, Snell’s law describes the relationship between the angle of 

incidence, q1, and the angle of refraction, q2, through n1sinq1= n2sinq2, with n1 represents the index 

of refraction of medium 1 and n2 is that of medium 2. Generally, n1 is less than n2 when light 

travels through the air or vacuum into a denser medium with a reduced speed. The refracted ray 

bends toward the surface normal. If the light ray travels from a denser medium into the air or 

vacuum, the refracted ray bends away from the surface normal and the maximum angle of 

refraction is 90°. A critical angle of incidence can be found when the refraction angle becomes 

90°. Any ray travels with an angle of incidence that is larger than the critical angle will become 

fully reflected without any refraction, a phenomenon known as total internal reflection. The 

refraction phenomenon is somewhat more complicated in an anisotropic medium such as sapphire 

where birefringence could divide the refracted ray into both ordinary and extraordinary 

 
Figure 1.6. Illustration of electric filed oscillation direction with respect to 
each ray type [22].     
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components. In this study, only normal and near-normal angles of incidence are considered for c-

plane sapphire so the birefringence effect is minimized. 

 

The portion of the light being reflected from the interface of two media depends on both angle of 

incidence and polarization state, which is usually described using the Fresnel reflection 

coefficients. The angle of reflected ray is always equal to the incident angle (both angles are with 

respect to the surface normal). The E-field orientation of a light beam can be expressed in terms 

of s- and p-polarizations. The p-polarization represents the E-field that is in the plane of incidence 

while the s-polarization denotes the E-field that is perpendicular to the plane of incidence. For 

HEL applications, the laser beam might be polarized depending on the final purpose and different 

light polarization states result in different Fresnel reflection coefficients that represent the total 

light reflectance. For the isotropic medium, the single-surface Fresnel reflection coefficient for 

both s- and p-polarized light, Rs and Rp, can be expressed as follows: 

R( = 	
(a − cosθ})8 + b8

(a + cosθ})8 + b8
 (1.23) 

and 

RK = R( µ
(a − sinθ}tanθ})8 + b8

(a + sinθ}tanθ})8 + b8
∂ (1.24) 

where 

a8 =
1
2
∑[(n8 − k&8 − sin8θ})8 + 4n8k&8]

7
8 + (n8 − k&8 − sin8θ})∏ (1.25) 

and 

b8 =
1
2
∑[(n8 − k&8 − sin8θ})8 + 4n8k&8]

7
8 − (n8 − k&8 − sin8θ})∏ (1.26) 
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where rí is the angle of incidence, n and ka are the real and complex parts of the refractive index, 

respectively [11]. For unpolarized light with only the real part of the index of refraction, the single-

surface Fresnel reflection coefficient can be simplified [11]: 

Rπ∫K†B =
1
2
ôªº
n8cosθ} − =n8 − sin8θ}
n8cosθ} + =n8 − sin8θ}

ºΩ
8

+ ªº
cosθ} − =n8 − sin8θ}
cosθ} + =n8 − sin8θ}

ºΩ
8

û (1.27) 

On the other hand, the general Fresnel reflection coefficient solution for an anisotropic, uniaxial 

medium is quite complicated. However, special cases have been previously investigated and for 

the case of sapphire in this work where the crystallographic c-axis is the principal axis, for an 

unpolarized light beam propagating through a plane-parallel sapphire window at a near-normal 

angle of incidence, the single-surface Fresnel reflection coefficient can be approximated as [11] 

R† = 1
1 − n†
1 + n†

2
8

 (1.28) 

A closer inspection of Eq. (1.28) shows R† is equivalent to Rπ∫K†B from Eq. (1.27) under a zero-

degree angle of incidence condition.       

1.2.4 Total Power Law 
 
When a laser beam propagates through a window, it is either transmitted and or reflected according 

to the Fresnel coefficients assuming negligible absorption and scattering losses [11]. In the case of 

scattering, power is not being lost to some other form of energy but it is being lost from the 

transmitted/reflected beams. Also, scattering is often considered as diffuse transmittance and 

reflectance. Therefore, as many window materials exhibit both absorption and scattering, the total 

power of the traveling laser beam must satisfy the following total power law: 

τ((θ}, ω) + ρ((θ},ω) + α&'((θ},ω) + α(?&(θ}, ω) = 1 (1.29) 

where τ(  is the specular transmittance, ρ(  is the specular reflectance, α&'(  represents the total 

absorbance, α(?&	denotes the total scatterance, θ}  is the angle of incidence, and ω denotes the 
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angular frequency. The subscript s represents the specular term in the case for the nearly parallel 

surfaces where the reflected angle is equivalent to the negative of the incident angle and the 

transmitted angle approximately equals the angle of incidence. Scattering loss would be counted 

as the diffuse reflectance in both forward and backward directions making τ((θ}, ω) and ρ((θ}, ω) 

become less than the theoretical values when considering surface roughness and other types of 

bulk and sub-surface defects under the practical situation. Furthermore, both τ((θ}, ω)  and 

ρ((θ}, ω) are a function of the complex index of refraction and for a spectrally-averaged polarized 

light incident on a parallel slab with a thickness, d, both terms can be expressed as follows when 

the effects of interference, fluorescence, and diffraction are ignored [11]: 

τ((θ},ω) =
[1 − R(θ}, ω)]8exp 1−

β&'((ω)d
cosθ&

2

1 − R8(θ},ω)exp 1−
2β&'((ω)d
cosθ&

2
 (1.30) 

ρ((θ}, ω) =
R(θ},ω) + R(θ},ω)[1 − 2R(θ}, ω)]exp 1−

2β&'((ω)d
cosθ&

2

1 − R8(θ},ω)exp 1−
2β&'((ω)d
cosθ&

2
 (1.31) 

where R represents the single-surface Fresnel reflection coefficient, β&'( is the optical absorption 

coefficient, and θ& is the refracted angle within the medium. For HEL window materials studied 

in this work, the value of β&'( is typically <<1 so the lossless specular transmittance could be 

further simplified as [11] 

τ(PB†((B°(((θ}, ω) =
[1 − R(θ},ω)]8

1 − R8(θ},ω)
=
1 − R(θ}, ω)
1 + R(θ}, ω)

 (1.32) 

1.2.5 Index of Refraction and the Absorption Coefficient 
 
In Section 1.2.1, it has been mentioned that the refractive index, n, is equivalent to √µε according 

to the plane wave solutions to the Maxwell equations. For non-magnetic materials studied in this 

work, µ=1 and n is now directly equal to the square root of the relative permittivity (dielectric 

constant). Since ε has a wavelength dependence, n also depends on the light wavelength. When an 
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EM wave propagates through a lossy medium, it experiences attenuation due to loss of energy 

resulting from different mechanisms such as absorption and phonon generation, etc. In this 

situation, the refractive index is a complex function of the light frequency and can be expressed as 

in the following: 

n∗ = n + iK = √ε = √εÑ + iεÑÑ (1.33) 

where n∗ is the complex refractive index, n is the index of refraction, K is the index of absorption 

that is related to the EM wave attenuation, and εÑand εÑÑare the real and imaginary parts of the 

relative permittivity, respectively. In the absence of scattering and other loss mechanisms, the light 

with intensity I0 travelling through a lossy medium with thickness z might be mainly attenuated 

due to optical absorption and the reduced light intensity I (z) is related to the absorption coefficient, 

β&'(, by: 

I(¬) = I-expP√ƒ≈∆ù  (1.34) 

To relate β&'( and K, one can take a plane wave traveling along a certain direction as shown in Eq. 

(1.34) and k, the wave vector, is related to n∗ by k= n∗ω/c=(n + iK)(ω/c). Note that in free space, 

k=k0=	ω/c=2π/λ with λ being the free space wavelength. Since I is directly proportional to |E|8 

and using the relationship between k and n∗, one can find that I	∝ exp [-2(ω/c)Kr⃗], suggesting I 

decays exponentially with the propagation distance. Using Eq. (1.34), β&'( is related to K by 

β&'( = 2(ω/c)K (1.35) 

The wavelength dependent refractive index can be determined by the Sellmeier equation for many 

materials [11], [23]. The Sellmeier equation provides an empirical relationship between the light 

wavelength and the refractive index of a material using a series of single dipole oscillator terms 

that can be expressed as follows: 

¨8 = 1 +
 7λ8

λ8 − λ78
+

 8λ8

λ8 − λ88
+

 [λ8

λ8 − λ[8
 (1.36) 
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where  7,	 8,	 [,	λ7,	λ8, and λ[ are called Sellmeier coefficients that are determined by fitting the 

model to experimental data. For ordinary-ray sapphire and polycrystalline spinel, the values of the 

Sellmeier coefficients are provided in Table 1.1 [23], [24]. 

Table 1.3 Sellmeier Coefficients for o-Ray Sapphire and Spinel 
  7  8  [ λ7 λ8 λ[ 

O-ray 
Sapphire 1.4313493 0.65054713 5.3414021 0.0726631 0.1193242 18.028251 

Polycrystalline 
Spinel 1.8938 3.0755 N/A? 0.09942 15.826 N/A? 

 

1.2.6 Optical Scattering 
 
When an EM field interacts with the charged particles associated with atoms or molecules in a 

solid, dipole moments can be induced in the material in addition to the permanent ones that might 

already exist in the system. When dipoles are created or stretched by an EM field, they absorb 

energy from the excitation field and the absorbed energy takes the form of a secondary field as the 

accelerated charges produce EM radiation [25]. However, these fields do not necessarily propagate 

in the same direction or with the same phase as the excitation field due to the difference in 

permittivity of the particle and medium, leading to scattering phenomena [25]. A reflected or 

transmitted beam of light can be viewed as a combination of a large number of scattering events 

that are similar in direction, phase, and frequency. This study mainly investigates the elastic 

scattering which is a type of particle scattering where the propagation path direction is changed 

while the energy is conserved. There are two domains of elastic scattering falling into the scope of 

this work: Rayleigh scattering and Mie scattering. Rayleigh scattering mainly involves the 

scattering by a spherical particle with a diameter that is much less than the wavelength of the light 

(about 1/10th of the incident light wavelength). The probability that the sphere scatters the light at 

an angle q is proportional to the differential scattering cross section, ÀÃ(Õ)
ÀŒ

 , which denotes the ratio 
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of power scattered into the solid angle between r and œr to the incident power per unit area. The 

total Rayleigh scattering cross section is given by 

σ~(λ, θ, r) =
8
3
π1
2πn-
λ
2
a

r– µ
(ε − ε-)
(ε + 2ε-)

∂
8

(1 + cos8θ) (1.37) 

where v is the particle radius,  n- and ε-are the relative permittivity and the refractive index of the 

surrounding medium, and n and ε are the ones of the particle, respectively [26]. For spherical 

particles with sizes that are comparable to or larger than the incident wavelength, Mie scattering 

can be used to describe the scattering phenomenon and the total scattering cross section is 

represented as 

σ9 =
λ8

2π¨-8
—(2“ + 1)(|”í|8 + |‘}|8)
’

}÷7

 (1.38) 

where coefficients ”}  and ‘}  are expressed in terms of spherical Hankel and spherical Bessel 

functions of the first kind respectively, and both of them have a dependence on the magnetic 

permeabilities of the surrounding medium and the sphere; m is an effective index of refraction  

factor that takes the value of s
sá

[26]. Furthermore, another size parameter, x, which takes the value 

of 8M~sá
N

 , is also commonly used to describe the scattering efficiency. The scattering efficiency, Q, 

which equals ◊
MÖÿ

, is approximately the same for both Rayleigh and Mie scattering when mx≪1 

(with λPadependence) and when mx becomes larger than 1, the Mie scattering efficiency departs 

from the λPadependence and reaches a limiting value of 2 [11] [26]. 

 

In the next few sections, common growth methods of sapphire and spinel will be introduced briefly 

because growth conditions and parameters are crucial to the physical and optical properties of the 

resulting materials. Furthermore, typical defects found in both materials will be examined since 

they are responsible for the low-level optical losses in sapphire and spinel.      
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1.3 Growth Methods and Structural Defects  
 
1.3.1 Materials Growth Methods  
 
Both synthetic sapphire and spinel are mainly commercially grown from raw powders under 

different methods that typically require high temperatures (above 1500 °C). Therefore, the powder 

purity, crucible and chamber contaminant, heating/cooling rate, as well as post-growth thermal 

and mechanical treatments are critical to both physical and optical properties of these materials [4], 

[16], [27], [28]. The most common sapphire growth methods include the Verneuil process, the 

Czochralski process, the Kyropoulos process, the heat exchange method (HEM), and the edge-

defined film-fed method (EFG) [16], [29]. Among these methods, the Verneuil process is the oldest 

method, and it is still used to produce sapphire seed crystals for other growth methods. This process 

involves spraying alumina powder into an oxygen-hydrogen flame and the main drawback of this 

method is that a relatively high residual stress remains in the sapphire that is produced and it cannot 

be used to produce large crystals [27]. The Czochralski process (CZ) is a common growth method 

for semiconductors which involves growing materials from melt in a crucible. In this method, the 

seed crystal is attached to a cooling rod and the rod rotates at a controlled rate. Single crystal 

sapphire grows at the interface between the seed and the melt while the seed is being pulled as 

shown in Fig. 1.7 [27]. However, this method creates challenges for growing c-axis sapphire  
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as well as larger diameter crystals. The Kyropoulos process also employs dipping a seed crystal 

into a crucible with a melt. However, this method produces crystals with a sharp, convex shape for 

the crystallization front under conditions in the hot zone shown in Fig. 1.8. Furthermore, the seed 

is only rotated during the early stage of growth process to allow a slow decrease of the hot zone’s 

temperature without subsequent rotation. The resulting crystal only touches the crucible on the 

lower portion of the crucible as well as the bottom. This technique allows the production of large 

sapphire crystals with a lower temperature gradient and a lower level of  residual stress [27]. The   

 

 

 

 

 

 

 

 

 
Figure 1.7. An illustration of the Czochralski sapphire growth process [27].  

 

 
Figure 1.8. An illustration of the Kyropoulus sapphire growth process [27]. 
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HEM method, shown in Fig. 1.9, allows a vertical directional crystallization under a low 

temperature gradient at the bottom of the crucible. The seed sits at the bottom of the crucible and 

it is constantly cooled using a helium gas flow. While it allows the growth of large sapphire crystals, 

the process is difficult to control automatically because different growth parameters require precise 

monitoring and control [27]. Lastly, the EFG process uses a die (also acts as a shape controller)   

 

 

 

 

 

 

 

 

that is made of a material (e.g., molybdenum in the case for sapphire) wetted by the melt with one 

or more capillaries immersed in the melt. The growth process starts when the capillary force raises 

the melt above the upper surface die to contact the seed crystal. A thin film of melt separating the 

die and the growing crystal is also formed as is shown in Fig. 1.10. The temperature of the thin 

film melt must be precisely controlled to avoid the attachment of the grown crystal to the die. The 

main advantage of the EFG method is that it allows for the production of small crystals with near 

net shape for applications with size constraints. However, EFG-grown sapphire has been reported 

to contain more bubbles compared with those produced from other techniques [27].  

 

 

 
Figure 1.9. An illustration of the HEM sapphire growth process [27].  
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Polycrystalline spinel is typically synthesized using a sintering process in which powders are 

compacted and heated (often under pressure) without melting the starting materials. It is the most 

popular technique to manufacture the transparent spinel in bulk due to the lower manufacturing 

cost and the ability to scale up production. There are two driving forces that cause sintering to 

occur. One of them is to minimize the solid/gas interfacial energy by closing the pores in between 

each particle and this mechanism is named densification. Another driving force is coarsening 

which involves the growth of particle size to minimize the individual particle curvature. However, 

the later mechanism does not stimulate pore elimination and the two mechanisms are always 

competing with each other during sintering. Furthermore, coarsening tends to dominate at lower 

temperatures while densification occurs more readily at higher temperatures [30]. Ideally, a perfect 

sintering event requires both mechanisms to occur with densification being the main process. 

Nevertheless, there are many factors that influence the sintering event such as particle diffusion 

and volume change in the bulk, which can vary for different materials. Overall, it is a complicated 

process that is currently not well understood. 

 

 
Figure 1.10. An illustration of the EFG sapphire growth process [27].  
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There are three conventional sintering techniques but all of them have disadvantages that can 

impair the properties of the sintered spinel. The pressureless sintering process requires the sample 

to stay in the oven for 12 hours or longer and the resulting material has a very large grain size that 

leads to low fracture toughness [31]. The hot-pressing method also requires longer processing 

times along with high temperatures and pressures which result in higher energy input. The longer 

processing time allows secondary phases associated with impurities to grow near the grain 

boundaries. Both methods involve the use of sintering aids such as lithium fluoride to accelerate 

and smooth the sintering process. These aids often remain in the final product as an impurity and 

often degrade the spinel properties. Additionally, both methods demand a further hot isostatic 

pressing (HIP) process to achieve full density [32]. Spark plasma sintering is another technique 

that has a faster processing times and lower processing temperatures due to the assistance of high 

pressure [33].  However, all three techniques suffer from nonuniform heating of the sample which 

can produce nonuniform grain sizes as well as cracks in regions where too much heating occurs. 

In recent years, there has been an interest in using microwave heating to synthesize spinel since 

this technique has several advantages over other techniques including the ability to produce 

volumetric heating with rapid heating rates. However, to grow large windows, microwave beam 

control becomes crucial as any inhomogeneities in the beam profile can result in undesirable hot 

spots which then cause cracking during the synthesis process.    

1.3.2 Point Defects  
 
Point defects such as vacancies and impurities can greatly affect structural and optical properties 

in metal-based oxide materials. Impurities typically originate from the raw powder (the starting 

material) for both sapphire and spinel as well as from the crucibles used to grow these materials 

[16], [34]. In sapphire, isovalent impurities such as Cr3+, Ti3+, Co3+, Ni3+, Fe3+, Mn3+, V3+ etc.  can 
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trap electrons or holes thus causing optical absorption loss. Furthermore, heterovalent impurities 

such as Cr4+, Ti4+, Si4+, Mg2+ etc. are also trapping centers that cause formation of cationic 

vacancies to compensate their charges during the sapphire growth process [16]. Similarly, in spinel, 

Cr3+, Fe3+, Mn2+, V3+, Co3+, and Cu2+ have been reported to cause various absorption bands in the 

optical spectrum [16]. The concentration of different impurity elements can be reduced if the 

starting materials are further purified. 

 

Both sapphire and spinel are compounds that are vulnerable to vacancy-type defects. Both cationic 

and anionic vacancies in various charge states, vacancy-impurity complexes and vacancy 

aggregates are commonly found in these materials [35]–[42]. Furthermore, interstitial ions and 

substitutional ions in cationic and anionic sites are also possible. In sapphire, vacancy pairs such 

as Schottky defects (two aluminum vacancies plus three oxygen vacancies) and Frenkel defects 

(one intestinal ion plus one vacancy of the same charge) form in the bulk of the crystal and near 

the surface [16]. Numerous studies have reported formation energies of different types of 

vacancies in both sapphire and spinel and most of these energies are in the range of -10 to 25 eV 

at different Fermi energy levels [16], [38], [43] (theoretically, a negative formation energy occurs 

at very low Fermi energy level which does not apply to this work). Under thermodynamic 

equilibrium, the concentration of point defects should be in the range of 10-30 to 10-60 cm-3 at room 

temperature which is extremely low [16]. However, in reality, point defect concentrations are not 

at equilibrium levels in either sapphire or  spinel due to a reducing growth environment and 

subsequent annealing processes [16]. Indeed, in most commercially-available sapphire and spinel 

materials, F-centers (electron trapping due to oxygen vacancies) and V-centers (hole trapping due 

to cationic vacancies) are commonly observed in the absorption spectra in the UV and visible 
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regions of these materials [37], [40], [41], [44]–[47]. By performing a subsequent annealing in an 

oxidizing environment, the oxygen vacancy content can be further lowered in these materials [44], 

[48].   

1.3.3 Dislocations  
 
There are several dislocation formation mechanisms in sapphire. Dislocations can be inherited 

from the seed crystal during the growth process [16], [49]. If thermal gradients occur in a particular 

region within the boule, the thermoelastic-stress-induced, plastic deformation can also produce 

dislocations. Additionally, impurity trapping and vacancy aggregation are mechanisms for 

dislocation (loop) formation since both cause lattice distortion. The typical density of dislocations 

in different sapphire samples has been found to be roughly 106 cm-2 [16]. In spinel, dislocations 

are mainly produced at the beginning of hot-pressing processes due to a high, effective-stress 

concentration at the neck region [50]. Furthermore, in the subsequent HIP process where spinel 

becomes fully densified, the applied stress increases the density of dislocations. Since both 

sapphire and spinel windows require different grinding and polishing treatments, dislocations can 

be generated near the sub-surfaces in these materials, which can result in surface absorbance and 

scattering.                 

1.3.4 Block Structures and Grain Boundaries  
 
Block or sub-grain boundaries due to a small crystallographic misorientation (less than 10 degrees) 

have been observed in synthetic single-crystal sapphire materials [16], [29]. These sub-grain 

boundaries are caused by the lineage structure appearing in the melt crystallization process and 

their presence could be reduced by decreasing thermal stresses that occur during growth. 

Additionally, sub-grain boundaries can be formed by dislocation pile-ups during cooling and 

annealing processes. Mobile dislocations can migrate to low energy positions and form these types 
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of boundaries [16], [29]. Grain boundaries in polycrystalline spinel are known for impurity 

trapping and nonstoichiometry [51]–[53]. Moreover, these grain boundaries are often decorated 

by triple junctions and porosity which mainly act as scattering centers that greatly reduce the 

transmittance of spinel [51], [54]. By controlling the grain size and utilizing chemical agents as 

cleaners, absorption and scattering losses due to grain boundaries can be reduced.   

1.3.5 Bubbles and Porosity  
 
Small bubbles, also known as micro-voids, have been observed in sapphire samples that are grown 

under different conditions [55]–[57]. The bubble size ranges from a few micrometers to hundreds 

of micrometers which sometimes can be detected by human eyes under a strong white light. One 

major cause of the bubble formation is the thermal decomposition of molten alumina near the walls 

of the crucible and the locking-in of the resulting gas inclusions at the crystallization interface. It 

has been observed that the bubble formation can be mitigated by reducing the surface roughness 

of the crucible walls as well as the impurity content in the starting materials [55]. Another cause 

of bubble formation is the growth atmosphere itself. Sapphire is commonly grown under vacuum 

or inert atmospheres such as Ar, He, N2, and H2, which contain some water and oxygen. If the 

growth chamber is not sealed tightly or high vacuum is not achieved before the melting of the raw 

materials, the amount of gas in the melt can result in bubble formation [16], [57]. Furthermore, 

chemical components such as oxygen and carbon which are in the initial starting materials can 

later form dissolved gases during sapphire growth, thus resulting in the bubble formation. 

Numerous works have shown that the crystal pulling rate has a great effect on the bubble formation 

in sapphire if the growth technique involves either the Czochralski or the Micropulling Down 

Technique [56].  
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Incomplete densification during sintering often results in porosity predominately between grains 

[58], [59] . In spinel, pores can serve as the main scatter centers in addition to grain boundaries 

and sintering aid residuals. The sizes of pores are also important since those with sizes comparable 

to the operating wavelength can cause strong scattering. Indeed, 100 ppm of 400-nm diameter 

pores reduces the theoretical transparency of  1-mm thick spinel to about 50% at a wavelength of 

600 nm [59]. Pore sizes comparable to the operating wavelength should be avoided to minimize 

scattering losses.   

 

1.4 Study Outline 
 
This thesis includes three main chapters that are associated with different aspects of HEL window 

materials. Chapter 2 focuses on the absorption measurements of different sapphire and spinel 

samples. Results are presented for UV-Visible spectroscopy and photothermal common-path 

interferometry and are analyzed to identify absorption bands and trends. An empirical absorption 

model is applied to fit the absorption data. Additionally, a pyrometry technique (using a long-wave, 

infrared camera) has been developed to measure sample surface temperatures rise due to 

absorption. In Chapter 3, surface scattering and surface morphologies are mainly discussed. 

Specifically, a confocal microscope and a stereo microscope are employed to obtain optical 

micrographs to study the surface morphologies of selected sapphire and spinel samples. Atomic 

force microscopy (AFM) images of selected samples are also used to study surface roughness 

information. Measured scattering losses using the bidirectional scatterance probability distribution 

function (BSPDF) of sapphire and spinel samples with different polished surface conditions are 

also presented. A simple, empirical single scatter model is developed and used to fit the scattering 

data of sapphire. Spherical anomalous diffraction approximation (ADA) models are utilized to fit 



 34 

the diffuse scatterance of spinel. Lastly, Chapter 4 focuses on the characterization of different bulk 

and surface-related defects that exist in sapphire and spinel samples studied in this work. Positron 

annihilation lifetime spectroscopy (PALS) is used to detect cationic vacancy-type defect near the 

sample surface and the results along with the measured surface absorbance are discussed. Trace 

element impurity concentration of selected samples are obtained using Laser ablation inductively 

coupled mass spectroscopy (LA-ICO-MS) and the results are discussed with the observed 

absorption bands in these samples. Raman spectroscopy and secondary ion mass spectroscopy 

(SIMS) are used to study surface impurities in different samples. Finally, images acquired using 

transmission electron microscopy (TEM) and secondary electron microscopy (SEM) with a 

cathodoluminescence (CL) detector are presented to demonstrate different types of sub-surface 

damage that is produced by grinding and polishing of the optic surface.      
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Chapter 2. Optical Absorption Measurements 
 
2.1 Introduction  
 
Synthetic sapphire and spinel are promising window materials for high energy laser (HEL) 

applications due to their high transparency and superior mechanical properties [6], [27], [60]–[62]. 

Future HEL systems will operate at or near the megawatt level in continuous wave (cw) operation 

and will require optical materials that are highly transparent at wavelengths near 1 µm . An optical 

material is generally considered to be “highly transparent” if it has both extremely low absorption 

and scatter (< 10-5 cm-1) [6]. For HEL windows, highly transparent materials are required because 

absorption and scatter can lead to photothermal heating that results in material deformation and 

refractive index changes that produce ray deviation. As mentioned in Chapter 1, a figure of merit 

for thick window materials was developed and it suggested that an ideal HEL window should have 

both a negative value of the thermo-optic coefficient (dn/dT) and an ultra-low bulk absorption 

coefficient (about 10-5 cm-1) [8]. However, since sapphire and spinel both have positive thermo-

optic coefficients, much lower bulk absorption is needed in these materials to effectively achieve 

the desired performance [8]. The first task that must be completed to improve sapphire and spinel 

as candidate HEL materials is to measure the absorption and scatter in samples produced using 

current processing techniques using state-of-the-art methods.  

 

A sensitive absorption measurement technique must be used to measure the ultra-low-level 

absorption of transparent materials since many of the conventional methods do not have the 

required sensitivity. Standard methods such as Fourier-transform infrared (FTIR) spectrometry or 

UV-VIS-NIR spectrometry are designed to measure losses in materials that are not ultra-

transparent and generally cannot be used to measure the low losses in materials considered for 



 36 

HEL applications. Part of the reason for the lack of sensitivity of these techniques is that they are 

designed to measure transmitted (or reflected) light and losses are inferred from the absence of 

transmitted (reflected) light. Simple models are used to interpret the measured data to extract the 

absorption coefficient. In contrast, laser calorimetry, PCI, laser-induced deflection (LID), and 

photoacoustic absorption spectroscopy, all depend on the heating effect generated by the laser 

beam when being absorbed by the material [63], [64]. Laser calorimetry uses a thermal detector 

attached to the side of a sample to measure the temperature rise of the material induced by laser 

irradiation. In this technique, the detector does not measure the temperature at the location where 

there is a direct interaction between the laser beam and the sample, and it depends on thermal 

transport from the interaction region to the edge of the sample to obtain an estimate for the amount 

of energy that the sample absorbs. Owing to the indirect nature of the measurement, the sensitivity 

of the current laser calorimetry method is limited and cannot be used to make measurements in 

low-loss materials [63]. By contrast, both the PCI and LID techniques have been used to make 

more direct measurements of absorption since they measure changes in the refractive index in the 

beam interaction zone. Both techniques use pump-probe configurations that rely on changes to the 

probe beam propagation that are related to the local temperature gradients induced by the pump. 

Typically, both of these techniques require a high continuous wave (cw) or quasi-cw pump and 

the measurement time is relatively short [63]. Furthermore, photoacoustic absorption spectroscopy 

employs pulsed lasers as the pump light sources, but it relies on a calibration factor that is obtained 

using other techniques such as FTIR, to interpret the absorption results [63]. Another method, 

whispering gallery resonator-based absorption spectroscopy, calculates the absorption coefficient 

based on total internal reflectance. The critical disadvantage of this method is that it requires the 

resonator to be manufactured out of the material of interest [64]. The sensitivity levels for each of 
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these techniques are given in Table 1. In the end, the methods that should be used must have the 

necessary sensitivity while having the fewest calibration requirements and demands on sample 

fabrication. 

 

Table 2.1 Measurement Sensitivity Level of Different Absorption Measurement Techniques 
Absorption Measurement Techniques Current Sensitivity Level [64]–[66] 

FTIR/UV-VIS 10-3/cm 

Laser Calorimetry 10-4/cm 

Photoacoustic Spectroscopy 10-6/cm 

PCI 10-7/cm 

LID 10-5/cm 

 

In this chapter, absorption measurements in a variety of single-crystal sapphire and polycrystalline 

spinel samples obtained from different vendors are reported. UV-VIS spectroscopy was used to 

measure the transmittance of sapphire and spinel in the wavelength range 190 to 600 nm to detect 

impurity absorption bands. Photothermal common-path interferometry (PCI) was used to measure 

the weak absorption at 1064 nm as well as to confirm the calculated absorption values at 355 and 

532 nm. Finally, a pyrometry technique using a long-wave, infrared camera and a high energy 

laser was developed to demonstrate photothermal heating in spinel. Analytical models of laser 

heating as well as COMSOL simulation results were used to interpret various results.    

 
2.2 Materials and Method  
 
2.2.1 Materials  
 
Five single-crystal, c-axis sapphire disks with diameters of 25.4 mm, two polycrystalline spinel 

disks with varying diameters (from 25.4 to 38 mm), and two spinel square samples (15 mm by 15 

mm) from different manufacturers were used in this study. The thickness and synthesis methods 
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are summarized in Table 2.2. All samples were polished to an optical grade finish corresponding 

to the measured surface scratch and dig values given in Table 2.2. 

Table 2.2 Sapphire and Spinel Sample Specifications and Synthesis Methods 
Sample Thickness (mm) Scratch/Dig Synthesis Method 

GTAT 1 (Sapphire) 10.19 <60/40 HEM 
GTAT 2 (Sapphire) 10.15 <60/40 HEM 
GTAT 3 (Sapphire) 10.15 <60/40 HEM 
Guild 1 (Sapphire) 10.03 <40/20 HEM 

KO 1(Sapphire) 9.97 <60/40 Kyropoulos 
CN Disk 1 (spinel) 2 <60/20 Conventional 

sintering with 
subsequent HIP 

CN SQ 1 (spinel) 7 <80/50 Conventional 
sintering with 

subsequent HIP 
CN SQ 2 (spinel) 7 <40/20 Conventional 

sintering with 
subsequent HIP 

JHUAPL Disk 4 <60/40 Hot Pressed 
 
GTAT stands for GT Advanced Technologies, Guild stands for Guild Optics, KO stands for Knight Optical, HEM 
stands for heat exchange method, CN stands for Cera Nova 
 

2.2.2 UV-VIS Spectroscopy    
 
Survey scans of the optical transmission from the ultraviolet (190 nm) to the visible (600 nm) were 

performed using a PerkinElmer Lambda 950 integrating-sphere spectrometer for selected samples. 

Each measurement was performed using 0° angle of incidence. The instrumental variability, which 

represents how much the measured transmittance deviates from 100% in a background 

measurement, was determined as the change in transmittance (Dt). The long-term variability was 

obtained by taking the ratio from two background runs over the chosen spectral range that occurred 

ten days apart yielding a Dt of ±0.3%. The short-term instrumental variability was obtained by 

running nine consecutive background transmittance measurements and the result indicated an 

average Dt of ±0.14% with a standard deviation of ±0.095%.  
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2.2.3 PCI    
 
A PCI system was used to perform optical absorption measurements. PCI measurements at 355, 

532, and 1064 nm were conducted by Stanford Photo-Thermal Solutions (Pahoa, HI) on different 

sapphire and spinel samples to detect bulk and surface absorption losses. A schematic of the PCI 

measurement apparatus is shown in Fig. 2.1 where a pump-probe approach is used to assess 

absorption. For all measurements, the probe used was a HeNe laser which had a spot size of 70 

microns while the pump laser beam diameters varied depending on the wavelength of interest. A 

lock-in amplifier was used to detect the probe beam signal at the modulation frequency. 

Furthermore, the translational stage in this case allowed both horizontal and vertical sample 

movements to enable both longitudinal and transverse scans. For example, to obtain a spatially 

resolved bulk absorption coefficient, longitudinal scans were performed by moving samples along 

the probe laser beam path (see Fig. 2.1). Changing the intersection point of the focused pump and 

collimated probe beams inside each sample permitted the absorption coefficient to be mapped 

through the sample thickness. Once a spot in the bulk was identified using the longitudinal scan, a 

transverse scan was performed along the center of the sample to assess the homogeneity. Similar 

procedures were also used for the surface absorbance measurements except that an additional time-

dependent scan (where the surface was exposed to the focused pump beam) was performed.      

 

The governing principle behind the PCI measurement is that the refractive index of the sample 

changes due to photothermal heating by the pump beam at the modulation frequency. The change 

in refractive index leads to phase variations of the probe beam which are measured using 

interferometric methods [67]. At quadrature, the change in probe intensity,  , associated with a 

phase change, ∆€, can be expressed as follows:                                                                                                                      

ΔI
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∆‹
‹
= ∆€ =

2›
fi
(∆¨x + ¨∆x) (2.1) 

where I is the intensity of the probe beam, fi is the probe laser wavelength,  is the index change, 

L is the physical path length in the sample,  is the index of refraction, and  is the change in 

the sample thickness produced by thermal expansion[68], [69]. Equation (2.1) indicates that two 

major contributors to the signal are associated with index and path length changes resulting from 

heating. While the linearity of this signal at small phase changes permits an absolute measurement 

to be made, a relative measurement can also be made using a calibration factor developed using a 

PCI measurement at the wavelength of interest on a material with a known absorption coefficient 

[69]. The PCI technique has a sensitivity as low as 10-6 cm-1 being limited by quantum noise (shot 

noise) in the detector as well as by the pump laser power that is available [69].         

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.4 HEL Photothermal Heating  
 
To study the temperature rise in the window material candidates in this study, a photothermal 

heating experiment using a high power pump laser was conducted at JHUAPL. A schematic of the 

experimental setup is presented in Fig 2.2. Two 200-W, fiber-coupled semiconductor cw lasers 

(operating wavelength at 973.2 nm, beam diameter of 1.8 mm) were used with one being used as 

Δn

n ΔL

 
 
Figure 2.1. Schematic illustration of the PCI apparatus used for measurement of optical absorption. Both probe and 
pump beams transmit through the sample.  Probe beam phase changes are measured interferometrically. 
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the sample heating source while the other served as a reference beam. A FLIR A325sc longwave 

infrared camera with a spectral range of 7.5 to 13 µm was used to detect temperature rises due to 

photothermal heating. A camera operating in this wavelength range was chosen since it is not 

sensitive at the pump wavelength and the sample (spinel) has an emissivity that is close to 1 near 

10 µm and this simplifies calibration of the measurement. The reference beam travelled through 

an aperture on the chamber wall without interacting with any optics was absorbed by a ceramic 

plate in the chamber. The purpose of using a reference beam and a ceramic plate was to compare 

the two beam shapes to detect any beam distortion of the laser beam that transmitted through the 

spinel window. The reflected beam spots were recorded using a camcorder that operated at visible 

wavelengths. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3 Results and Discussion 
 
2.3.1 Sapphire  
 
The UV-VIS measurement was performed on GTAT 1-3, Guild 1, and KO 1 to detect the 

absorption band features in the wavelength region from 190 to 600 nm. The results are shown in 

Fig. 2.3 where the absorption coefficient is plotted on a logarithmic scale as a function of the 

 
Figure 2.2. An illustration of the HEL photothermal experimental setup. The long-wave IR camera was placed 
approximately 14 cm apart from the sample. The visible camera was located behind the chamber aperture.  
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wavelength. The measured transmittance data, fl, along with the calculated Fresnel reflectance, R, 

were used to calculate the extinction coefficient, ‡tõó, for each sample using the following equation: 

β°ß® =
ln(2R8τ) − ln‚=(1 − R)a + 4R8τ8 − (1 − R)8„

d
cosθ

 (2.2) 

 where d is the sample thickness and θ is the refracted angle inside the window. To obtain the 

absorption coefficient, the frequency-dependent scattering contribution can be removed from the 

extinction using a model for the scattering. The model used for this purpose took the form of  νa +

ÂνÊ where A, B, p are coefficients used for fitting purposes and ν denotes the optical frequency. 

This model accounts for both Rayleigh ( νa ) and Mie (ÂνÊ ) scattering with the former 

contributing more in the wavelength region of interest (since p < 4). A more detailed derivation 

for scattering losses will be presented in the scattering measurement section. Since results 

presented here are meant to highlight absorption band features in each sample, only one set of 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.3. Absorption coefficients for GTAT 1-3, KO 1, and Guild 1 as a function of wavelength shown in dark blue, 
orange, yellow, purple, and green broken lines, respectively. The absorption coefficient model (based on the OPTPROPX 
code along with possible defect bands) is shown by the light blue solid line. 
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fitting parameters for the scattering model was used for all samples. These parameters were 

identified empirically with the following values being used: A=4.5x10-21 cm3, B=10-9 cm-0.3, and 

p=1.3.   

 

The absorption coefficients for the GTAT and Guild samples (all were HEM-grown) are enhanced 

in bands centered at various wavelengths according to Fig. 2.3. Detailed information of each 

absorption band along with its associated absorption level in each sample are reported in Table 2.3. 

The band at 206 nm (6.1 eV) has been studied previously and is likely related to the F center (two 

electrons trapped due to an anionic vacancy); bands at 225 nm (5.5 eV)  and 255 nm (4.8 eV) are 

associated with the F+ center (one electron trapped due to an anionic vacancy) and a small amount 

of Fe3+ impurity [34], [70], [71]. Beyond F center-related absorption, at 215 nm (5.7 eV), 

absorption loss due to V3+ has been reported and this type of impurity could be contributing to 

absorption in this wavelength range [34]. Absorption levels due to these centers appear to be one 

order of magnitude less in KO 1 compared to those of other samples suggesting a lower anionic 

vacancy concentration. In addition, both GTAT 1 and 2 which were HEM-grown show a lower 

absorption level due to F+ center and Fe3+ compared to the other samples with the same growth 

technique suggesting the absorption losses may be controllable during the manufacturing process. 

The absorption band at 360 nm (3.5 eV) of GTAT 1, GTAT 2 and KO 1 as well as the band at 395 

nm (3.1 eV) of GTAT 3 and Guild 1 are associated with chromium oxide and Cr3+ [72],[73] . Again, 

both GTAT 1 and 2 show a relatively lower absorption level associated with chromium impurity 

compared to all other samples. However, the location of the Cr-related impurity band in these two 

samples and the KO sample tends to shift toward higher energy (3.5 eV) compared to the other 

two HEM-grown samples. One possible explanation is that the Cr-related absorption bands at 3.5 
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eV in GTAT 1, 2 and KO 1 are due to Cr2O3 as these have been reported to have a spectral line at 

that photon energy whereas the bands of GTAT 3 and Guild 1 were more likely caused by Cr3+ 

ions [72],[73] . Furthermore, other works have reported an absorption band at 360 nm (3.44 eV) 

observed in sapphire and assigned it to be due to either Fe3+ impurities or F+ centers [34], [48].  

Additional bands centered at 530 nm (2.33 eV) and 550 nm (2.25 eV) are caused by Ti+3 and Cr+3, 

respectively [34], [70]. However, the appearance of these two adjacent bands is not noticeable in 

all samples, but a subtle increase in the absorption coefficient in some samples is detected in that 

region, which could be due to a small amount of these impurities. Generally, the types of impurity 

elements as well as the absorption at the measured wavelengths of all samples studied in this work 

were similar to those reported three decades ago indicating that any improvements to the single 

crystal growth techniques used to produce these materials have generally not improved the optical 

properties [34], [70].   

 

Table 2.3 Strength of absorption bands caused by different types of impurities and defects at various wavelength 
regions in GTAT, Guild, and KO samples.  

Defect (Region) Absorption Coefficient (cm-1) 
GTAT 1 GTAT 2 GTAT 3 Guild 1 KO 1 

F Center and 
V+3 Impurity 

(203 nm 
6.1 to 5.5 eV) 

~1 ~1 ~1 ~1 ~0.1 

F+ Center and 
Fe+3 impurity 

(225 nm, 258 to 
275 nm 

4.8 to 4.5 eV) 
 

~0.01 ~0.01 ~0.1 ~0.1 ~0.01 

Cr+3 Impurity & 
Cr3O2 

(354 to 406 nm 
3.5 to 3.05 eV) 

~0.001 ~0.001 ~0.001 to 0.01 ~0.01 ~0.001 to 0.01 

Ti+3 and Cr+3 
Impurities  

(530 to 550 nm 
2.33 to 2.25 eV) 

~0.001 ~0.001 ~0.001 ~0.01 ~0.001 
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To further assist in the identification of features in these spectra, a bulk absorption coefficient 

model (based on the OPTPROPX code) that simulates various impurity and defect-related 

absorption bands in sapphire was used [76]. Using this model, the two, oxygen-vacancy-dominated, 

defect bands at 205 and 260 nm, as well as the impurity bands at 400 nm (Cr+3), 520 nm (Ti+3), 

and 555 nm (Cr+3) could be identified. The modeled result, shown by the solid blue line in Fig. 2.3, 

was generated using parameters that roughly correspond to those for GTAT 3 and Guild 1 used in 

this study [62], [76]. Absorption bands were modeled using a classical oscillator strength model 

given in Eq (2.3): 

β&'((Á) =
Á8

nc
—

Á-í8 ΔËíΓí
(Á-í

8 − Á8)8 + (ÁΓí)8í

 (2.3) 

where the summation is over the different electronic transitions, Á is the wavenumber, n is the 

index of refraction, c is the speed of light, ÁÍ represents the oscillator location (in wavenumbers), 

ΔË is related to oscillator strength and is proportional to the number density of each impurity or 

defect, and Γ is the oscillator width. The oscillator strength is a dimensionless quantity that denotes 

the absorption probability in all allowed transitions between two energy levels in the medium. All 

absorption features represented by this model use a modified Lorentzian line shape.       

 

By varying different parameters in Eq. (2.3), the model could be adjusted to fit different absorption 

features observed in different samples. While various impurities and defects are associated with 

increased absorption in specific wavelength regions, the model has a background, functional form 

that is expressed by the following:      

‡ÎÏÌ(Ó) = ‡- exp 1
Ó
Ó-
2 (2.4) 



 46 

where ‡- and Á- are fitting parameters and Ó is the frequency. The validity of this model has been  

established empirically using measured absorption coefficient values from numerous works [6], 

[77].         

Overall, the model accurately represents different absorption bands as well as overall absorption 

trends in the wavelength region of 190 nm to 600 nm. However, at longer wavelengths (from 600 

to 1000 nm), the calculated absorption values based on the UV-VIS measurements deviate from 

the model. The model suggests that the absorption coefficients should continually decrease (from 

10-3 to 10-4 cm-1) going from 600 nm toward longer wavelengths. However, the calculated values 

of all samples stay at the 10-3 cm-1 level in this wavelength region. A UV-VIS instrumental artifact 

which is associated with a detector change occurred near 800 nm which resulted in unavoidable 

background noise in the measured data in the wavelength region between 600 nm to 800 nm. As 

the wavelength further shifted to the near-infrared region, an accurate absorption coefficient 

became even harder to obtain as the predicted values approached 10-4 to 10-5 /cm.        

 

One possible reason for this difficulty could be that the instrumental variability of  ±0.3% leads to 

a ±0.35% difference in the total extinction loss at 1064 nm in sapphire having a thickness of 1 cm 

[78]. While this error might be small compared to the absorption loss at shorter wavelengths, it 

becomes significant in the near-infrared region as the absorption value decreases to the same order 

of magnitude. Another possible explanation for the disagreement can be that the calculations did 

not account for surface absorbance and scatterance of sapphire. There has been no detailed 

investigation of models for the surface-related losses that could be used in the calculations, but the 

surface absorbances of sapphire at 355, 532, and 1064 nm have been found to be negligible (shown 

later in the chapter) compared to the bulk loss at those wavelengths. On the other hand, the surface 



 47 

scatterance at each measured wavelength (shown later in the scattering results section) is 

comparable or even higher than the bulk absorbance. Focusing on the 1 µm wavelength region, 

the surface scatterance values could be one or two orders of magnitude higher than the bulk 

absorbance values for sapphire so the calculations might not accurately differentiate between the 

two losses. These results indicate that a direct, sensitive absorption measurement technique is 

required to record low-level absorption losses at longer wavelengths.    

 

Sapphire is a mainly ionic compound containing different point defects including vacancies and 

interstitial ions. Both the HEM and the Kyropoulos methods require growth from a seed crystal 

placed in a crucible with an Al2O3 melt under high temperature (above 2000 °C) in either a 

reducing or a vacuum environment. During the growth process, impurities and dislocations can 

add to the overall defect content of the single crystal [16], [27], [79]. In particular, both types of F 

centers that impact the spectra shown in Fig. 2.3 can be caused by oxygen deficiency [16], [71] 

especially when growth occurs under reducing conditions. When argon, hydrogen, and carbon are 

present, the tendency for formation of anionic defects increases markedly [16]. Previously, for a 

specific defect in an insulator, Smakula derived a relationship between the defects per unit volume, 

Ô , and the optical absorption coefficient caused by such defect, ‡ÎÏÌ , through the oscillator 

strength, Ò , and the damping constant, γ, which is given by the following:  

ρE =
9
2
mc
e8h

n†
(n†8 + 2)8fE

β&'(γℏ (2.5) 

where e and m are the electronic charge and mass, respectively, h represents Planck’s constant, c 

is the speed of light, and	n†is the real part of the index of refraction of the host medium [80] . 

Equation 2.5 also assumes the area under the defect absorption band to be Lorentzian [80]. For 

different F centers in sapphire, a set of constants that are equivalent to	ˆ
8
9?
°ÿ˜

∫´
(∫´
ÿO8)ÿ¯˘

γℏ	were	
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determined	through	experiment	and	could	be	used	to	estimate	a range for the total anionic vacancy 

concentration associated with F and F+ centers. The resulting expression for the vacancy 

concentration is as follows:  

[ Í̧] = [˝] + [˝O] = (1.86‡8-– + 0.292‡88p + 0.167‡8pp)	x	107– = 4.2	x	107p	to	7.2	x	107– cm-3 (2.6) 

where ‡8-–,	‡88p, and ‡8pp are the sapphire absorption coefficients at wavelengths of 206, 225, 

and 255 nm, respectively [16], [70], [81].  

 

As shown in Fig. 2.3, samples that were grown by the HEM show a much higher oxygen vacancy 

content compared to the sample manufactured by the Kyropoulos method. Indeed, HEM has been 

known for causing significant numbers of oxygen vacancies due to the growth environment,[16], 

[79], [82] but results in Fig. 2.3 also indicate that vacancy concentrations can vary greatly in HEM-

grown samples. Both GTAT 1 and 2 have absorption coefficients that are approximately one order 

of magnitude below the values for GTAT 3 produced by the same manufacturer using the same 

technique. This wide variation might be related to boule-level inhomogeneity produced during the 

crystal growth process or to post-growth treatments. It is well known that the structure as well as 

the defect concentration in the region near the crystallization front is significantly different from 

those in other regions of the bulk [16]. Even a relatively small temperature gradient can result in 

variations in sapphire composition [16]. On the other hand, KO 1 shows broader vacancy-related 

absorption bands, suggesting a low vacancy concentration. It seems possible that the KO sample 

was grown in a more oxidizing environment. Oxidizing conditions during both crystal growth and 

post-growth processing have the tendency to remove oxygen vacancies [70].     
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Just as the formation of vacancies can be related to the chemistry present during the growth process, 

impurity elements can also be introduced during crystal growth. These impurities tend to occupy 

either the lattice sites if they are chemically similar to the matrix atoms or the interstitial sites if 

they are smaller in size [16]. Common isovalent impurity elements include Cr3+, Ti3+, Co3+, Ni3+, 

Fe3+, Mn3+, and V3+. They can trap both electrons and holes to increase the absorption loss [16], 

[34]. Other heterovalent impurities such as Cr4+, Ti4+, Si4+, Mg2+, Fe2+,and Li+ have also been 

found in sapphire and they are responsible for the creation of cationic vacancies [16]. Although 

the impurity concentrations of each species are not exactly known in the samples in this work, the 

concentration levels are typically in the ppm range according to previous studies [34], [83], [84]. 

The sources of these impurities could be the melt during production of the seed crystal or during 

growth using the HEM and Kyropoulos processes [16], [85]. Both manufacturing methods use 

refractory crucibles and these are typically made using tungsten or molybdenum alloys which 

contain elements such as Cr and Ti. Elemental diffusion from the crucible to the melt can occur 

[16]. For both GTAT and Guild samples, the absorption bands related to Cr3+, Ti+3, Fe+3, and V+3 

are evident in Fig. 2.3. Differences in the coefficient levels reported in Table 2.3 suggest that there 

are variations in the corresponding impurity concentrations, but detailed interpretation of the 

absorption measurements requires care. While GTAT 1, 2, 3 and Guild 1 follow a consistent 

decreasing trend in the measured wavelength region shown in Fig. 2.3, an inconsistency of the KO 

absorption values can be observed. At certain wavelengths (i.e. 230 nm), the KO sample has the 

lowest overall absorption value but at other wavelengths (i.e. 330 nm), it has the highest value. It 

is difficult to explain the observed absorption behavior of KO sapphire, but it might be related to 

additional impurities present in the sample that do not occur in the other materials. Indeed, impurity 



 50 

concentrations measured by ICP-MS will be presented in Chapter 4 in GTAT 1, Guild 1, and KO 

1, and their relationships with the observed absorption losses will be discussed.  

 

While standard UV-VIS measurements can provide useful information in wavelength regions 

where absorption is relatively high, techniques such as PCI are needed in other regions since the 

measurement background for UV-VIS is high when determining optical loss. In regions where the 

measurements can be compared, differences between the techniques must be considered. UV-VIS 

measurements are typically representative of large regions of the sample while PCI measurements 

generally represent relatively small volumes. Since there are sample-to-sample variations indicated 

by the UV-VIS measurements, multiple PCI measurements within specific samples must be made 

to establish an average value indicative of the bulk property. PCI measurements were performed 

at three wavelengths and representative results for Guild 1 measured at 1064 nm are shown in Fig. 

2.4(a) and Fig. 2.4(b). The absorption coefficient is plotted as a function of the distance either 

along the sample thickness (for the longitudinal scan) or along the sample horizontally (for the 

transverse scan). As shown in Fig. 2.4(a), two absorption maxima show up at 1.2 and 6.2 mm that 

are related to an increase in the signal at the air/sample boundary where the pump beam enters and 

exits the sample. Moreover, the longitudinal scan distance was affected by both a slight sample tilt 

and the refractive index of the sample so the distance shown in Fig. 2.4(a) appears to be shorter 

than the sample thickness [69]. For this particular measurement, the measured absorption values 

between 2 and 5.5 mm were recorded for the calculation of the mean bulk absorption coefficient. 

A subsequent transverse scan was performed along the sample at a depth of 3 mm to check sample 

homogeneity. The results shown in Fig. 2.4(b) indicate that the absorption coefficient in the central 

region of the sample is generally uniform, but at two locations, the absorption seems to increase 

slightly possibly due to increased defect concentration in these regions. The absorption coefficients 



 51 

obtained from the transverse scan were then added to the values acquired from the longitudinal 

scan to compute the final average bulk absorption coefficient of the sample at 1064 nm.  

 

 

 

 

 

 

 

 

Table 2.4 summarizes the bulk absorption coefficients for GTAT 1-3, Guild 1, and KO 1. It 

appeared that the KO sapphire had more variation in the PCI results obtained in both the 

longitudinal and transverse scans at all wavelengths and a standard deviation is reported for the 

measurements in that sample. Overall, the absolute bulk absorption coefficients at 355 nm and 532 

nm shown in Table 2.4 are in a good agreement with the calculated absorption values based on the 

UV-VIS results in Table 2.3. Furthermore, the values from Table 2.4 were plotted together with 

the results obtained using two bulk absorption models (shown in Fig. 2.5). Both models are an 

extended version of the absorption model shown in Fig. 2.3 with different fitting parameters. The   

Table 2.4. Bulk Absorption Values Obtained from PCI Measurements 

 Bulk Absorption Coefficient (ppm/cm) at Wavelength 
355 nm 532 nm 1064 nm 

GTAT 1 1870 1710 64 
GTAT 2 1790 1070 45 
GTAT 3 4590 6210 180 
Guild 1 15000 9250 189 
KO 1 6580±573 4950±	590 1276±564 

(PCI data of GTAT samples were provided by Kurt Schmid from GTAT[62])   
 

 
Figure 2.4. (a) A longitudinal scan of bulk absorption as a function of position through the thickness of Guild 1 obtained 
at 1064 nm using the PCI technique; (b) A PCI transverse scan performed along the center of Guild 1 at 1064 nm.    
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bulk absorption model 1 in Fig. 2.5 represents a model fit to the averaged PCI-based bulk 

absorption coefficients of GTAT 3 and Guild 1, while the bulk absorption model 2 displays another 

model fit to the averaged absorption coefficients of KO 1 and the bulk absorption model 3 exhibits 

the model fit to those of GTAT 1 and 2. According to the modeled results, the absorption 

coefficient at 532 nm should be slightly higher than the one at 355 nm due to Ti3+ impurity. The 

UV-VIS results in Fig. 2.3 suggest that all samples except KO 1 have a comparable or slightly 

higher absorption value at 532 nm compared to the one at 355 nm. However, data from Table 2.4 

indicates only GTAT 3 follows this trend while GTAT 1 has comparable values at both 

wavelengths. A possible explanation for this might be that the Ti3+ impurity concentration is 

relatively low in these other samples. Compared to previously reported sapphire absorption 

coefficients at 1064 nm, both GTAT 1 and 2 indicate that a low loss level (as low as 10-5 cm-1) is 

achievable with the current HEM growth method. In the case of KO 1 at 1064 nm, the high 

absorption loss is likely due to an impurity related defect band that occurs in the region between 

700 nm to 1000 nm. Previous studies have shown that transitions between Ti3+ and Ti4+ (near 800 

nm) as well as Fe3+ to Fe2+ (near 900 nm) are likely in the as-grown sapphire [86]–[88]. Again, 

detailed discussion will be presented in Chapter 5 with the impurity concentrations in different 

sapphire samples obtained using ICP-MS. 
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The wavelength range between 600 and 1200 nm is generally known as the transparent region for 

sapphire where no absorption should occur [6], [81]. However, according to the absorption model 

shown in Fig. 2.5, there is weak absorption in this region that has a form related to Eq. (2.4) . Even 

though the only PCI measurement in this region was made at 1064 nm, the model shown in Fig. 6 

was developed by fitting laser calorimetry data reported previously [6], [23]. This weak absorption 

tail has been described for amorphous materials and semiconductors and is related to states in the 

bandgap generated by lattice disorder, impurities, and other defects [13], [89]–[91]. Charged 

dislocations and dangling bonds were found to be primarily responsible for weak absorption in 

semiconductors and fibers [13], [92]–[94]. In these materials, defects can generate energy states 

with discrete levels within the bandgap and these have been associated with an exponential 

variation for the absorption loss. For ionic insulators, Seitz suggested that edge-type dislocations 

could be responsible for enhancements of absorption in the transparent region due to lattice 

 
Figure 2.5. PCI results (at 355 nm, 532 nm, and 1064 nm) for GTAT 1-3, KO 1, and Guild 1 are shown using blue, 
red, yellow, green, and purple diamonds, respectively. The teal, light purple, and yellow solid lines represent the 
bulk absorption models with different defect concentrations.   
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distortion that accompanies these types of defects [95]. Since dislocation cores contain rows of 

atoms with broken bonds, these atoms are likely to trap electrons or provide unpaired electrons to 

other centers thus generating localized electric field effects [95]. The two most common causes 

for dislocation creation during sapphire growth are dislocation inheritance from the seed crystal 

and thermoelastic stress-induced plastic deformation [16]. A general estimate of the density of 

dislocations caused by these two mechanisms is in the range of 104 to 106 cm/cm3 [16]. 

Furthermore, it is also likely that the presence of jogs on edge dislocations in ionic crystals 

promotes the absorption loss in the transparent region since these can contribute additional energy 

states to the system [81]. The results presented here suggest that lattice distortions may give a rise 

to long wavelength absorption in crystalline materials that is analogous to the observed behaviors 

in amorphous and glassy materials [81], [95]. On the other hand, previous DFT calculations have 

shown that cationic vacancy-type defects in sapphire could also generate a weak absorption loss 

in the near-IR region [96]. Additionally, impurity elements such as Ti4+ and Fe2+ along with some 

of the vacancy-impurity complex clusters have also been considered as the origin of the observed 

residual absorption [48], [86].  Therefore, it is possible that grown-in dislocations along with 

decoration by vacancies and impurity elements in synthetic single crystal sapphire produce a 

relatively weak absorption loss in the transparent region. 

 

Surface absorbance PCI results obtained for different sapphire samples are shown in Table 2.5. 

Compared to the bulk absorption coefficient of each sample at each measured wavelength, the 

surface absorption loss is relatively small. Impurity elements such as C, Si, and Cl were likely to 

be introduced to the sample surface during the chemical-mechanical polishing process [97]. 
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Furthermore, vacancies and dislocations generated during the grinding and polishing processes 

could also contribute to the surface absorption loss [98], [99].         

Table 2.5. Surface Absorbance Values Obtained of GTAT 1-3 and Guild 1 from PCI Measurements 

Sample Surface Absorbance (ppm) at Wavelength 
355 nm 532 nm 1064 nm 

GTAT 1 284 131 7.8 
GTAT 2 208 81.1 4.8 
GTAT 3 940 426 20.5 
Guild 1 N/A 1460 6.45 

(PCI data of GTAT samples were provided by Kurt Schmid from GTAT[62])   
 

2.3.2 Spinel   
 
In this section, we discuss the UV-VIS transmittance measurements of different spinel samples. 

Following a similar procedure as described for the sapphire samples, the bulk absorption 

coefficients were calculated for CN Disk 1, CN SQ 2, and JHUAPL Disk in the wavelength region 

between 200 nm to 650 nm to identify potential absorption band features. Results shown in Fig. 

2.6 indicate that the absorption coefficients for all the three spinel samples are enhanced in bands 

centered at various wavelengths, but these bands are relatively broad compared to those of sapphire 

suggesting overlaps between multiple defect bands. In the wavelength region between 200 nm (6.2 

eV) and 250 nm (4.95 eV), all three spinel samples show an absorption band that is associated with 

F centers [40], [41]. In CN Disk1 and JHUAPL Disk, the F center-associated band centered around 

230 nm further extends to the shorter wavelength region, indicating another adjacent defect band 

such as Fe3+ [41]. CN SQ 2 and CN Disk 1 have a broad band feature that extends to the longer 

wavelength, which is caused by additional vacancies and impurities. For example, F+ centers, Fe3+, 

and Mn2+ impurities have been reported to cause absorption bands at 261 nm (4.75 eV), 258 nm 

(4.8 eV), and 275 nm (4.5 eV), respectively [40], [41]. Furthermore, the absorption band of CN 

Disk 1 observed near 280 nm further broadens into the shorter 300 nm region indicating the 

existence of V centers (holes trapped by an oxygen ion near a cationic vacancy) in this sample. 



 56 

Ibarra et al. have previously reported broad absorption bands due to V centers at 317 nm (3.9 eV), 

344 nm (3.6 eV), 399 nm (3.1 eV), and 442 nm (2.8 eV) [47]. Additionally, Cr3+ has been identified 

as another defect that is responsible for the optical losses at ~365 nm, ~390 nm, and ~540 nm. 

Similarly, V3+ has also been reported to be responsible for the absorption loss in the region between 

365 nm and 400 nm in spinel [40], [41]. Moving further to the region between 400 nm and 500 

nm, although no apparent absorption bands are observed in three spinel samples shown in Fig.2.6, 

a broad background still exists in that region in all samples that could be related to a few defect 

types. Indeed, Cr3+, V3+, and F center have been reported to cause a broad absorption band near 

480 nm [41]. Moreover, Ti3+ is also linked to a broad band at 490 nm that extends into the 500 nm 

region [100].  Lastly, absorption loss due to Mn2+ at 515 nm is also possible in all samples [40].    

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 
Figure 2.6. Absorption coefficients for CN SQ 2, CN Disk 1, and JHUAPL 1 as a function of wavelength 
shown in broken blue lines, orange asterisks, and yellow broken lines, respectively. The associated 
impurity bands were identified and labeled.   
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Table 2.6 summarizes the bulk absorption coefficients and surface absorbance for different spinel 

samples at three wavelengths. Compared to the sapphire samples, these samples show more 

variations in the PCI results due to bulk and surface inhomogeneities such as grain boundaries and 

variable stoichiometries. Overall, at 355 nm and 532 nm, the PCI-measured absolute bulk 

absorption coefficients of all three spinel samples (Table 2.6) are in a good agreement with the 

calculated absorption values shown in Fig 2.6. For CN SQ and JHUAPL Disk samples, PCI-based 

absorption coefficients at different wavelengths can differ by a factor of two to three depending 

the locations within the sample. These large differences indicate a higher level of inhomogeneity 

in spinel which is primarily due to impurities trapped at the grain boundaries [31]. Furthermore, 

stoichiometry variations related to the presence of MgO in local regions of a spinel can also result 

in wide-ranging absorption loss [101], [102]. Therefore, values acquired from both types of 

measurements (UV-VIS and PCI) can be used to provide a range for the absorption loss in different 

samples at the measured wavelengths. 

Table 2.6. Absorption and Surface Absorbance Value of Spinel Samples Obtained from PCI Measurements 

Sample 
Surface Absorbance (ppm) and Bulk Absorption Coefficient (ppm/cm) at 

Wavelength 
355 nm 532 nm 1064 nm 

 Surface Bulk Surface Bulk Surface Bulk 
CN Disk 1 N/A 2700000 N/A 43000 3 to 3.5 200 
CN SQ 1 N/A 200000 to 

700000 
1640 65500 129 5730 

CN SQ 2 N/A 200000 to 
700000 

1100 to 
1500 

50000 to 
100000 

140 to 170 5000 to 
10000 

JHUAPL Disk 800 45500* 303 20100* 239 12600±7620 
*Higher bulk loss values by a factor of two to three has been observed in some locations  

 

The bulk absorption coefficients of CN Disk1, CN SQ 1, and JHUAPL Disk from Table 2.6 were 

plotted with two bulk absorption models and the comparison is shown in Fig. 2.7. The bulk 

absorption model 4 in Fig. 2.7 represents a model fit to the PCI-based bulk absorption coefficients 

of CN SQ 1, while the bulk absorption model 5 displays another model fitting to the absorption 
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coefficients of JHUAPL Disk (using its lower loss values). For the JHUAPL Disk, the small 

decrease of the absorption loss between 532 nm and 1064 nm suggests the possibility of a Ti-

associated impurity band in the 780 nm wavelength region related to a transition between Ti3+ and 

Ti4+ [103]. For CN Disk 1, the model fitting does not apply because the absorption shows a very 

high loss in the visible and a super low loss in the near-infrared, deviating from other “traditional” 

spinel samples. Special treatments such as secondary annealing and irradiation or different 

sintering parameters could account for the observed absorption behavior in CN Disk 1 [104].    

 

The mechanisms behind the optical absorption in spinel are more complicated compared to those 

in sapphire. Similar to sapphire, both impurities and lattice defects play a role in the absorption 

loss [40], [41], [59]. The common impurity species found in sapphire also exist in spinel with a 

different valence state to accommodate Mg2+. For example, Mn was found to exist in sapphire with 

a 2+ state while its 3+ state has been found to be prevalent in spinel [40]. Furthermore, both anionic 

and cationic vacancies are commonly found in synthetic spinel but their formation mechanisms 

are different from those of sapphire. Because spinel is a solid solution of MgO and Al2O3 and the 

solubility of Al2O3 is relatively large (i.e. MgO∙nAl2O3, 1≤ ¨ ≤7), the stoichiometry plays an 

important role in the resulting spinel physical properties [40]. Previous studies have shown that 

when n>1, additional cationic vacancies must be formed to compensate the excess positive charges 

due to Al, whereas when n<1, anionic vacancies are more likely to present [40]. Both vacancy 

types form color centers that are responsible for different absorption bands observed in the UV 

and visible wavelength regions. Interestingly, Dericioglu et al. has reported that with n=2, the 

transmittance of spinel increased in the near-IR wavelength region along with an enhanced fracture 

toughness compared to spinel samples with stoichiometries of n= 1 and 1.5 [102].  Additionally, 
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antisite defects such as MgABP  and Al#$O  have been found to be inevitable in synthetic spinel which 

results in additional defect bands [40] . Moreover, these lattice defects can be further impacted by 

the calcination and sintering processes since both time and temperature used in these heat 

treatments can alter the kinetics of defects formation and their spatial distribution [40]. Similar to 

sapphire, these vacancy defects often couple with different impurity elements to form defect 

complexes that result in optical absorption loss in the near-IR region in spinel [105]. With these 

statements in mind, the results in Fig. 2.7 indicate that the JHUAPL Disk should have a relatively 

low-level concentration of different impurity species and color centers compared to the CN 

samples. The CN samples were produced without using sintering aids, and a relatively high 

concentration of impurities is expected since sintering aids typically reduce the impurity levels in 

spinel [31], [106]. However, while JHUAPL Disk shows reduced absorption band in the UV-Vis 

region, it has a high absorption loss in the near-IR region possibly due to Ti3+/Ti4+ and Fe2+/Fe3+ 

associated transitions [103], [107]. Although all CN spinel samples were made from the same 

starting powder according to the manufacturer, the large differences in absorption at different 

wavelengths (Fig. 2.6) suggest that different heat treatments were used in the production of these 

samples. Previous findings by other researchers have indicated that different sintering and 

annealing parameters can shift absorption bands toward different regions to obtain desired optical 

properties [40]. For CN Disk 1, a trade-off between absorption in the UV-Visible region and near-

IR region might have resulted from special heat treatment processes or using different sintering 

parameters.  
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2.3.3 Photothermal heating of spinel 
 
In test run #1, the JHUAPL Disk was heated by a 150-W CW laser for about 50 seconds and 

images were taken using the long-wave infrared camera (Fig. 2.8). Figure 2.8 (a)-(d) represents 

different stages of the JHUAPL Disk during the laser heating. When the laser was off initially, no 

light emission at 0 second and when the laser was turned on, as heating time progressed, a thermal 

blooming event was observed and it is presented in Figs.2.8 (b)-(d). As shown in these figures, the 

laser beam traveled through the center region of the sample and the same center region became 

heated quickly. As time elapsed, thermal diffusion toward the edge of the sample was observed. 

Since photothermal heating in an optical window is likely to induce beam distortion, a subsequent 

test run was performed using two lasers with one transmitted through the sample hitting a ceramic 

plate in the back and the other traveled directly to the same plate. Using a camera operating at the 

 
Figure 2.7. PCI results (at 355 nm, 532 nm, and 1064 nm) for CN Disk 1, CN SQ 1, and JHUAPL Disk are shown using 
blue, orange, and yellow diamonds, respectively. Both dark teal and dark purple solid lines represent the bulk absorption 
models with different defect concentrations.   
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visible wavelength, the two laser beam spots being reflected off the plate were recorded and the 

difference was detected. According to Figs.2.9 (a) and (b), at early times, the two beam spots (left 

beam traveled through the sample) reflected from the ceramic plate were nearly identical; however, 

after being turned on for approximately two minutes, the left beam experienced a distortion that 

was likely caused by thermal lensing as the spot shape became smaller and focused shown in Fig. 

2.9(b).     

 
 
 
   
 

 

 

 

 

 

 

 
 
 
 
 
 

Frame data were extracted from Fig. 2.8 to obtain a temperature rise profile in the center region 

of the sample where the laser beam traveled through. The temperature rise in this region should 

be the highest throughout the entire experiment since the thermal diffusion effect there was 

negligible under the continuous heating. Figure 2.10 shows such temperature rise profile along 

with simulation results generated using COMSOL for the same region. For the COMSOL  

 
Figure 2.8. A series of images taken during the photothermal heating experiment using a long-wave 
infrared camera showing the thermal blooming phenomenon in JHUAPL Disk at (a). 0 second; (b). 
15 seconds;(c) 35 seconds; (d) 50 seconds.    
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simulation, the heat source was modeled as a Gaussian beam with a form that has been used 

previously by other investigators [108]. The mesh of the sample was created based on the sample’s 

physical dimensions and an optical absorption coefficient of 0.015 cm-1 (based on the PCI 

measurements) was used. Additionally, a convective air-cooling boundary condition was applied 

using a heat transfer coefficient of 5 W/m2K. However, it was observed that the convective cooling 

had a negligible effect on the temperature profile during heating and only became important in the 

cooling process. A closer examination of Fig. 2.10 suggests that both the heating rate and peak 

temperature from simulation are slightly lower than the experimental results. The measured 

temperatures are 2 to 3 °C higher than that from simulation after 15 seconds of heating. Possible 

causes for the observed deviations are probably related to camera calibration as well as stray 

infrared being collected by the camera at different wavelengths. Nevertheless, the purpose of the 

comparison is to show the level of the absorption measured in JHUAPL Disk could induce a large 

temperature rise that leads to beam distortion effect. A more accurate temperature rise profile can 

 
Figure 2.9. Beam distortion observed during the HEL heating;(a) Scattered beam patterns at the beginning of the test 
without heating up the window;(b) Scattered beam patterns at the end of the test with one beam passed through the heated 
spinel window. 
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be acquired using a well calibrated thermal camera with the measured spectral response function 

and different optical filters.     

        

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
2.3.4 Conclusion  
 
In this Chapter, we showed that the bulk absorption coefficients of different sapphire samples are 

in the range of 10-5 to 10-2 cm-1 for wavelengths of 355 to 1064 nm while those for spinel lie in the 

range of 10-4 to 100 cm-1. The surface absorbance values for all samples at the measured 

wavelengths are at the level of 1 to 1000 ppm. The absorption loss is most likely due to the charged 

lattice defects and impurities in these materials. Based on an empirically derived model, these 

defects could introduce extra discrete energy states within the band gap that lead to a weak 

absorption tail in the transparent region of the material. The presence of grain boundaries and 

issues with stoichiometry in polycrystalline spinel even contributed more to its absorption loss. 

Lastly, as indicated by the photothermal experiments, an absorption level at 0.01 cm-1 of JHUAPL 

Disk could lead to a temperature rise of 20 °C when being heated with a 150W cw laser at 1 µm. 

 
 
Figure 2.10. Temperature rise profiles obtained from the photothermal heating measurements and a COMSOL laser 
heating simulation of JHUAPL Disk surface shown in blue and orange connected lines, respectively.  
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The photothermal heating also led to a thermal blooming effect which degraded the laser beam 

quality.  
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Chapter 3. Optical Scattering Measurements 
 
3.1 Introduction  
 
Both bulk defects and surface structures can result in different levels of optical scattering in 

sapphire and spinel. According to previous studies, the scattering loss of both sapphire and spinel 

have been reported to be at levels ranging between 10-3 to 10-1/cm in the near-infrared region [62], 

[109]. The scattering level is relatively high in these materials compared to their absorption losses 

owing to elevated defect concentrations near/at the surface due to grinding and polishing processes 

(main case for sapphire) along with grain boundaries and pores in the bulk (main case for spinel). 

However, only limited scattering experimental data from previous studies are available for these 

materials and a detailed investigation is needed to understand the scattering mechanisms to further 

reduce the loss in both sapphire and spinel, as required for HEL window materials.  

 

Two common metrics for quantifying optical scatter are the bidirectional scatter distribution 

function (BSDF) and the total integrated scatter (TIS). The BSDF is used to quantify the angular 

distribution of scattered light from an interface [25]. Formally, the BSDF is defined as the surface 

radiance divided by the incident surface irradiance, where the surface irradiance is the light flux 

incident on the surface per illuminated surface area. The scattered surface radiance then becomes 

the light scattered through the solid angle Ω per unit illuminated surface area per unit projected 

solid angle and is given by the following:  

BSDF ≅
P(
Ω(

P}cosθ(
 (3.1) 

where )í and )Ì are the incident and radiated light power (in Watts) and the cosrÌ term can be 

viewed as a correction factor for adjusting the illuminated area to its apparent size when viewed 
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from the scattering direction [25]. However, for the actual experimental measurements, the cosine 

term is often dropped because the illuminated surface area concept does not hold when both surface 

and bulk scatter are present and the traditional BSDF becomes the cosine-corrected BSDF [25]. 

The BSDF value depends on both incident direction and scatter direction, hence the name 

bidirectional. The typical BSDF value can exceed 106/sr in the specular direction in the case of 

small solid angles and deviating from the specular peak, while the value can be as low as 10-9/sr 

when scattering loss becomes minimal and all signals are noise due to the surrounding air 

molecules [25]. Therefore, the light scattered from a sample into any solid angle can be found by 

multiplying the cosine-corrected BSDF by the incident light flux and the solid angle of interest 

[25]. Typically, the instrument used to measure the TIS collects nearly all the scattered light using 

a reflective hemisphere equipped with a single photodetector. The measured scattered light is then 

normalized by the total reflected power to yield the TIS value [25]. It can also be obtained by 

integrating the BSDF function over the hemisphere of interest.  

 

In this work, a bidirectional scatterance probability distribution function (BSPDF) instrument was 

used to quantify scatterance in sapphire and spinel. Sapphire samples with different polishing 

conditions were used to examine the impact of surface polish on the scattering loss. Scatterance 

data of selected sapphire samples were interpreted using a simple, single-scatter model to 

understand the defect size distribution responsible for this type of loss since single-scatter mainly 

contributes to the scatterance in sapphire. For spinel samples, coated sphere anomalous diffraction 

(ADA) and spherical ADA models were used to deduce the scatter sources in the polycrystalline 

samples. A Kubelka-Munk wavelength dependent scatter coefficient model that was developed 
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using the ADA models was applied to the measured diffuse scatterance losses in selected spinel 

samples.        

 

3.2 Materials and Methods  
 
3.2.1 Materials  
 
In addition to the samples presented in Table 2.2, thin samples of both sapphire and spinel were 

used to evaluate the relative contributions of surface and bulk scattering losses to overall loss in 

samples from each manufacturer. Information about the additional samples is given in Table 3.1. 

Table 3.1. Specifications and Synthesis Methods of Additional Sapphire and Spinel Samples Used in Scattering 
Measurements  

Sample Thickness (mm) Scratch/Dig Synthesis Method 
GTAT 4 1.14 <40/20 HEM 
Guild 2 1.03 <40/20 HEM 
KO 2 1.09 <60/40 Kyropoulos 

CN Disk 2 0.55 <60/20 Conventional 
sintering with 

subsequent HIP 
 

3.2.2 Optical and Electron Microscopy  
Optical micrographs using a Zeiss Axio Zoom stereo microscope (with a magnification ranges 

between 10x to 55x) and a Zeiss LSM 700 laser scanning confocal microscope (with both 10x and 

20x objective lenses) were captured on selected sapphire and spinel samples to reveal surface 

irregularities (i.e. scratches and digs). Backscattered electron (BSE) images were acquired using 

Thermo Scientific Helios G4 UC to gather spinel grain size information.    

3.2.3 AFM  
The root-mean-square (RMS) surface roughness of different sapphire samples was obtained using 

a Bruker Dimension 3100 atomic force microscope using tapping mode. The sampling area was 

chosen as 100 µm ́  100 µm on the center of each sample with a spatial resolution of 256 scans/µm. 

Other sampling areas such as 80 µm ´ 80 µm and 40 µm ´ 40 µm were also used on selected 
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samples. A silicon tip with no coating that has a force constant of 40 N/m and a tip radius less than 

10 nm was used. The AFM maps of surface topography provide more complete information about 

the surface condition than do scratch and dig numbers and can be used to assess the importance of 

surface topography to scattering. 

 

For different spinel samples, the AFM measurements were performed by MSE Supplies LLC 

under tapping mode. The sampling area was chosen as 50 µm ´ 50 µm on the center of each sample 

with a spatial resolution of 256 scans/µm. An aluminum coated silicon tip that has a force constant 

of 0.4 N/m and a tip radius of 2 nm was used.   

 
3.2.4 BSPDF   
 

A BSPDF instrument, shown schematically in Fig. 3.1, was used to perform scattering 

measurements at laser wavelengths of 405, 532, 633, 1064 and 1550 nm. Continuous wave lasers 

with different wavelengths were used and each laser was modulated with a mechanical chopper to 

allow for coherent detection. A switchable, amplified photodetector (Si or Ge based, depending on 

the detection wavelength) was used to detect the scattered light. The photodetector was rotated 

about the sample through an arc of 360° at a step size of 1° to capture the scatterance at each in-

plane angle. The detector output was measured by a lock-in amplifier allowing the acquisition of 

low-level signals. In addition, a reference photodetector was used to monitor the background drift 

in the laser power to improve the accuracy of the measurement. To measure the specular 

reflectance, an incident angle of 10° was chosen for all measurements to prevent the blocking of 

the incident beam by the detector that occurs if a normally-incident beam were used. A Labsphere 

NIST-calibrated Spectralon sample with 99.9% diffuse reflectance was used as a reference and 
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also to establish the correct distance between the sample and the detector. A LabVIEW program 

was used to control motion stages for both the sample and the detector as well as to monitor the 

entire measurement process.  

 

 

 

 

 

 

 

 

 

 

For a BSPDF measurement from a flat surface, the measured hemispherical incremental 

scatterance flux, ∆Φ((θ(, θ}), per incremental steradian, is proportional to the phase function, 

)(θ(, θ}), as follows: 

∆Φ((θ(, θ})
Φ}∆Ω(

= α˜°9(θ(, θ}) = α˜°9(θ}))(θ(, θ}) (3.2) 

where Φ}  is the incident flux, 	Ω(  is the incremental solid angle in steradians, α˜°9(θ(, θ})  is 

hemispherical the BSPDF, α˜°9(θ}) is the hemispherical total integrated scatterance (TIS) for 

each phase function, θ( is the incremental scattering angle, and θ} is the incident beam angle. The 

left part of the equation is obtained experimentally using measured fluxes. The incremental solid 

angle is approximated using the photodetector area divided by the distance between the sample 

 
Figure 3.1. Schematic illustration of the BSPDF instrument. The laser beam travels through a series of focusing optics 
to the sample. The detector rotates around the sample (in-plane with the incident beam) while acquiring the angularly-
resolved scatterance. The data acquisition is automated and controlled by a LabVIEW program. 
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and the detector. The right part of the equation is obtained using models based on scattering theory. 

The phase functions for specular components, near-specular components, diffuse components, and 

Lambertian components of both transmitted and reflected beams are used to fit the measured 

BSPDF [110]. The combination of these phase functions serves as an angularly-resolved 

scatterance model which is called the bidirectional scatterance probability distribution function. 

The BSPDF is often separated into bidirectional reflectance probability distribution function 

(BRPDF) and bidirectional transmittance probability distribution function (BTPDF). The 

functional forms of the BRPDF and the BSPDF can be expressed as follows: 

BRPDF(θ(, θ}) = ρ}∫)}∫(θ(, θ}) + ρ∫()∫((θ(, θ}) + ρ+}¯¯)+}¯¯(θ(, θ},“, α) + ρ,),(θ() (3.3) 

 

BTPDF(θ(, θ}) = τ}∫)}∫(θ(, θ}) + τ∫()∫((θ(, θ}) + τ+}¯¯)+}¯¯(θ(, θ},“, α) + τ,),(θ() (3.4) 

where ρ and τ are the total integrated reflectance (TIR) and the total integrated transmittance (TIT), 

and the subscripts in, ns,	diff, and L refer to the specular, near-specular, diffuse and Lambertian 

scattering components, respectively. Additionally, α is the half-angle of the reflected beam while 

m is an exponent that is selected to fit the data. Detailed derivations of each phase function were 

previously reported by Springer et al.[110]. Two major assumptions were made when using the 

phase functions to fit the experimental data in this work: 1. Neither azimuthal angle dependence 

nor polarization effects were considered and 2. For all sapphire samples, no preferred surface 

height variations or crystallographic orientation were considered. The first assumption likely holds 

since all samples were illuminated with near-normal incidence so that any polarization effects were 

minimized [111], [112]. The second assumption relates primarily to the surface height statistics. 

Since all samples were prepared with the c-axis normal to the sample flats (which were parallel) 

and were optically polished, stationary surface statistics could be assumed. 
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All measurements were calibrated using an instrumental phase function. This function was 

obtained by first measuring the specular transmittance in the absence of the sample at each 

wavelength of interest. Next, the measured data were fit using the corresponding instrument phase 

function as is shown in Fig. 3.2. The instrumental phase function contains two parts, the specular 

phase function and the diffuse phase function; the former represents the unscattered, transmitted 

light (dominant) and the latter characterizes weak scattering. The specular phase function includes 

a 2D convolution of the Gaussian profile of the incident laser beam with the detector’s cylindrical 

function and has the following form:  

)}∫(θ(, θ}) = N}∫(θ}, à) .erf/

(cosθ~ + sin θ})
cosθ}

+ à2
0

1+ erf/

−(cos θ~ + sinθ})
cosθ}

+ à2
0

12 (3.5) 

where 3ís is the normalization constant, à is related to the detector width, and c is related to the 

laser beam width [110]. The diffuse phase function accounts for the partially coherent scatter and 

has a Lorentzian form given by the following:                       

)+}¯¯(θ(, θ},“, {) = 3+}¯¯(θ}, “, {)
({ cosθ})4P7

|sinθ( + sinθ}|4 + ({ cos θ})4
cos θ( (3.6) 

where { is the half angle of the reflected beam, m is exponent chosen to fit the data, and 3Àí55  is 

the normalization constant [110]. In some cases, an instrument function may also contain a near-

specular component which was derived based on the generalized Van Cittert-Zernike theorem and 

follows a Gaussian form given as follows: 

)∫((θ(, θ},6) = 3∫((θ},6)e
∑P((}∫ 7∆O(}∫ 78)

ÿ

(9 ?†(78)ÿ
∏
cos θ( 

(3.7) 
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where C is a constant that is empirically chosen based on the BSDF measurement and 3sÌ is the 

normalization constant. With optimized fitting parameters, the instrument function could be  

 

 

 

 

 

 

 

 

 

 

 

integrated to yield a transmittance of unity which is the expected value for a properly-calibrated, 

specular transmittance measurement in the absence of a sample.  

 
3.2.5 Secondary Surface Polishing 
  
Three sapphire samples, GTAT 1, KO 1, and KO 2 were sent to Coastline Optics to be further 

polished using a proprietary pitch polishing technique. The resulting scratch/dig specifications of 

these samples became <5/10. Additional polishing was also performed on CN SQ 2 which had 

initial as-received scratch/dig were <80/50. After the additional surface polishing by Guild Optical 

Associates, INC., the resulting scratch/dig numbers became <40/20. Surface evaluations using 

optical microscopes and AFM as well as scatterance measurements using BSPDF were performed 

on these extra-polished samples.         

 
Figure 3.2. The instrument function used for BSPDF measurements at 532 nm. The data were taken at the angle 
for normal incidence without a sample in place. The model uses both instrument and diffuse phase functions. 
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3.3 Results  
 
3.3.1 As-Received Sapphire Samples 
 
3.3.1.1 Surface Evaluation by AFM 
 
Extrinsic optical scattering mainly arises from three possible features of a window material: 

surface topography, sub-surface damage, and bulk defects[16]. AFM can help assess surface 

characteristics associated with polishing that may result in scattering loss. In this work, a pair of 

sapphire samples from each manufacturer were used for AFM characterization in their as-received 

conditions. All samples were ultrasonicated in an ethanol bath for 1 hour and subsequently 

ultrasonicated in an acetone bath for another 30 minutes before making AFM measurements.  As 

shown in Fig. 3.3, both KO and GTAT samples have different levels of residual striations from 

polishing along with minor scratches; similarly, the Guild samples have a small number of digs 

and uniformly distributed impurity particles. Generally, it is assumed that samples with lower 

scratch/dig numbers should have higher quality surfaces compared to samples with higher numbers, 

but the AFM results presented here provide additional information that is important for assessing 

optical loss associated with scattering. For example, the KO 1 and GTAT 1 have the same 60/40 

scratch/dig but the AFM image shows that the GTAT 1 sample appears to have a much smoother 

surface. This is somewhat understandable since the scratch/dig standard is subjective and is based 

on a visual comparison under specific darkfield lighting conditions which can be misleading in 

many cases [113]–[115]. Given the obvious discrepancies between the AFM images and 

scratch/dig assessments, other meaningful surface specifications should be considered when 

assessing optical scatter from surfaces.     
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Kienzle et al. derived an expression that relates the total front surface scattering loss, S, with the 

RMS surface roughness, :Ö4Ì, assuming normal incidence:                                          

S = 	;78(
4›
fi
:Ö4Ì)8 

(3.8) 

where ;78  is the Fresnel reflectance of the air-material interface and fi  is the incident light 

wavelength[116]. Equation (3.8) indicates that the total surface scattering loss is proportional to 

the squared RMS surface roughness. However, the model assumes a reflective front surface with 

Gaussian surface height statistics and only considers the scattering due to this roughness. Surface 

imperfections such as scratches and digs, particulate, and streaks due to polishing were not 

included in the model and they could have a different relationship with the scattering loss [25], 

[117]. As the roughness measured for a surface is often decorated by those artifacts, Eq. (3.8) 

should be taken as a criterion for the minimum scattering loss due to roughness [25].     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Figure 3.3. Two-dimensional surface topography images generated by AFM of three pairs of sapphire samples from 
each manufacturer. Note that vertical scales are different but each image has the same size of 100 µm x 100 µm. 
Various levels of striations and impurity particles are shown in different samples.     
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To estimate S for the sapphire samples, a two-dimensional power spectral density (PSD) analysis 

over a spatial frequency range from 0.5 to 1.2 µm-1 was performed on each AFM image shown in 

Fig. 3.3. A particular spatial frequency range was chosen to match with the main wavelength of 

interest, 1.064 µm. The PSD values were then converted to the equivalent RMS roughness values 

and they are listed in Table 3.2. Using these roughness values along with the Fresnel reflectance 

of sapphire, the computed surface scattering loss for each sample was obtained and the results are 

shown in Table 3.2. For most samples, the loss fraction is at the level of 0.001% to 0.1% which is 

relatively small suggesting that scatter associated with surface roughness is weak. However, Fig. 

3.3 shows that GTAT 4 has a much rougher surface with many high frequency irregularities in the 

vertical direction possibly caused by the polishing. The AFM results indicate non-Gaussian surface 

height statistics for GTAT 4 while other samples appear to have well-conditioned statistics. 

Apparently, the surface of GTAT 4 does not follow the underlying assumptions for Eq. (3.8) such 

that its scattering loss due to the surface should differ from the predicted value. Note that the RMS 

values shown in Table 3.2 could be overestimated as the height contrast present in Fig. 3.3 might 

be partially due to the interactions between the AFM tip and potential energies associated with 

surface irregularities rather than the actual surface topography.  Scatterance measurements were 

performed to assess whether or not surface scatter due to roughness was actually significant for 

the samples included in this study.   

Table 3.2. RMS Roughness and Predicted Surface Scatterance of Sapphire Samples at 1064 nm 

Sample PSD Equivalent RMS 
Roughness (nm) 

Total Scattering Loss 
for Single Surface 

GTAT 1 2.76 0.00797% 
GTAT 4 15.3 0.244% 
Guild 1 2.17 0.00492% 
Guild 2 2.75 0.00791% 
KO 1 5.42 0.0307% 
KO 2 6.99 0.0511% 
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3.3.1.2 BSPDF Results  
 
BSPDF was used to measure optical scatterance of each thick and thin pair of samples which 

enabled a comparison between surface/sub-surface related and bulk related scattering losses. 

Figure 3.4 shows representative BSPDF results along with modeled fits for KO 1. The BSPDF 

values are plotted against the measurement angle (beam blockage by the detector occurs between 

-210° and -180°). Data collected within this range serve as a noise floor of the measurement and 

indicate that the measurement has a dynamic range of approximately eight orders of magnitude for 

the KO 1 sample. Measurements of other samples also indicated similar ranges. The data near -

270°, -90° and 80° are influenced by scattering from the ground edge of the sample and are not 

indicative of material-related scatter. Based on photodetector specifications and laser power 

fluctuations, the maximum experimental uncertainty for measurements at other angles was less 

than 5%.    

 

 

 
 
 
 
 
 
 
 
 
 

 

 

The phase function models for both BRPDF and BTPDF are indicated by the dashed line in Fig. 

3.4 with different components of sample reflectance (r)  and transmittance (t) being labeled in 

 
Figure 3.4. The BSPDF data of the KO 1 measured at 532 nm with a 10-degree incident angle. Both BTPDF and 
BRPDF models include all four components of the phase function and these are labeled in the illustration. 
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different regions. The near-specular component mostly accounts for scattering due to surface 

roughness and sub-surface damage and does not scale with path length. The diffuse component is 

primarily related to the defects in the bulk and subsurface and has a stronger path length 

dependence. Defects, such as impurities, bubbles, and cracks, etc. could cause a local index of 

refraction change that leads to scattering losses at angles that are larger than the near-specular 

angles shown in Fig. 3.4. It is also responsible for scattering loss due to surface irregularities other 

than roughness. Moreover, the Lambertian component often relates to a random, weak diffuse 

scatterance due to trapped light caused by bulk defects with internal ray angles greater than the 

critical angle [111], [118]. The propagation path length of the light can become long in this case 

and this leads to multiple scattering along with a weak path length dependence. All three 

components from the phase models were used to calculate the final total scatterance {Ì<Î for each 

sample. The sum of the total integrated reflectance Ôís  and transmittance flís, along with the total 

absorbance and scatterance, {ÎÏÌ	and {Ì<Î, of each sample must be equal to one to satisfy the total 

power law equation:[110]  

ρ}∫ + τ}∫ + α&'( + α(?& = 1 (3.9) 

 

where  

{Ì<Î = ρ∫( + τ∫( + ρ, + τ, + ρ+}¯¯ + τ+}¯¯ (3.10) 

 

A summary of the scatterance results and the total power law check for the different samples is 

given in Table 3.3. For all bulk samples, the total powers were equal to or slightly less than unity 

indicating that the power law was satisfied. Similar checks were not available for the thin samples 

since the absorption of these samples was not measured. A Lambertian background which was 

measured to be 5x10-4 at all measured wavelengths could possibly exist in all measurements due 
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to a reflected incident beam spot on the chamber wall, causing a small overestimation of the 

scatterance results in Table 3.3. Overall, all samples show a decreasing trend in scatterance as 

wavelength increases. In the region between 532 nm and 1064 nm, the scatterance loss in all 

samples is in the range of 0.1% to 0.6%. The scatterance can be as high as 1.2% at 405 nm and as 

low as 0.065% at 1550 nm for some samples. By examining the scatterances of each thick-and-

thin pair from different manufacturers, the results imply that scatterance of KO 1 and Guild 1 are 

mainly related to the surface. For the GTAT samples, a useful conclusion regarding bulk versus 

surface scatter could not be made. However, by considering the scatterance level in other thin 

samples (i.e. KO 2 and Guild 2), it is possible that scatterances of both GTAT 1 and 3 are 

dominated by the bulk or surface irregularities (mostly due to diffuse scatterance) at 405 nm and 

532 nm while GTAT 2 has loss that depends more on surface scatter at all wavelengths besides 

405 nm. For the case of GTAT 4, although it has a relatively lower scatterance at all measured 

wavelengths among all thin samples, the analysis of its surface topography suggests the possibility 

that out-of-plane scatterance contributed to the results but this was not quantified in this study.   

 

Comparisons of measured near-specular, scattering loss at different wavelengths between GTAT 

1 and KO 1 indicate the relative contribution of surface roughness-related scatter. The latter sample 

has a slightly lower scattering loss (except at 405 nm) but has a rougher surface. GTAT 1 has 

relatively weak contributions from surface topography-related scattering loss compared to the total 

loss at all wavelengths while the surface-related scatterance appears stronger in KO 1. To put 

aspects of these results into context, Benabid et al. estimated that the theoretical intrinsic scattering 

loss of sapphire due to spatial fluctuations of permittivity should be 1.6 ppm/cm and 0.21 ppm/cm 

at 633 nm and 1064 nm respectively [82]. These values are much lower than the measured results 
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reported in Table 3.3, and it is reasonable to believe that the scattering loss in the samples studied 

here are related to other extrinsic effects. For the samples in this study, scatterers related to sub-

surface damage (including those observed surface irregularities which extended below the surface) 

and bulk defects must play an important role since both the near-specular and diffuse scatterance 

components are relatively large when compared to estimates of intrinsic scatter in these materials.  

Table 3.3. Total Integrated Scatterance and Scatterance Components of As-Received Sapphire Samples 
 

GTAT 1 
 

Near-
Specular 

Scatterance 
 

Total 
Lambertian 
and Diffuse 
Scatterance 
(=>?@@	ABC) 

Total 
Scatterance 

(=ABC) 

Total Power 
Law 

Satisfaction 
 

Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +
DEF + GEF 

(J?K + L?K +
=CMA + =ABC) 

405 nm 0.0025 0.0091 0.012 0.9986 
532 nm 0.0016 0.0045 0.0061 0.9998 
633 nm 0.001 0.0027 0.0037 0.9999 
1064nm 0.001 0.0020 0.0030 1.000 
1550 nm 0.0006 0.0013 0.0019 0.9999 
GTAT 2     

Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +
DEF + GEF 

(J?K + L?K +
=CMA + =ABC) 

405 nm 0.0014 0.0088 0.010 1.000 
532 nm 0.0009 0.0025 0.0034 0.9999 
633 nm 0.0006 0.0022 0.0028 0.9998 
1064nm 0.0006 0.0013 0.0019 1.000 
1550 nm 0.0005 0.0012 0.0017 1.000 
GTAT 3     

Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +
DEF + GEF 

(J?K + L?K +
=CMA + =ABC) 

405 nm 0.003 0.0093 0.012 1.000 
532 nm 0.0015 0.0046 0.0061 0.9992 
633 nm 0.0011 0.0036 0.0047 0.9998 
1064nm 0.001 0.0021 0.0031 1.000 
1550 nm 0.0006 0.002 0.0026 1.000 
GTAT 4     

Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +
DEF + GEF 

(J?K + L?K +
=CMA + =ABC) 

405 nm 0.0015 0.0014 0.0029 N/A 
532 nm 0.0012 0.00093 0.0021 N/A 
633 nm 0.0008 0.00091 0.0017 N/A 
1064nm 0.0006 0.00081 0.0014 N/A 
1550 nm 0.0000 0.00083 0.00083 N/A 

KO 1     
Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +

DEF + GEF 
(J?K + L?K +
=CMA + =ABC) 
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405 nm 0.004 0.0035 0.0075 0.9995 
532 nm 0.001 0.0030 0.004 0.9999 
633 nm 0.0009 0.0017 0.0026 0.9998 
1064nm 0.0009 0.0016 0.0024 0.9997 
1550 nm 0.0008 0.0013 0.0021 1.000 

KO 2     
Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +

DEF + GEF 
(J?K + L?K +
=CMA + =ABC) 

405 nm 0.0018 0.0032 0.0049 N/A 
532 nm 0.001 0.0014 0.0024 N/A 
633 nm 0.0006 0.0013 0.0019 N/A 
1064nm 0.0006 0.0012 0.0018 N/A 
1550 nm 0.0005 0.0011 0.0016 N/A 
Guild 1     

Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +
DEF + GEF 

(J?K + L?K +
=CMA + =ABC) 

405 nm 0.0023 0.0028 0.0051 0.9991 
532 nm 0.0019 0.0019 0.0038 0.9990 
633 nm 0.0009 0.0019 0.0028 0.9999 
1064nm 0.0009 0.0014 0.0023 1.000 
1550 nm 0.0007 0.001 0.0017 1.000 
Guild 2     

Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +
DEF + GEF 

(J?K + L?K +
=CMA + =ABC) 

405 nm 0.0018 0.0016 0.0034 N/A 
532 nm 0.0009 0.0016 0.0025 N/A 
633 nm 0.0006 0.0015 0.0021 N/A 
1064nm 0.0006 0.0012 0.0018 N/A 
1550 nm 0.0004 0.0010 0.0014 N/A 

 

From the entire crystal boule to each individual window disk, sapphire samples typically 

experience post-growth processing such as grinding, lapping and polishing that disturb both the 

surface and the sub-surface of the material. Among these mechanical treatments, polishing is 

known as the most important step since it is the last process that removes microcracks induced 

during lapping and is meant to produce a near-perfect surface. All samples used in this work were 

polished using a combination of chemical and mechanical methods that require application of 

mechanical force in the presence of chemical solutions to achieve material removal. Even though 

a damaged layer associated with lapping is removed during polishing, polishing itself can produce 

a near-surface layer containing an elevated concentration of dislocations, point defects, impurities, 

and residual stresses that is typically referred to as the Beilby layer [16], [97], [119], [120]. Finch 
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reported the discovery of a crystalline Beilby layer in sapphire in the late 1930s and its layer 

thickness is typically from a few nanometers to a micrometer [121]. Later, Dobrovinskaya et al. 

also confirmed the existence of the surface layer in sapphire using electron diffraction analyses[16]. 

 

According to different studies on mechanically-treated sapphire, the Beilby layer in sapphire can 

extend to 2 mm below the surface [16],[98]. However, the Beilby layer itself is highly 

heterogenous and can be divided into several zones. For example, within the depth of 1 to 10 

nanometers below the surface, the layer can be either polycrystalline or amorphous. Impurity 

particles from the polishing slurry have been found to reside in this zone in polished fused silica 

[97]. At a depth about 1.5 to 2 µm, the layer can be textured polycrystalline or single crystal with 

block disorientation angles of a few degrees. Further from the surface, at about 50 µm, the layer is 

single crystal with increased concentrations of vacancies and dislocations. Finally, between 1 mm 

to 2 mm below the surface, residual stresses are present and serve to alter the physical properties 

relative to the bulk [16]. Index mismatch resulting from all of these contribute to optical scattering 

[16],[82] and must be taken into account. By changing polishing parameters such as abrasive size, 

applied force, and rotation speed, the Beilby layer can be altered [16], [122].  In recent years, a 

process known as superpolishing has been introduced for preparation of sapphire surfaces, and this 

process can achieve a surface RMS roughness  of less than 1 nm with the complete elimination of 

surface cracks and scratches to a depth about 5 nm below the sample surface [123], [124]. While 

superpolished sapphire samples have a nearly defect-free surface, the character of deeper regions 

in the Beilby layer remains relatively unknown. It is important to know if this type of polishing 

technique is able to minimize the Beilby layer thickness and reduce sub-surface-related scatterance. 
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Additional investigation into the relationship between surface treatments and sub-surface related 

optical scatterance is needed to better understand the efficacy of different polishing procedures.   

3.3.1.3 Single Scatter Analysis  
 
In all sapphire samples used in this work, single scattering events dominate since the total 

scatterance of each sapphire is less than 0.1[11]. Single scattering occurs when the incident light 

is scattered by a single particle or a particle-like defect, whereas multiple scattering happens when 

the light interacts with multiple particles. For the purposes of this work, both types of scattering 

can be taken into account using the following expression for the total integrated 

scatterance,	{Ì<ÎóótÖÎs<tNOP , as a function of thickness, d: [118]  

	{Ì<ÎóótÖÎs<tNOP (œ) = ‡ÌísQRt	Ì<ÎóótÖÎs<t ∙ œ + {ÌSÖ5Î<t	 + {Àí55SÌt   (3.11) 

where ‡ÌísQRt	Ì<ÎóótÖÎs<t  is the bulk single-scatter coefficient, {ÌSÖ5Î<t	 is the surface scatterance, 

and {	Àí55SÌt  is the diffuse scatterance that has weak (or no) path length dependence. The diffuse 

scatterance is mainly caused by multiple scattering centers and has been observed to vary slowly 

with the thickness. Its value is typically low (on the order of 10-4 or less) based on previous works 

and it can be assumed to be thickness independent in this work [110], [118]. The ‡ÌísQRt	Ì<ÎóótÖÎs<t   

term describes scattering by bulk defects and is evaluated per unit length. Therefore, the total 

scatterance of each sapphire sample was hypothesized to be related to bulk and surface single-

scatterers.    

 

A simple, frequency-dependent model based on Mie theory can be used to compute the total 

scatterance and bulk single-scatter coefficient as well as provide insight into the effects of particle 

size distributions. Mie scattering describes a general solution to Maxwell’s equations for spherical 

particles of arbitrary size and refractive index[11]. However, this model is often applied to non-
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spherical particles because they are often randomly oriented in the material and, as a result, can 

display scattering properties that are similar to those for spherical particles [11]. Using Mie theory, 

a general formula for the scattering coefficient as a function of wavelength can be expressed as 

follows: [11] 

   ‡ÌísQRt	Ì<Î(TÑ) = ∫ ›v8VÌ<Î(TÑv)ÔW(v)œv
’
-  (3.12) 

where ‡Ì<Î is the single-scatter scattering coefficient, TÑ = 8Xs
Y
	depends on the wavelength, λ, and 

the refractive index of the scattering particle, n, r is the scattering particle radius,	VÌ<Î  is the 

scattering efficiency coefficient, and ÔW is the particle size distribution function. By splitting the 

integral in Eq. (3.12) into two parts – one related to small particles and the other to large particles 

– a simple, approximate expression for the scattering coefficient can be obtained. This approach 

employs the following form for  VÌ<Î: 

   VÌ<Î(TÑv) = Z ′T′
ava						T′v ≪ 1

2																T′v > 1
 (3.13) 

 

where A’ is a constant. When the value of T′v is very small, the scattering coefficient corresponds 

to the Rayleigh limit and displays a  functional dependence. When the particle radius becomes 

larger than the wavelength, the scattering efficiency fluctuates about and ultimately approaches a 

mean value of 2 [11]. Using these different VÌ<Î with Eq. (3.13), the scattering coefficient for these 

two regimes can be expressed as follows:  

 ‡ÌísQRt	Ì<Î	7(TÑ) = ∫ ›v8 ′T′avaÔW(v)œv	
Öá
- 					TÑv ≪ 1 (3.14) 

and  

‡ÌísQRt	Ì<Î	8(TÑ) = É ›v82Â′vP4œv
’

7
]Ñ

								TÑv ≫ 1 (3.15) 

where v- << 7
]Ñ

, B’ and m are constants. According to Eq. (3.13), when the particle radius is smaller 

than the wavelength, the scattering coefficient has a strong particle size dependence. As the particle 

λ −4
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becomes much larger than the wavelength, the scattering coefficient basically depends on the 

cross-sectional area of the particle and has a weaker particle size dependence that occurs in the 

Rayleigh regime. This concept is illustrated in Fig. 3.5. where VÌ<Î of a chromium-related impurity 

in sapphire is plotted against the diffraction parameter x (x=8XÖ
Y
	). Even if the form of ÔW(v) is not 

known, the wavelength dependence of the scattering coefficient in Eq. (3.12) can be expressed as 

follows using Eq. (14): 

 

‡ÌísQRt	Ì<Î	7(TÑ) =  TÑa (3.16) 

Similarly, Eq. (3.17) can provide a wavelength dependence for larger scatterers that has the 

following form:   

	‡ÌísQRt	Ì<Î	8(TÑ) = ÂTÑW (3.17) 

where p is a constant. Since TÑ is directly proportional to the frequency, ν, the total single-scatter 

coefficient ‡Ì<Î	(Ó) can be approximated using the following: 

 

β(}∫$B°	(?&	(Ó) = AÓa + BÓK (3.18) 

Equation (3.18) serves as a simple model for predicting the single-scatter coefficient where the 

fitting parameters A and B are related to the concentrations of particles in the two scattering 

regimes and the constant p is related to the size distribution of larger particles. This approach 

provides a relatively simple expression that can be used to interpret aspects of scattering in the 

medium.  
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The single-scatter model was fit to the total scatterance of GTAT 1, KO 1, and Guild 1 (using the 

thickness of each sample) from Table 3.3 and the results are shown in Fig. 3.6. Trends present in 

the data can be explained fairly well with this model and some indication of the relative scatterer 

size distributions among the samples can be obtained by considering the fitting parameters that are 

provided in Table 3.4. As Table 3.4 shows, the concentration of larger particles in KO 1 is higher 

compared to those in GTAT 1 and Guild 1. Furthermore, a small p-value for KO sapphire indicates 

that particle size distribution for the larger particles is relatively broad. Guild 1 had an overall low 

concentration of scatterers with different sizes among all three samples.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 3.5. Scattering efficiency coefficient, Qsca, as a function of the diffraction parameter, x=8M~

N
, at 1064 nm for 

a chromium-related impurity in sapphire. As x approaches large values, the large oscillation of Qsca damps to a 
finite value and the particle size dependence becomes weaker.  
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Figure 3.6. Total scatterance of GTAT 1, KO 1 and Guild 1 are shown in blue, brown and pink diamonds, respectively. 
The single-scatter model (Eq. 19) of each type are displayed as blue, brown, and pink solid lines, correspondingly. 
Model parameters are listed in Table 3.4. 
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Table 3.4. Fitting Coefficients for the Single-Scatter Model (Total Scatterance Case) 

Sample A (cm3) B (cm1-p) p 
GTAT 1 2.11 x 10-20 2.36 x10-5 0.5 

KO 1 1.38 x 10-20 6.87 x10-4 0.12 
Guild 1 4.19 x 10-21 1.37 x 10-5 0.55 

 

On the other hand, using the TIS values for each pair of thick and thin samples from KO and Guild 

with Eq. (3.11), the bulk single-scatter coefficient along with the surface and the diffuse 

scatterance were determined. Results are given in Table 3.5. For both KO and Guild samples, 

results show that the surface-related scatterance was important. Note that the bulk scattering 

estimated using this method only provided an estimate as the scattering behavior could vary locally 

depending on the surface conditions. Similarly, the single-scatter model shown from Eq. (3.18) 

could also be used to fit the calculated bulk single-scatter coefficients from Table 3.5. and the 

results are exhibited in Fig. 3.7. Additionally, the fitting parameters are shown in Table 3.6 and 

the results indicate that the concentrations of both smaller and larger particles in bulk KO sapphire 

are higher compared to those in bulk Guild sapphire.   

Table 3.5. Bulk, Single-Scatter Coefficients, Surface Scatterance and Diffuse Scatterance 
 β(}∫$B°	(?& (cm-1) α(π~¯&?°	(?& + α+}¯¯π(°	(?& 

Wavelength KO Guild KO Guild 
405 nm 0.0030 0.0019 0.0046 0.0032 
532 nm 0.0018 0.0014 0.0022 0.0024 
633 nm 0.00085 0.00076 0.0018 0.0020 
1064 nm 0.00075 0.00051 0.0017 0.0018 
1550 nm 0.00052 0.00034 0.0015 0.0014 
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Table 3.6. Fitting Coefficients for the Bulk Single-Scatter Model 

Sample A (cm3) B (cm1-p) p 
KO Sapphire 5.32 x 10-21 6.40 x10-6 0.5 

Guild Sapphire 1.78 x 10-21 5.25 x10-8 1 
 
 
3.3.2 Polished Sapphire Samples 
 
3.3.2.1 Surface Evaluation by Optical Microscopy and AFM  
 
Representative optical micrographs of super-polished GTAT 1 and KO 2 are shown in Fig.3.8 to 

reveal any surface artifacts from the polishing process. Polishing streaks as well as embedded 

impurity particles and digs have been observed from samples’ surfaces. According to Fig. 3.8, the 

size of these defect features extends from sub micrometers to a few micrometers. Similarly, the 

AFM scans of three extra-polished samples also reveal their surface characteristics as can be seen  

Figure 3.9 a, d and g are AFM images of each sample in the as-received condition while the 

remaining images were obtained after the extra polishing process. The equivalent RMS 

roughnesses converted from the two-dimensional PSD analysis (over a spatial frequency range 

from 0.5 to 1.2 µm-1) are also shown on the upper right corner in each figure. According to  

   
 

 
Figure 3.7. Calculated bulk single-scatter coefficients of KO sapphire and Guild Sapphire are shown in blue asterisks, 
purple diamonds, and green stars, respectively. The bulk single-scatter model (Eq. 19) of each type are displayed as blue, 
purple, and green solid lines, correspondingly. Model parameters are listed in Table 3.6. 
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Fig. 3.9, extra-polished samples show fewer residual striations, minor scratches, and surface 

impurities. The RMS roughness values of extra-polished samples are also reduced except for 

GTAT 1 that had roughness that was slightly increased after an extra polish. This increased 

roughness is believed to be associated with the morphology change of polishing-induced surface 

artifacts that are inhomogeneously distributed across the sample surface. Indeed, as is indicated by 

images in Fig. 3.9 for samples after they were super-polished, a small degree of surface 

inhomogeneity was observed on all samples. Some areas show a perfectly smooth topography 

whereas other areas are decorated with polishing artifacts. Similar inhomogeneity was also 

 
Figure 3.8. Confocal micrographs of further polished GTAT 1 and KO 2 are shown in (a) and (c) while stereo 
micrographs of the two samples are shown in (b) and (d). In (d), a zoomed confocal micrograph of a dig feature on KO 
2 is presented.   
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observed from the optical micrographs which were taken at a much larger scale. We will show 

shortly that localized inhomogeneity may result in different BSPDF values measured from 

different locations.         

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.2.3 BSPDF Results  
 
The BSPDF measurements were performed on three extra-polished samples following the same 

procedure as in Section 3.3.1.2 (at 532 nm, 633 nm, 1064 nm, and 1550 nm). For GTAT 1 and KO 

2, five to seven measurements were taken from different locations and orientations on each sample 

to obtain a statistical representation of the scattering loss. Representative images of BRPDF and 

BTPDF of all as-received samples and extra-polished samples are shown in Fig. 3.10. The top 

obtained from the same samples after being extra-polished. Overall, all three samples showed a 

reduced scatterance in both forward and backward directions with the diffuse component being 

 
Figure 3.9. Two-dimensional surface topography images generated by AFM with a scan size of 100 µm x 100 
µm of as-received GTAT1, KO1, and KO2 are shown in (a),(d),(g). AFM images of extra-polished GTAT 1, 
KO 1, and KO 2 taken at 100 µm x 100 µm are shown in (b), (e), (h) and those scanned at 40 µm x 40 µm and 
80 µm x 80 µm are shown in (c), (f), (i). The RMS roughness associated with each image is labeled. 
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decreased the most. Since the diffuse scattering is partially due to sample surface conditions, the 

reduction is likely to be related with the decreased surface defects resulted from the extra polishing.  

A summary of the scatterance results is shown in Table 3.7. Overall, all samples had a scatterance 

level of 10-4 at 1064 nm. Compared to the pre-polished total scatterance of each sample in Table 

3.3, the total scatterance of each sample after the secondary polishing process shows a reduction, 

suggesting an improved scratch/dig specification and a locally reduced number of surface 

imperfections. However, for GTAT 1 and KO 2, the standard deviation of the measured scatterance 

at each wavelength was large because some regions on the sample surface scattered more 

compared to others. This is also demonstrated in the previous AFM images and optical 

micrographs of all samples as some surface regions show a higher number of defects compared to 

others. Although multiple measurements of KO 1 could not be done, it is possible that the sample 

has similar scatterance statistics to those of GTAT 1 and KO 2.     

 

 

    

 

 

 

 

 

 

 

 

 
Figure 3.10. BSPDF and BTPDF obtained from KO 1, GTAT 1, and KO 2 under as received and further polished conditions 
at different wavelengths are shown in the upper row and lower row, respectively.     
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Results also indicate that the thin sample (KO 2) scatterance is comparable to that of the thick 

samples (GTAT 1 and KO 2) suggesting the scattering loss is mainly dominated by the surface. 

Subtracting thin sample scatterance from the thick samples’ reveals that the scatterance contributed 

from the bulk was 10-4 to 10-3 at 532 nm and 633 nm, and 10-5 to 10-4 at 1064 nm and 1550 nm. 

Benabid et al. have developed a formula to calculate the scattering coefficient due to individual 

point defects: 

β(?&(fi) = σ(?&n+°¯(
633	nm

fi
)a (3.19) 

where :Ì<Î is the scattering cross section in cm-2 and take a value between 10-27 and 10-26/cm2 at 

the wavelength of 633 nm depending on the defect nature, ¨Àt5  represents the point defect 

concentration, and fi is the incident wavelength [82]. Laser window grade sapphire typically has a 

total point defect concentration (impurity plus vacancy) at a level of 100 ppm which is equivalent 

to a number density defect concentration of ~1019 /cm3. Applying this value to Eq. (3.19), the 

estimated scattering loss due to point defects is about 0.01 to 0.1 ppm/cm. Note that Eq. (3.19) 

only provides an estimate as the accurate prediction requires a known scattering cross section of a 

specific defect, which is often difficult to obtain. If point defects in the bulk produce only scattering 

losses of 10-7 to 10-6, then other structural defects must be responsible for the remaining loss. 

Indeed, in Section 3.3.1.2, dislocations, residual stress, block misorientations, and planar defects 

were discussed since these are commonly found near the surface of polished sapphire samples [98]. 

Furthermore, these defects could also extend into the bulk because they arise during crystal growth 

and subsequent mechanical treatments, thus producing scattering loss from the bulk. 
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Table 3.7. Total Integrated Scatterance and Scatterance Components of Further Polished Sapphire Samples 
GTAT 1 

 
Near-Specular 

Scatterance 
 

Total 
Lambertian and 

Diffuse 
Scatterance 
(=>?@@	ABC) 

Total Scatterance 
(=ABC) 

Transmittance 
+ 

Reflectance 
 

Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +
DEF + GEF 

J?K + L?K 

532 nm 0.00028±0.00042 0.0007±0.00037 0.00098±0.00072 0.996±0.0019 
633 nm 0.00017±0.00033 0.00055±0.00045 0.00072±0.00069 0.997±0.0015 
1064nm 0.00015±0.00015 0.00035±0.00015 0.00049±0.000055 0.997±0.00069 
1550 nm 0.000029±0.000045 0.00021±0.000092 0.00024±0.000088 0.998±0.0013 

KO 1     
Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +

DEF + GEF 
J?K + L?K 

532 nm 0.000/0.0002 0.00055/0.00041 0.00055/0.00061 0.992/0.993 
633 nm 0.00005 0.00045 0.0005 0.997 
1064nm 0.0001 0.00035 0.00045 0.997 
1550 nm 0.000 0.0002 0.0002 0.998 

KO 2     
Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +

DEF + GEF 
J?K + L?K 

532 nm 0.0001±0.00015 0.0004±0.00013 0.0005±0.00023 0.993±0.0065 
633 nm 0.00011±0.000088 0.00037±0.00024 0.00048±0.00026 0.994±0.0029 
1064nm 0.00013±0.00013 0.00026±0.00015 0.00039±0.00022 0.998±0.00083 
1550 nm 0.000042±0.000073 0.00015±0.000071 0.00019±0.00014 0.998±0.0019 

     
The single-scatter model from Eq. 3.18 was applied to fit the total scatterance of each extra- 

polished sample in Table 3.7 and the results are shown in Fig. 3.11. The fitting parameters are 

shown in Table 3.8 to provide some indication of the relative scatterer size distributions in these 

samples. The thickness of KO 2 was treated as a unity as its scatterance at each wavelength was 

comparable to that of thick samples. For both GTAT 1 and KO 1, parameters A and B decreased 

which corresponds to a reduced number density of both small and large scatterers after polishing. 

Furthermore, a larger p value for both samples indicated a narrower particle size distribution for 

large particles.  

 

Although a secondary polishing improved samples’ surfaces by reducing the number and size of 

scratches and digs as well as polishing artifacts, the process could not completely eliminate defects 

at and below the surface. As seen from both optical micrographs and AFM images, the surfaces 
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Table 3.8. Fitting Coefficients for the Single-Scatter Model for the Measured Total Scatterance of Extra-Polished 
Sapphire Samples 

Sample A (cm3) B (cm1-p) P 
GTAT 1 (polished) 5.03 x 10-22 1.79 x10-8 1.1 

KO 1 (polished) 8.81 x 10-22 3.63 x10-6 0.5 
KO 2 (polished) 1.12 x 10-22 1.38 x10-6 0.65 

 

still had different types of polishing artifacts with various sizes. The measured scatterance at each 

wavelength of each sample suggested that the extrinsic scattering losses still exist at a reduced 

level. Large scale structural defects (i.e. planar defects, dislocations, residual stress) are believed 

to mainly cause the bulk scattering because point defects have a relatively small scattering cross 

section. Along with these types of defects, polishing induced striations, impurities, and minor 

scratches together contributed to the surface scatterance, and the total scattering loss of these 

sapphire samples was dominated by surface defects. To improve the finish of sapphire window 

materials, surface treatments and growth parameters should be further investigated to reduce the 

levels of defects identified in this work.      

3.3.3 Spinel Samples 
 
3.3.3.1 Surface Evaluation by Optical Microscopy and AFM  
 
Micrographs of the spinel sample surfaces were obtained using both stereo and confocal 

microscopy to examine surface defects at various scales, see Fig. 3.12. Similar to sapphire samples, 

 
Figure 3.11. Total scatterance of extra- polished GTAT 1, KO 1 and KO 2 are shown in purple, brown and blue diamonds, 
respectively. The single-scatter model (Eq. 3.18) of each type are displayed as purple, brown, and blue solid lines, 
correspondingly. Model parameters are listed in Table 3.8. 
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scratches, digs, impurities, and polishing striations were observed on different spinel surfaces. The 

AFM images were acquired on selected spinel samples and the results are shown in Fig 3.13. In  

Fig. 3.13, the grain structure of each sample is clear, and impurity particles along with thin 

scratches are also on the sample surfaces. Note that although the color contrast in the AFM images 

appears to be associated with the height, this is unlikely since the surface topography probably 

does not follow grain structure. Previous works suggested that the step height should not exceed 2 

to 3 nm  [53]. Therefore, the contrast could originate from the interactions between the AFM tip 

and the potential energies associated with different grains and their chemistries. For samples 

obtained from Cera Nova, the roughness was measured to be in the range of 3 to 5 nm using a 

Zygo surface profilometer.          

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.12. Stereo micrographs of surfaces of CN SQ 1, CN SQ 2, and JHUAPL Disk are shown in (a)-(c) and 
confocal micrographs of surfaces of CN Disk 1, CN SQ 2, and JHUAPL Disk are shown in (d)-(f) 
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The spinel samples studied in this work are polycrystalline, and it is important to examine the grain 

size of each sample since the associated grain boundaries play an important role in scattering. The 

grain structure was imaged using a scanning electron microscope (SEM) with a BSE detector. The 

mean grain sizes of CN Disk 1, CN SQ 2, and JHUAPL Disk are reported in Table 3.9 and 

representative images are shown in Fig. 3.14. The grain size difference between CN Disk 1 and 

CN SQ 2 suggested that different sintering parameters and annealing treatments were used. Note 

that CN SQ 1 and 2 should have a comparable grain sizes because both samples were manufactured 

at the same time.   

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 3.13. Two-dimensional surface topography images generated by AFM of CN SQ 2, CN Disk 1, and CN 
Disk 2 using a scanning size of 50 µm x 50 µm. Individual grains along with Various levels of striations and 
impurity particles are shown in different samples.     

 

 
Figure 3.14 Representative SEM micrographs of CN SQ 2, CN Disk 1, and JHUAPL Disk shown in the left, middle, 
and right, respectively. These images were used to extract the grain size information.   
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Table 3.9. Average Grain Size of Selected Spinel Samples   

Sample Grain Size (µm) 
CN Disk 1 0.922±0.425 
CN SQ 2 2.66±1.48 

JHUAPL Disk 429±171 
 

3.3.3.2 Spinel BSPDF   
 
The BSPDF measurements were performed on all spinel samples following the same procedure 

used in Section 3.3.1.2 at 532 nm, 633 nm, 1064 nm, and 1550 nm. Two measurements were 

performed on most samples at 532 nm, 1064 nm, and 1550 nm with the second measurement taken 

on the sample that was rotated by 90° about the surface normal axis relative to its original position. 

Figure 3.15 shows representative BSPDF results in solid lines along with modeled fits in dotted 

lines for CN Disk 1 at 532 nm. These results show that the CN Disk 1 has a much higher diffuse 

and Lambertian scatterance compared to those of different sapphire samples measured at the same 

wavelength. A summary of the scatterance results for different spinel samples is given in Table 

3.10. The diffuse scattering coefficient was calculated using the total diffuse scatterance (diffuse 

+ Lambertian components) divided by the sample thickness. Results in Table 3.10 indicate that the 

scattering loss of CN spinel samples is dominated by the bulk and that the scatterance of CN Disk 

2 is five to ten times less than the other thick samples. Furthermore, CN Disk 2 had a scattering 

loss at 532 nm that was higher than at 1064 nm by a factor of 15, signifying a large number of 

small particles (i.e. sizes comparable to the visible wavelength) present in the sample. The 

reduction of the scattering loss of JHUAPL Disk moving from the visible to near-IR wavelength 

region was small compared to other CN samples, indicating more large features contributing to 

the loss of the sample. In addition, while CN Disk 1 has a relatively smaller grain size compared 

to these of CN SQ 1 and 2, it also scatters more at 532 nm and 633 nm based on the diffuse scatter 

coefficient, which corresponds to an increase of number of scatterers per unit volume. When 
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moving to longer wavelengths, the total scatterance of CN Disk 1 is lower than those of CN SQ 1 

and CN SQ 2 suggesting more of the scatterers in CN Disk 1 are under 1 µm in size. Overall, 

JHUAPL Disk has the lowest scatterance  

 
 
 
 
 

 

 

 

 

 

at each wavelength owning to its much larger grain size which leads to fewer boundaries per unit 

length along propagation paths. Finally, CN SQ 2 has a scatterance that is small compared to that 

of CN SQ 1 at all wavelengths due to a secondary polishing treatment but the difference was trivial. 

Also, the fact that CN SQ 2 has a larger near-specular component while CN SQ 1 has a larger 

diffuse component indicates the secondary polish introduced some modifications to the surface. 

Indeed, one possible modification could be the particle-like features observed on CN SQ 2 surface 

as shown in Fig. 3.16. They were not observed on the CN SQ 1 surface. Figure 3.16 shows that 

these features have sizes from submicron to a few microns and are likely from the polishing 

solution. Raman spectroscopy was used to study the chemistry associated with these features and 

the results will be presented in Chapter 4.  

 

 

 
Figure 3.15. The BSPDF data of CN Disk 1 measured at 532 nm with a 10-degree incident angle. 
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In polycrystalline transparent window materials, optical scattering occurs due to grain to grain 

index variations, pores, and residual impurities trapped at the grain boundaries [53], [59], [102], 

[104], [110]. Especially for spinel materials, stoichiometry has been found difficult to maintain 

near the grain boundaries due to excess raw starting compounds (primarily MgO and Al2O3) in 

addition to the problems caused by excessive impurities and point defects in the same region [40], 

[52], [53], [125]. Therefore, sintering aids such as LiF has been commonly used to produce fully 

dense transparent spinel as well as to clean the grain boundaries by reacting with certain impurities 

[51], [106]. According to Rothman et al., spinel samples fabricated without the addition of LiF 

tend to display a milky discoloration and the degree of such discoloration also depends on the 

fraction of grain boundaries that contribute to scattering [51]. Indeed, samples received from Cera 

Nova in this study were produced without any sintering agents and they possessed a milky 

discoloration as can be seen in Fig. 3.18. Furthermore, previous studies by Kim et al. showed that 

the typical spinel commercial powder contains 100  ppm levels of trace impurities such as S, Ca, 

and Si [32], [126]. They also demonstrated that spinel grown with lightly contaminated powder 

appeared to be hazy and milky. By using a small amount of LiF in the starting material, a lower 

absorption loss can be achieved since LiF react with the impurity elements during the 

stirring/evaporation process; the resulting spinel had a clear appearance. Therefore, according to 

 
Figure 3.16. A confocal micrograph of CN SQ 2 surface showing impurity particles introduced by a 
secondary polishing process.  
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Fig. 3.18, JHUAPL Disk exhibits no discoloration suggesting that in addition to its large grain size, 

sintering aids could have been used during growth. Thus, the large diffuse scattering observed in 

CN samples might relate to grain boundaries coated with impurities that acted as scattering centers.   

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

Table 3.10. Total Integrated Scatterance and Scatterance Components of Spinel Samples 
 

CN Disk 1 
 

Near-
Specular 

Scatterance 
 

Total 
Lambertian 
and Diffuse 
Scatterance 
(=>?@@	ABC) 

Total 
Scatterance 

(=ABC) 

Reflectance 
+ 

Transmittance 

Diffuse 
Scattering 
Coefficient 
(_>?@@	ABC) 

1/cm 
Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +

DEF + GEF 
J?K + L?K =>?@@	ABC

`
 

532 nm 0.0005/0.0004 0.059/0.056 0.06/0.056 0.92/0.935 0.273 
633 nm 0.0006 0.0369 0.038 0.961 0.181 
1064nm 0.0009/0.001 0.0099/0.0092 0.01/0.01 0.989/0.99 0.049 
1550 nm 0.0003/0.0003 0.003/0.0028 0.0033/0.0031 0.996/0.997 0.015 

CN Disk 2      
Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +

DEF + GEF 
J?K + L?K Diffuse 

Scattering 
Coefficient 
(_>?@@	ABC) 

1/cm 
532 nm 0.001/0.0015 0.010/0.011 0.011/0.013 0.968/0.976 N/A 
633 nm 0.001 0.0055 0.007 0.988 N/A 
1064nm 0.0005 0.0017 0.0022 0.998 N/A 
1550 nm 0.0000 0.00075 0.00075 0.999 N/A 
CN SQ 1      

Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +
DEF + GEF 

J?K + L?K Diffuse 
Scattering 
Coefficient 

 
Figure 3.18. A picture of three spinel samples used in this study, showing a variation in the physical 
appearance among samples that were manufactured with or without a sintering aid.  
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(_>?@@	ABC) 
1/cm 

532 nm 0.0028/0.0035 0.153/0.153 0.156/0.157 0.702/0.696 0.211 
633 nm 0.003 0.12 0.12 0.803 0.16 
1064nm 0.0007 0.041 0.042 0.958 0.056 
1550 nm 0.000 0.014 0.014 0.98 0.019 
CN SQ 2      

Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +
DEF + GEF 

J?K + L?K Diffuse 
Scattering 
Coefficient 
(_>?@@	ABC) 

1/cm 
532 nm 0.015/0.016 0.13/0.13 0.15/0.15 0.714/0.736 0.175 
633 nm 0.01 0.088 0.098 0.824 0.121 
1064nm 0.0033/0.003 0.034/0.04 0.037/0.043 0.957/0.95 0.055 
1550 nm 0.0025/0.0025 0.012/0.011 0.015/0.014 0.98/0.978 0.016 

JHUAPL Disk      
Wavelength DEF + GEF DH+GH+DI+GI DH+GH+DI+GI +

DEF + GEF 
J?K + L?K Diffuse 

Scattering 
Coefficient 
(_>?@@	ABC) 

1/cm 
532 nm 0.0015/0.0014 0.011/0.011 0.013/0.012 0.98/0.982 0.027 
633 nm 0.0007 0.0088 0.0095 0.981 0.022 
1064nm 0.0005/0.0008 0.0082/0.0085 0.0087/0.0093 0.985/0.979 0.021 
1550 nm 0.000/0.000 0.0061/0.0056 0.0061/0.0056 0.988/0.991 0.015 

      
3.3.3.3 Diffuse Scatterance Model  
 
A set of diffuse scatter models has been developed previously to fit measured scattering data for 

polycrystalline YAG and these can be applied to the case of spinel [110]. These models provide 

an accurate estimate of diffuse scatterance of spinel at wavelengths where experimental data is not 

available. In different spinel samples, we speculate the scatter is dominated by an index mismatch 

between spinel grains and impurity modified grain boundaries. Although no sintering aid has been 

used to produce CN spinel samples, results from LA-ICP-MS (which will be shown in Chapter 4) 

show a large amount of Ca in these samples. Indeed, different studies have shown that CaO has 

been found at spinel grain boundaries, creating a layer with a thickness of a few atoms[125], [127]. 

Even though no apparent pores or inclusions were observed in these spinel samples using SEM 

and AFM, numerous studies have suggested the possibilities of nano-sized pores in different 

transparent ceramic materials even without being optically detected [128], [129]. However, due to 
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their small sizes (typically in the nanometer range or less), it is likely they do not contribute much 

to the scattering in the case of spinel.    

 

In this study, to model the porosity in spinel, a spherical Anomalous Diffraction Approximation 

was used to model the Mie regime. A more complicated, coated sphere ADA was applied to 

represent the index mismatch between spinel and CaO. A Sellmeier model was developed for CaO 

based on the experientially measured refractive index values at different wavelengths obtained 

from the literature [130]. The coating thickness was chosen as 2 nm according to previous studies 

[125].  From both ADA models, the extinction efficiency associated with each scatter type was 

obtained to obtain the scattering coefficients. These scattering coefficients were then used with a 

Kubelka Munk model to fit the total diffuse scatterance of selected spinel samples. The resulting 

expression for Kubelka Munk model of diffuse reflectance used in this work is given as follows:  

 

ρ,({a, ‡Ì<Î, œ) =
bP − bO

bP − ρ,(π'
bO − ρ,(π'

e
P8R

7
bc
ÿP7defgÀ

1 − bP − ρ,(π'bO − ρ,(π'
e
P8R

7
bc
ÿP7defgÀ

 (3.20) 

 

b±=
1
α,
±R

1
α,8

− 1 (3.21) 

 

α, =
0.5β(?&

β&'( + 0.5β(?&
 (3.22) 
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β(?&(v) = Q(?&A(v)ÔÀ (3.23) 

where Ôais the random diffuse reflectance, d is the propagation length, ÔaÌSÏ   is the Lambertian 

total integrated reflection of a substrate (zero in this case),VÌ<Î is the scattering efficiency obtained 

from ADA models, A(v) and ÔÀ represent the cross sectional area and the number density of 

scatterers as a function of the particle radius, respectively. A detailed procedure along with the 

model forms can be found in the work by Springer et.al [110]. Representative data fits for CN Disk 

1 and CN SQ 2 are shown in Fig. 3.19 with the data fitting parameters listed in Table 3.11. Overall, 

the model represents a good fit of the data for both samples.  

 

Table 3.11. Summary of Fitting Coefficients Used in the Kubelka Munk Model. 
 rCaO (µm) ÔÀigj (/cm3) rpore (µm) ÔÀWÍÖt  (/cm3) 

CN Disk 1 0.46 1.2x1011 0.01 2x1014 
CN SQ 2 1.33 1.1x1010 0.01 1x1014 

 
 
 
 

 

 
 

 

 

 

3.4 Conclusion   
 
Scattering measurements at different wavelengths (405 nm, 532nm, 633 nm, 1064 nm, and 1550 

nm) show that the total scatterance of as-received sapphire samples is in the range of 10-4 to 10-2, 

 
Figure 3.19. The Kubelka Munk model, show in red lines, using spherical ADA and coated spherical ADA for (a) CN 
Disk 1 and (b) CN SQ2. Measured total diffuse scatterance values from Table. 3.10 are shown in blue squares.  
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while for extra-polished sapphire samples, the range lies between 10-5 and 10-3. For spinel samples, 

the scatterance range is between 10-3 and 10-1. Contributions to the scattering from surface 

roughness has been found to be insignificant compared to scattering losses from defects in the bulk 

and from the sub-surface and other surface artifacts. According to previous works, material defects 

including interstitial impurity atoms, dislocations and residual stress could alter the refractive 

index in certain regions and lead to scattering. These defects can be induced during the crystal 

growth and post-growth processing including surface polishing. The scatterance can be related to 

either the bulk or to the near-surface regions and the prevailing scatterer size can vary considerably 

depending on the actual methods used to produce the sapphire. A bulk single scatter model has 

been developed to fit the total and bulk scatterance of sapphire at different wavelengths. For spinel, 

a Kubelka-Munk wavelength-dependent scatter model along with spherical ADA models were 

used to fit the diffuse scatterance of selected samples.  
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Chapter 4. Materials Characterization  
 
4.1. Introduction  
 

As mentioned in Chapter 1, absorption and scattering in sapphire and spinel are related to materials 

defects such as lattice disorder, impurities, and point defects that originate from growth and post-

growth treatment processes. Results in Chapters 2 and 3 show that at 1064 nm, the absorption 

coefficient in these materials ranges from 10-5 to 10-3 cm-1 while the scatterance level lies between 

10-4 to 10-2. These loss levels are higher than the desired level (i.e. <10-6) so it is important to 

investigate the underlying sources of the optical losses. The defects associated with the observed 

losses are highly likely to be extrinsic which could be reduced or eliminated if improved 

manufacturing processes and post-growth treatments become available.  

 

Point defects in crystalline materials, including anionic and cationic vacancies in different charge 

states as well as trace element impurities, are inevitably introduced during crystal growth and post-

growth treatment [16]. They are known for causing both bulk and surface absorption losses at 

different wavelengths in crystalline semiconductors and insulators through electron/hole trapping, 

and interactions with impurities and dislocations [2,7]. In the cases of sapphire and spinel, both 

anionic and cationic vacancy-induced color centers are known to cause absorption bands in the 

UV and visible wavelength regions. However, no previous experimental studies have investigated 

how vacancy-type defects contribute to the optical losses in sapphire or spinel observed in the 

region near 1 µm. Furthermore, it is important to investigate different trace impurity elements 

present in both materials as some of them, for example, Ti and Fe ions, have been reported to be 
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responsible for the weak absorption loss observed in the near-infrared wavelength region [48], 

[103].         

 

Results in Chapter 3 showed that polished sapphire and spinel samples have different surface 

defects including impurity particles, scratches, digs, and polishing striations. These defects may 

possess special chemistries that can affect their scattering and absorption characteristics. 

Additionally, subsurface damage with a larger scale were also present and contributed to the 

observed scattering loss.     

 

In this part of the overall study, different materials characterization techniques were used to 

investigate different types of defects existing in the bulk and at the surface of both sapphire and 

spinel. PALS measurements were carried out on three sapphire surfaces to identify cationic 

vacancy-related defect content. A two-component lifetime model was used to fit the PALS data 

and model parameters were extracted to perform a subsequent defect concentration analysis. Using 

the results from PALS and optical absorption measurements, correlations between sapphire 

vacancy-type defect concentrations and surface optical loss were established. LA-ICP-MS 

measurements were made on three sapphire and three spinel samples to study the potential trace 

element impurities. The results were used to interpret the absorption measurements performed 

earlier on different samples. SIMS was used to study the surface impurity content of extra-polished 

KO 2 and Raman spectroscopy analysis was performed on selected sapphire and spinel samples to 

investigate the chemistry associated with the observed surface defects. Finally, SEM-CL and TEM 

imaging analysis were conducted to investigate and visualize sub-surface damage in selected 

samples.  
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4.2. Methods  
 
4.2.1 PALS  
 
PALS measurements were performed at the Oak Ridge National Laboratory on the polished 

surfaces of three sapphire samples, GTAT 2, GTAT 3, and GTAT 5. Note that GTAT 5 was 

another disk sapphire sample obtained from GTAT with the same physical characteristics as those 

of GTAT 2 and 3. A conventional sample-source-sample geometry was prepared by directly 

evaporating a 20 kx Na22Cl solution (~3.7×105 Bq) onto the surface of one of the two disk samples, 

and then covering that disk with the other disk sample after the water evaporated. This ‘sandwich’ 

was then wrapped into 10	k“ thick aluminum foil [131]. The PALS system operates in a double-

stop mode and has a calculated system time resolution of ~160 ps. Each recorded lifetime spectrum 

contained a total of 1 million counts and was analyzed by fitting the exponential decay (after 

deconvolution of the resolution function) using two lifetime components.  

4.2.2 LA-ICP-MS 
 
An Agilent 8900 quadrupole ICP-MS was coupled to a Teledyne-Cetac Analyte G2 193 nm laser 

via SQUID tubing.  The carrier gas was 0.75 l/min He, with an Ar nebulizing gas of 0.85 l/min in 

the ICP-MS. Data were processed using the trace element reduction scheme of Iolite (v4), using 

standard reference glass NIST 612 as the primary standard. An identical second standard was used 

to assess reproducibility. Line scans were used to minimize the effect of potential sample 

heterogeneity and minimizes downhole elemental fractionation during ablation. Each line scan had 

a length of approximately 1.5 cm and 40 seconds of gas background were run between line scans. 

For all line scans, analysis was done with a laser fluence of 5 J/cm3, a repetition rate of 40 Hz, a 

145x145 µm square spot size, and a scan translation speed of 20 µm/second. The laser ablation 
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process was able to remove tens of microns of sapphire from the surface to expose the underlying 

clean material.     

4.2.3 SIMS 
 
The SIMS measurements were performed by EAG Laboratories using an ADEPT-

1010 SIMS instrument from Physical Electronics. The sample was cut, mounted, and introduced 

to the UHV chamber. Subsequently, it was analyzed using a Cs primary ion beam and the ions 

were collected and detected.  A reference material was also analyzed for quantification and the 

depth was measured with a stylus profilometer.  

4.2.4 Raman Spectroscopy 
 
A series of Raman spectra were acquired using a Horiba LabRAM HR evolution system using a 

532-nm laser at the power of 5 mW. A 1800-lines/mm grating with spectral resolution of 0.5 cm-1 

and a laser spot size of ~2 µm were used. The wavenumber range analyzed was chosen as 50 to 

2000 cm-1 with a total acquisition time of 300 seconds.   

4.2.5 SEM and TEM  
 
SEM-CL images were acquired using Thermo Scientific Helios G4 UC coupled with a 

cathodoluminescence detector. The collection wavelength range was in the visible region. Sample 

cross sections were done by using a focused ion beam produced from a liquid Ga source. 

Subsequent TEM imaging analysis was performed using a Thermo Scientific TF30 300 kV TEM.  

4.3. Results and Discussion  
 
4.3.1 PALS Results  
 
To better present the connection between the PALS results and optical absorption of each sapphire 

sample, some absorption results presented in Chapter 2 will be used and discussed again along 

with optical measurement results for GTAT 5. The measured UV-VIS transmittance and the 
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calculated Fresnel reflectance for each sapphire sample were used to calculate extinction 

coefficients at each wavelength. A frequency-dependent scattering model was then applied to 

remove the scattering component from the total loss to isolate the absorption coefficient. The 

detailed procedure was described previously in Chapter 2. The results are shown in Fig. 4.1 where 

the absorption coefficients are plotted on a logarithmic scale as a function of the wavelength. 

Various absorption bands centered at different wavelengths appear in all three samples and are 

labeled to indicate the species associated with absorption. Among these bands, the one at 206 nm 

(6.1 eV) has been reported to be related to F centers associated with the neutral oxygen vacancies, 

m̧
- [16], [37]. The bands at 225 nm (5.5 eV) and 255 nm (4.8 eV) are likely related to F+ centers 

that are linked to m̧
O7[4,9]. In GTAT 2, the band at 225 nm does not appear and the adjacent band 

at 206 nm is narrower compared to that of GTAT  3, suggesting a reduced overall m̧
-  content. 

GTAT 5 also has a missing band at 225 nm, but its band at 206 nm is relatively broad. This 

indicates a small m̧
O7 content but a moderately large m̧

-
 concentration compared to GTAT 3. As 

discussed in Chapter 2, both types of F centers indicate oxygen deficiency during the growth 

process, and this is consistent with the growth conditions for the sapphire since all samples were 

produced in reducing environments. Furthermore, both the reducing growth condition and 

subsequent cooling process could result in a non-equilibrium vacancy concentration which could 

be much higher than the thermodynamic equilibrium state [16]. Additionally, previous 

experimental studies have shown that a cationic vacancy in sapphire may form V-2 and V-1 centers 

that cause absorption near 3 eV [11,12]. According to Fig. 4.1, GTAT 3 exhibits a wide absorption 

band near 3.1 eV and a partial absorption loss could be attributed to charged VAl-induced color 

centers in addition to the well-known impurity band caused by Cr+3. However, these centers were 

less noticeable in either GTAT 2 or 5 indicating a reduced defect concentration of charged VAl. 
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Based on Eq. 2.6 from Chapter 2, the total concentration of Vo associated with the F centers can 

be estimated using the optical absorption coefficients. The calculated concentrations of VO defects 

of each type are shown in Table 4.1. These results suggest that the concentrations of m̧
-are at 

similar levels in GTAT 2 and 3 while GTAT 5 has a relatively higher m̧
- content, but all have 

concentrations at levels of approximately 0.1 ppm. For m̧
O7content, calculations for GTAT 2 and 

6 were based only on the absorption band at 255 nm since the band at 225 nm was not present. 

GTAT 3 appears to have the largest concentration of m̧
O7 among all samples. At all other 

wavelengths, where no defect and impurity-related absorption bands are present, GTAT 3 shows 

a higher absorption loss than either GTAT 2 or 5 suggesting that charged VO and VAl defects and 

impurities may form additional defect states in the material. Previous computational studies have 

reported the formation energy of intrinsic m̧
- to be in the range of 2 to 5 eV at 0 K [4,13,14]. Using 

these formation energy values, an equilibrium concentration of  m̧
- under the room temperature 

conditions was estimated to be in the range 10-60 to 10-30/cm3, which was much lower than the 

experimentally observed values. The higher concentrations of  m̧
- indicate a non-equilibrium point 

defect concentration in these sapphire samples due to their growth and post-growth treatments. It 

should be noted that m̧
O8 was not considered in Smakula’s equation but likely exists in the form 

of Schottky pairs in sapphire [13,15] and has been reported to cause small optical attenuation 

around the 200 nm wavelength region [96].   
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Table 4.1. Concentrations of Anionic Vacancy Defects in Sapphire 
 

Sample 6njá  (ppm) 6nopq(ppm) 
GTAT 2 0.57 0.00016 
GTAT 3 0.59 0.012 
GTAT 5 0.69 0.000066 

 

PCI results of all samples obtained at three wavelengths are shown in Table 4.2. At 355 nm and 

532 nm, bulk absorption values measured by PCI are in good agreement with the calculated values 

based on the UV-VIS measurements shown in Fig. 4.1. The bulk absorption losses for GTAT 3 

and 5 at 355 nm and 532 nm from Table 4.2 indicate the existence of Ti3+ and Ti4+ impurities in 

these samples [135]. While Ti3+ is an isovalent impurity, Ti4+ appears as a heterovalent impurity 

that likely causes the formation of cationic vacancies and hole trapping centers to compensate for 

the higher valence charge state [16]. It is likely that a relatively higher concentration of cationic 

vacancies exists in both GTAT 3 and 5. At 1064 nm, GTAT 3 has a bulk absorption that is 4 times 

greater than absorption in GTAT 2 and is over 7 times higher than in GTAT 5.  

 

	
Figure 4.1. Bulk absorption in GTAT 2, 3, and 5 as a function of wavelength (blue, orange, and yellow broken 
lines respectively). Absorption bands are labeled with associated vacancy defects. 



 111 

Table 4.2. Optical absorption coefficients obtained from PCI measurements 
 

Bulk Absorption Coefficient (ppm/cm) and Surface Absorbance (ppm) 
Sample 355 nm 532 nm 1064 nm 

 Bulk Surface Bulk Surface Bulk Surface 
GTAT 2 1790 208 1070 81.1 45 4.8 
GTAT 3 4950 940 6210 426 180 20.5 
GTAT 5 903 301 1140 158 24 16 

 
As discussed in Chapter 2, in the region between 600 and 1200 nm, previous studies on sapphire 

have indicated an exponentially decreasing bulk absorption known as the weak absorption tail that 

is likely related to states in the bandgap caused by lattice disorder and impurities [13], [90]. Defects 

such as vacancies, dislocations, and impurities are the main contributors to the optical absorption 

loss in this region and can trap holes or electrons generating localized changes to the optical 

properties [7]. Previous density-functional theory (DFT)-based computational studies have shown 

that both neutral and negatively charged VAl  result in optical attenuation in the near-infrared 

wavelength region at room and elevated temperatures [96].  

 

In contrast to the bulk measurements, surface absorbance measured using PCI yields a different 

story that is indicated by Table 4.2. Although GTAT 5 has a lower bulk absorption loss at all three 

wavelengths compared to GTAT 2, its surface absorbance becomes approximately two to three 

times larger than that of GTAT 2 at both 532 nm and 1064 nm. Furthermore, at 1064 nm, bulk and 

surface absorption losses for GTAT 5 are at the same level indicating a relatively large population 

of absorbing species near the surface. Similar to the bulk absorption loss, GTAT 3 has the largest 

surface absorption loss at all the measured wavelengths. Since the formation energies of different 

types of intrinsic defects are lower for material near the surface, the defect population density in 

these regions should be higher than in the bulk. Moreover, defect populations in the near surface 

region also include a range of extrinsic defects as sapphire used for optical components undergoes 

post-growth processing steps such as  grinding and polishing [22- 24].        
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Results from the PALS measurements provided positron lifetime spectra, shown in Fig. 4.2, that 

were analyzed using a two-component lifetime model. The fitting parameters used in this model 

include: fl7, the bulk sapphire positron annihilation lifetime;	fl8, the defect-related lifetime; and ‹í , 

the intensity associated with each lifetime component [131]. In this study, fl7 was fixed at 140 ps 

because this is the positron lifetime that is reported for bulk sapphire having no defects (including 

vacancy-type defects) [26-29]. The mean lifetime <τ>, represents the geometric mean of the 

measured lifetime components and is calculated from <τ>= fl7‹7 + fl8‹8, where ‹7 + ‹8 = 1 [131]. 

The list of all parameters along with the calculated mean positron lifetime for each sample can be 

found in Table 4.3. Note that the fitting error associated with fl8 is approximately 5%.   

 
 
 
 
 

 

 

 
 

 
 
 
 
 
 

Table 4.3. PALS analysis results of the studied samples 
	

Sample Bulk Lifetime 
fl7 

Defect-Related Lifetime 
fl8 

Bulk 
Intensity 

‹7 

Defect-Related 
Intensity 

‹8 

Mean 
Lifetime 
<τ> 

GTAT 2 140 ps 189 ps 84% 16% 147.9 ps 
GTAT 3 140 ps 247 ps 79% 21% 162.5 ps 
GTAT 5 140 ps 272 ps 79.6% 20.4% 166.9 ps 

	
Results in Table 4.3 indicate that GTAT 5 has a longer fl8 component as well as an increased 

intensity associated with it contributing to an overall longer mean positron lifetime. Longer 

average lifetimes are associated with a larger average defect size (associated with fl8)  and/or a 

 
Figure 4.2. Positron lifetime spectra for single crystal sapphire samples used in this study. Data points 
indicate measured counts while the solid curves represent fits to the data using a two-component lifetime 
model (a) GTAT 2, (b) GTAT 3, (c) GTAT 5. 
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higher average defect concentration (associated with ‹8) [131]. Among different vacancy-type 

defects, positively charged defects do not interact strongly with positrons due to repulsive 

Coulombic interactions between the positron and the local charge density.  For sapphire, this 

suggests that aluminum vacancy-type defects are more likely to be measured by PALS compared 

to oxygen-related vacancies [25], [30,31]. Furthermore, previous studies reported the positron 

annihilation lifetime of a single Al vacancy was 165 ps [36]. Since fl8 of all samples are larger than 

165 ps, all samples are likely to have divacancy or small vacancy clusters. Indeed, divacancy-

related defects have been shown to have a lifetime in the range of 194 ps to 220 ps in Al2O3 thin 

films [36]. Results obtained from PALS indicate that GTAT 5 has a comparable cationic vacancy-

type defect concentration to that of GTAT 3 while also having a larger average defect size. Since 

PALS measurements were performed on the polished surfaces of each sample and the positron 

penetration depths can be hundreds of micrometers, the measured results should most closely relate 

to the defect states in the near-surface region. Indeed, PCI results show that GTAT 3 and 5 have a 

relatively large surface absorbance at all wavelengths. Although loss in GTAT 5 appeared to be 

lower than that of GTAT 3, the UV-VIS measurements indicated a relatively larger m̧
-

 

concentration in GTAT 5. In an ionic crystal, the creation of an anionic vacancy is typically 

accompanied by the creation of a cationic vacancy to achieve the overall charge conservation. At 

1064 nm where GTAT 5’s surface absorption loss is comparable to its bulk loss, a larger quantity 

of cationic vacancies could correlate with such optical attenuation [142].         

 
Previous work has suggested that Schottky defects (aluminum and oxygen vacancies generated in 

a stoichiometric ratio) are more likely to form compared to Frenkel defects (aluminum or oxygen 

vacancy/interstitial pairs) under the equilibrium condition since the former have smaller formation 

energies [13,15]. Additionally, Schottky defects are known to form near the surface where they 
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could arise from elevated dislocation concentrations that result from grinding and polishing [16]. 

Furthermore, a recent computational study suggested there are two more types of Schottky defect 

that could form in sapphire under the oxygen-deficient growth environments, (2 m̧
O7: şR

P8) and 

(3 m̧
O7: şR

P[) , owing to their lowered formation energies [43]. Also, other cationic vacancy-

associated clusters, including ( m̧
O8: şR

P[)P7, (2 m̧
O8:2 şR

P[)P8, (3utsRO7: şR
P[), (2utsRO7: şR

P[)P7, and 

(utsRO7: şR
P[)P8 could also be found in sapphire [38]. Since PALS results for all samples indicated 

large defect sizes that were likely associated with vacancy clusters, the neutral and negatively-

charged vacancy-related defect structures noted here were likely among the positron trapping 

centers in the sapphire samples studied in this work.               

 

The vacancy defect concentration can be estimated using a two-state trapping model that takes into 

account positron trapping both in the bulk and at defect sites [25,33]. In this model, the net positron 

trapping rate for defects, κ , can be found by using ‹7 , ‹8 , and fl8  along with the following 

expression:  

v =
‹8
‹7
(flwP7 − fl8P7) 

(4.1) 

 

where flwis the positron lifetime in the bulk [131]. The trapping rate is directly proportional to the 

concentration of defects, C, through  

v = k6                                                               (4.2) 

where k  is the trapping coefficient associated with a specific defect type [25,33]. At room 

temperature, this coefficient typically is in the range of 5 x 1014 to 5 x 1015 s-1 for semiconductors 

[25,28]. Unfortunately, no available information has been reported experimentally or theoretically 

for Al-related trapping coefficients in sapphire. Based on the studies of different semiconductors, 

the trapping coefficients of neutral, singly negative, and doubly negative VAl-associated defects 
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could be estimated as 6 x 1014, 2.5 x 1015, and 5 x 1015 s-1, respectively [139]. Additionally, similar 

data were also reported on VAl-associated defects for aluminum alloys at room temperature [34]. 

For a small vacancy cluster with n vacancies, Hu et al. have proposed a specific trapping 

coefficient as knx = (
Öyx
Öy
)8kz, where vzxis the radius of the defect cluster containing n vacancies, 

vz is the trapping radius of a single vacancy-type defect, and kz is the trapping coefficient as knx =

(
Öyx
Öy
)8kz , where vzx is the radius of the defect cluster containing n vacancies, vz is the trapping 

radius of a single vacancy-type defect, and kz is the trapping coefficient associated with a specific 

defect type (neutral or charged)[131]. The trapping rate of each sample was calculated based on 

the PALS result using Eq. (4.1) and the values are 3.53 x 108 s-1, 8.23 x 108 s-1, and 8.88 x 108 s-1, 

for GTAT 2, 3, and 5, respectively. These values were used to obtain an estimate of the cationic 

vacancy-type defect concentrations. 

 

It is difficult to identify which VAl-related defect clusters dominate in the sapphire samples but 

simple estimations are possible using information extracted from the optical measurements 

presented here along with results from computational studies in the literature. Only three types of 

VAl-related clusters (neutral, singly, and doubly negative charged) that were previously mentioned 

are considered because aluminum-related point defects such as interstitials and antisites are less 

likely to trap positrons. Therefore, all three types of VAl -associated small vacancy clusters (i.e. 

(2 m̧
O7: şR

P8) , (3 m̧
O7: şR

P[) , (3 m̧
O8: 2 şR

P[) , ( m̧
O8: şR

P[)P7 , ( 2 m̧
O8: 2 şR

P[)P8 , (3utsRO7: şR
P[) , 

(2utsRO7: şR
P[)P7, (utsRO7: şR

P[)P8) could contribute to the defect-related lifetime component, fl8. 

Assuming they share a similar positron lifetime, Eq. (4.2) could be expressed as follows: 
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	v = kn{|6n{| + kn{|}6n{|} + kn{|}ÿ6n{|}ÿ (4.3) 

 
Using the concentration of m̧

O7  from UV-VIS data (10-5 to 10-2 ppm level), concentrations of 

(2 m̧
O7: şR

P8) and (3 m̧
O7: şR

P[) could be estimated. Given the concentration level of VCO7 was at the 

10-10 and 10-11 for GTAT 2 and 5 respectively, the maximum concentration level of (2 m̧
O7: şR

P8) 

and (3 m̧
O7: şR

P[) in GTAT 2 and 5 would also be at ~10-11 to 10-10  as VCO7 acts as the limiting 

factor. In GTAT 3, the maximum concentration level of both clusters would be around 10-8. The 

trapping coefficient of both clusters was estimated to be at the level of 1015 s-1 based on the defect 

cluster volume approximated using Voronoi tessellation. By combining the defect concentration 

and trapping coefficient for each sample, the contribution from both types of vacancy clusters (105 

s-1 and 104 s-1 for GTAT 2 and 5 and 107 s-1 for GTAT 3) to the trapping rate,	κ, could be estimated 

and was very small, suggesting other VAl -related vacancy clusters may contribute more to the 

longer positron lifetime. The remaining possible vacancy clusters include (3 m̧
O8: 2 şR

P[) , 

( m̧
O8: şR

P[)P7, (2 m̧
O8:2 şR

P[)P8, (3utsRO7: şR
P[), (2utsRO7: şR

P[)P7, (utsRO7: şR
P[)P8. Since GTAT 2 did 

not exhibit a noticeable optical attenuation due to Ti4+ compared to the other two samples, it is 

reasonable to exclude Ti-related vacancy clusters. Among three vacancy clusters of (3 m̧
O8:2 şR

P[), 

( m̧
O8: şR

P[)P7 , (2 m̧
O8:2 şR

P[)P8 , the specific trapping coefficient associated with each was 

calculated to be 2.0x1015 s-1, 4.4x1015 s-1, and 1.4x1016 s-1. The minimum and maximum coefficient 

values can be used to estimate the upper and lower bounds of VAl -related defect cluster 

concentration. For GTAT 3 and 5, Ti-associated vacancy clusters need to be considered. However, 

it is difficult to obtain the atomic volume associated with the substitutional defect utsRO7so it was 

treated as having the same volume of an Al atom in sapphire. The real volume associated with a 

Ti atom sitting at an Al site should be slightly larger compared to that of an Al atom due to the 

larger atomic radius of Ti. For GTAT 3 and 5, the minimum and maximum trapping coefficients 
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from all possible VAl-related vacancy clusters were estimated to be 1.5x1015 s-1 (from (3utsRO7: şR
P[)) 

and 1.4 x1016 s-1 (from (2 m̧
O8: 2 şR

P[)P8).  

 
Using values for the trapping coefficients, the VAl-related defect cluster concentration in each 

sample could be estimated along with the upper and lower limits depending on the defect type, and 

the results are shown in Table 4.4. Since the calculated trapping coefficients were based on the  

				
Table 4.4. Estimated Vacancy Defect Concentrations in Sapphire 

 
Sample Total Trapping Rate, κ 

(108 s-1) 
Calculated Trapping 

Coefficients, 
kÀíPn{| 
(1015 s-1) 

Estimated Total VAl -
Related Defects 

Concentration (ppm) 

GTAT 2 3.53 2-14 0.025-0.18 
GTAT 3 8.23 1.5-14 0.059-0.55 
GTAT 5 8.88 0.064-0.59 

	
estimated values for different VAl-related defects (which could differ considerably from actual 

values), a large uncertainty exists in the estimated defect concentrations (factor of two to three) 

[131]. One observation from the estimated defect concentrations shown in Table 4.4 is that charged 

vacancy clusters tend to have a smaller concentration due to a relatively higher trapping coefficient 

value, which is reasonable since the locally-unbalanced charge is not favored by the overall system. 

The results in Table 4 indicate that the positron trapping rates of GTAT 3 and 5 are twice that of 

GTAT 2 since both have larger τ8  and I8  values. Similarly, based on the specific trapping 

coefficient value associated with VAl -related divacancy defect, the VAl-related defect cluster 

concentrations are higher in GTAT 3 and 5 by a factor of two or three compared to GTAT 2. Note 

that other vacancy-impurity complexes or negatively charged dislocations, which could potentially 

contribute to positron trapping in sapphire, were not considered. Additionally, m̧
- could possibly 

be present in any of the vacancy clusters due to its neutral charge state and this would produce a 

larger defect size.  
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The results in this section for vacancy-related defect concentrations in sapphire were obtained 

using techniques that are complementary in many ways. PALS is sensitive to defect structures that 

carry a negative or a neutral charge while many features in the optical absorption spectrum in the 

visible and near infrared are associated with defects that are either neutral or positively charged. 

PALS is likely more sensitive to defects near the surface owing to the finite penetration depth of 

positrons into the sample surface. Total concentrations for VAl (based on PALS) and VO (based on 

optical absorption) were found to be in the 0.01 to 1 ppm range with the concentration of defects 

in GTAT 3 and 5 being higher than in GTAT 2. Different VO defects along with different trace 

impurities are optically active in the UV and visible wavelength regions, while both neutral and 

charged VAl-related defects are more influential in the near-infrared and infrared regions [96].  

 

Since PALS measurements were done on the polished surfaces of all samples and the typical 

penetration depth of the positron is on the order of hundreds of micrometers, the measured lifetime 

results should provide better information of defects (i.e. size and concentration) residing near the 

sapphire surface compared to those in the bulk.  GTAT 2 and 5 had a similar, low-level bulk 

absorption across all wavelengths, and UV-VIS results indicated that these samples had fewer 

impurities and charged color centers. However, the surface absorption losses proved to be 

significantly different owing to defect structures likely introduced during grinding and polishing. 

PALS results for GTAT 5 included larger τ8  and I2 values compared to those of GTAT 2, 

suggesting a higher cationic vacancy-related defect concentration as well as larger defect sizes 

near the surface. Moreover, GTAT 5 had a longer defect-related lifetime (about 26 ps higher) than 

that of GTAT 2. Surface absorbance measurements at 355 nm and 532 nm differed by a factor of 
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1.5 to 2 whereas at 1064 nm this factor increases to 3 (see Table 4.2). Note that the smaller 

difference at 355 nm could be caused by a higher concentration of F+ centers in GTAT 2 which 

would contribute less when moving to the longer wavelength regions. At longer wavelengths, 

cationic vacancy defects likely play a more important role. The positron lifetimes measured by 

PALS indicated that the near-surface, cationic vacancy-related defect concentrations in GTAT 3 

and 5 are at a similar level while defect sizes are likely larger in GTAT 5. This is supported by the 

somewhat higher defect-related mean lifetime component in GTAT 5 and the comparable I2 values 

for GTAT 3 and 5 which only differed by 0.6% (within the 5% fitting uncertainty). The larger 

defect size could result either from larger vacancy clusters or vacancy-decorated dislocations that 

could be introduced by grinding and polishing  processes  [4,24]. It is useful to note that increased 

cationic defect concentrations resulting from polishing-generated dislocations have been detected 

by PALS in both ZnO and GaN [35-37]. In these materials, both cationic vacancy-related clusters 

as well as vacancy-dislocation complexes acted as the positron trapping centers. In the case of 

sapphire, even though no previous studies have measured the positron lifetimes associated with 

dislocations, values have been reported for single-crystal aluminum that are in the range of 210 to 

240 ps, comparable to the measured defect lifetimes of GTAT 3 and 5 [147]. When examining the 

surface absorbance of these samples at 355 nm and 532 nm from Fig. 4.3, loss is higher in GTAT 

3 by factors of 3 and 2.5, respectively. These differences could be due to higher populations of 

point defects in GTAT 3 beyond the VAl-related ones (i.e. single anionic vacancies, positively 

charged vacancy clusters, and additional impurities). Interestingly, at 1064 nm, the surface 

absorbance of both samples was very close. Since the average concentrations of VAl-related 

clusters measured by PALS were comparable and these defects tend to be more optically active in 
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sapphire in the near-infrared wavelength region, the higher surface absorbances recorded at 1064 

nm indicate higher cationic vacancy-related defect concentrations in these samples.                      

 

 

 

 

 

 

 

 

 
4.3.2 LA-ICP-MS Results   
The LA-ICP-MS line scan measurements were performed on three sapphire samples (GTAT 1, 

Guild 1, and KO 1) and three spinel samples (CN Disk 1, JHUAPL Disk, and CN SQ). Results 

from the three sapphire samples are shown in Table 4.5 and indicate that various trace element 

impurities are present in all three sapphire samples and their concentration levels range from 0.001 

to 100 ppm. These results are comparable to previously reported values in the literature [34], [48], 

[122].  Concentrations of both Si and Ca appear to be relatively high compared to the presence of 

other elements in all samples and both elements tend to be optically inactive as neither is associated 

with the absorption bands observed in Fig. 2.3. A further comparison between the results shown 

in Table 4.5 and Fig. 2.3 confirms several absorption band identifications discussed in Chapter 2. 

For instance, the concentration of V is the highest in Guild 1 that possibly causes a broadened 

absorption peak near 6 eV. Similarly, the concentration of Ti appears to be the highest in Guild 1 

and lowest in GTAT 1, which corresponds to the level of absorption observed near 532 nm in each 

 
Figure 4.3. A Bar plot shows the total surface absorbance of each sample at each wavelength. The 
positron trapping rate is labeled for each sample. 
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sample seen in Fig. 2.3. Furthermore, the large Cr3+ associated absorption band near 400 nm in 

Guild 1 is likely related to a higher Cr3+ concentration since the other two samples have a relatively 

lower concentration of Cr and their Cr-related absorption bands are smaller. Finally, the broad 

absorption band features near 255 nm and 360 nm seen in Guild 1 are also linked to a higher Fe 

concentration.              

Table 4.5. Concentrations Different Trace Impurities Present in GTAT 1, Guild 1, and KO 1 
Concentration (ppm) GTAT 1 Guild 1 KO 1 

Mg 0.0905 0.0705 0.284 

Si 7.50 78.4 18.9 

P 0.203 0.456 0.472 

Ca 185 177 237 

Ti 0.0058 0.0308 0.0137 

V 0.0091 0.0502 0.0024 

Cr 0.0888 0.282 0.193 

Fe 1.58 5.45 1.85 

Cu 0.00255 0.00779 0.0688 

Mo 0.0413 0.0156 0.0256 

Sn 0.0035 0.0256 0.0102 

Zn 0.0310 0.165 0.0762 

Mn N/A 0.00315 0.00128 

Ni 0.00522 N/A 0.00659 

Co 0.000417 0.00240 0.000656 

According to numerous studies, both Ti and Fe impurities are not only responsible for causing 

absorption losses in the UV-Visible region in sapphire but also in the near-infrared where HEL 

operate [38], [45], [86]. Each type of impurity exists in two oxidation states such as Ti+3/Ti+4 and 

Fe+2/Fe+3.  In the case of sapphire, the most stable form of Ti and Fe are Ti+3 and Fe+3 as they serve 

as isovalent substitutes for Al3+. The heterovalence impurities such as Ti+4 and Fe+2 are present at 
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a relatively lower concentration in sapphire due to their defect formation mechanisms which can 

be described as follows [86]:  

  

3TiO8 + 4AlABß → 3TiAB
⋅ + VABÑÑÑ + 2Al8O[ (4.5) 

 

2TiO8 + 2AlABß → 2TiAB
⋅ + O}ÑÑ + Al8O[ (4.6) 

 

2FeO+ 2AlABß → 2FeABÑ + V†⋅⋅ + Al8O[ (4.7) 

 

3FeO + 2AlABß → 3FeABÑ + Al}⋅⋅⋅ + Al8O[ 

 

(4.8) 

Previous work has shown that the Ti3+/Ti4+ transition (through intervalence transfer) occurs at 

~800 nm while the Fe2+/Fe3+ transition occurs at ~900 nm and 1100 nm (through intervalence 

transfer or d-d transition), with both transitions leading to a wide absorption band at the 

corresponding wavelength [86], [148]. Moreover, different studies have reported cross sections 

associated with Ti4+ and Fe2+ are in the range of 10-19 to 10-17 cm2 so that a 1 ppb level concentration 

of either impurity could induce an absorption loss of 10 to 1000 ppm cm-1 at 1064 nm [48]. In 

addition to these homonuclear transitions, charge transfers in a complex cluster containing Ti4+, 

Fe2+, and aluminum/oxygen vacancies at 700 nm may also contribute to the absorption loss. 

Similarly, absorption bands at 790 nm and 878 nm have been found to be related to the Fe8O +

TiaO → Fe[O + Ti[O intervalence charge transfer. With this information, examining the Ti and Fe 

concentrations in GTAT 1 and Guild 1 from Table 4.5 and their absorption losses shown in Fig. 

2.3 and Fig. 2.4, it can be concluded that a higher concentration of Ti and Fe is linked to a higher 

absorption loss in the near-IR for HEM grown sapphire. The average concentrations of Ti and Fe 



 123 

in Guild 1 are higher compared to those in GTAT 1 by factors of six and three respectively, while 

Guild 1 also has a larger bulk absorption loss than that of GTAT 1 at 1064 nm by a factor of three. 

As seen from Section 4.3.1, different types of cationic and anionic vacancies also occurred in 

similar sapphire samples at comparable concentration levels. It is possible that more Ti3+/Ti4+ and 

Fe2+/Fe3+ transitions occurred with the assistance of vacancies in Guild 1, resulting in a higher 

residual absorption loss at 1064 nm. However, it is important to realize the probability of 

intervalence charge transfer transitions between the neighboring impurity atoms is extremely low 

(owing to the low impurity concentration in this case) if assuming impurities are randomly 

distributed inside sapphire. In sapphire grown with different growth methods, both microstriations 

(mainly due to the temperature gradient formed at the crystallization front and impurity transport 

phenomena near that region) and blocks (primarily due to dislocation motions) have been 

commonly observed due to non-perfect growth processes [16]. Impurities are often found to be 

segregated along these defects thus increasing the probability of charge transfers between different 

impurity atoms and the formation of defect clusters [16].     

 

By comparison, KO 1 had a much higher average bulk absorption coefficient with a large standard 

deviation at 1064 nm compared to the other two samples. Note that KO 1 was manufactured with 

the Kyropoulos method under an oxidizing environment.  Table 4.5 shows KO 1 has a comparable 

level of concentration of each impurity with respect to the other samples except for Cu. A 

difference by a factor of 10 has been observed for Cu concentration in KO 1 compared to the other 

two samples but it should be noted that the overall concentration level is small (i.e. ~0.001 to 0.01 

ppm). Previous studies have shown the possible optical absorption loss is associated with Cu2+ 

near 1 µm, but it is unlikely to be the sole cause for the high loss seen in KO 1 owning to its small 
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concentration [149]. According to Fig. 2.3, the oxygen vacancy concentration of KO 1 is much 

lower compared to other HEM-grown sapphire samples. While an oxidizing growth environment 

could mitigate the absorption loss due to color centers in the visible wavelength region, it also 

leads to different oxidation states of the impurity elements in sapphire. For example, annealing 

treatments under an oxidizing environment of sapphire could lead to an increased concentration of 

Ti4+ [48]. According to Eq. (4.6), the accompanying compensation mechanism for this extra 

positive ion is the interstitial oxygen from an oxygen-rich environment. Since Ti+4 has been 

reported to have a relatively large cross section (~10-17 cm2), a small increase in its concentration 

could result in a large absorption loss in the near-IR wavelength region.  Similarly, Cr4+, which 

has been known to cause absorption in YAG at 1 µm, can also form under a similar condition 

[150]. Finally, other impurities such as Ni and Co also present in KO 1 at the small levels shown 

in Table 4.5. For the sake of charge neutrality in sapphire, they typically exist in the forms of Ni3+ 

and Co3+ with a small amount being Ni2+ and Co2+, which are known for causing absorption near 

the 1 µm region in glass [149]. With more oxygen atoms introduced from the growth environment, 

these impurities atoms might undergo an oxidation process which then contributed to the optical 

absorption. Therefore, an oxidizing sapphire growth environment or annealing treatment could 

mitigate the absorption losses due to color centers in the UV-Visible wavelength region. However, 

such an environment may also produce changes in oxidation states of different impurity elements 

that ultimately result in higher absorptions at longer wavelengths. Additionally, in a recent work 

done by Marchio et al, the inhomogeneity of the absorption loss within a Kyropoulos-grown 

sapphire has been reported to be caused by striations due to a poorly controlled growth process 

[151]. A high level of striation density is associated with non-uniform temperature at the 

crystallization front and impurities are likely to be trapped at the striation sites [16], [151].           
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The LA-ICP-MS measurements were also performed on CN Disk 1, CN SQ 2, and JHUAPL Disk 

and the results are presented in Table 4.6. Overall, most impurities in spinel have a concentration 

level range between 1 to 1000 ppm, which is much higher than in sapphire. Similar to sapphire 

samples, all three spinel samples have relatively large concentrations of Si and Ca that are not 

known to be optically active in the near-infrared region [149], [152], [153]. Additionally, the CN 

samples were found to have additional trace impurities such as K and Na that were not detected in 

the JHUAPL Disk. Also, the impurity concentrations in CN samples are relatively higher 

compared to those in JHUAPL Disk suggesting more impurities existed in the spinel powder used 

to grow CN samples.      

 

According to Table 2.6 in section 2.3.2, the JHUAPL Disk has an absorption coefficient of 10-2 

cm-1 at 1064 nm which is higher than those of CN SQ 2 and CN Disk by a factor of 2 and 50, 

respectively. A closer examination of Table 4.6 suggests only Ti and Co are likely to cause a large 

optical loss in JHUAPL Disk since concentrations of both elements are higher in JHUAPL Disk 

than those in CN SQ 2 and CN Disk 1 by a factor of 10. Although Co2+ has been reported to be 

associated with absorption bands observed in glass in the near-infrared wavelength region, it 

mainly causes optical losses in the visible region (near 600 nm) in spinel [149], [154]. Therefore, 

compared to Ti, Co should have a relatively smaller contribution to the absorption at 1064 nm of 

the JHUAPL Disk. Similar to the Ti3+/Ti4+ transition that occurs at ~800 nm in sapphire, Ti-doped 

spinel has also been found to have an absorption band at 780 nm [103]. Furthermore, studies have 

shown a broad absorption band at 790 nm in spinel that is associated with the intervalence charge 

transfer between Fe2+ and Ti4+ when both ions are in an edge sharing condition, similar to that 
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reported in sapphire [100], [103]. Additionally, Fe has been found as a common impurity in spinel 

that replaces Mg and Al atoms at the tetrahedral and octahedral sites [107], [154]. Broad absorption 

bands observed in spinel at 690 nm and 1050 nm have been prevalently found to be associated 

with an electronic transition of Fe2+ -Fe3+ intervalence charge transfer and that of Fe2+ -Fe3+ 

exchange-coupled pairs at the octahedral sites, respectively [107], [155]. Moreover, studies also 

indicate that the amount of and the distribution of Fe2+ and Fe3+ heavily depend on the purity of  

the starting powder, the cooling rate used during spinel growth and annealing, as well as the 

stoichiometry [155]. With this information, one interesting finding for CN SQ 2 and the JHUAPL 

Disk is that their measured Fe concentrations show some deviations according to Table. 4.6. 

Additional Fe concentration results measured from a different location on each sample are reported 

in the table for all three spinels since large differences were observed in CN SQ 2 and the JHUAPL 

Disk. No such differences were noticed for concentrations of other impurity elements. Recall the 

PCI measured absorption coefficients of spinel samples in Table. 2.6 where the optical absorption 

losses at 532 nm and 1064 nm in both CN SQ 2 and JHUAPL Disk are spatially inhomogeneous 

because some regions in these samples have a higher loss compared to other locations. By 

comparison, absorption losses in CN Disk 1 appeared to be spatially homogenous and it also has 

a consistent Fe concentration according to Table 4.6.   Given the fact that the Fe (in both Fe 2+ and 

Fe3+ states) distributions are not uniform in CN SQ 2 and in the JHUAPL Disk based on the LA-

ICP-MS results, the absorption losses seen in these samples should also vary spatially across these 

samples. This is somewhat similar to the absorption behavior observed in KO 1 as the oxidizing 

growth environment produced different valence states of numerous impurities in the sample 

leading to the localized absorption differences. It appears that the near-infrared absorption loss 

being slightly higher in the JHUAPL Disk compared to that of CN SQ 2 indicates that Ti should 
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be mainly responsible for the loss in the JHUAPL Disk due to its high concentration while Fe 

contributes more to the loss in CN SQ 2. The intervalence charge transfer between Fe2+ and Ti4+ 

could further add to the losses in both samples depending on their distributions within the samples.  

 

A surprising finding is related to the impurity concentrations measured in CN Disk 1. According 

to Table 2.6, at 1064 nm, CN Disk 1 has an absorption loss level at 100 ppm/cm while CN SQ 2 

has a level in the 1000 to 10000 ppm/cm range. One would expect CN Disk 1 to have lower 

concentrations of different impurity elements but the results in Table 4.6 do not support the 

assumption. Indeed, trace impurity elements such as Cu, Ni, Co are known to cause absorption 

losses in the near-infrared; however, the fact that their concentrations are comparable in both 

samples and some are slightly higher in CN Disk 1. This implies these impurities do not contribute 

much to the large discrepancy in the measured absorption losses. Next, the concentration of Ti is 

comparable in both samples which means the homonuclear transition between Ti3+ and Ti4+ is not 

the main cause of the absorption discrepancy either. Thus, the concentration difference of Fe in 

the two samples should be closely linked to the observed absorption difference. There are two 

possible absorption loss mechanisms associated with Fe in this case. One is the transition through 

Fe2+-Fe3+exchange-coupled pairs that occurs at 1050 nm and the other one is through the 

intervalence charge transfer between Fe2+ and Ti4+ happening at 790 nm [107], [154], [155]. The 

later mechanism should not be the dominant contributor because both CN Disk 1 and SQ 2 have a 

similar Ti concentrations so the most probable cause is the homonuclear transition of Fe. In spinel, 

to compensate the negative charge due to a Fe2+ ion substituting an Al3+ ion, oxygen vacancies 

such as V2+ and V1+ and an antisite defect of Al#$7O  must be created to maintain the charge neutrality 

[155]. To weaken the absorption due to Fe2+ near 1000 nm, either the overall Fe concentration 
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should be minimized or the presence of the compensating factors must be reduced. Indeed, CN 

Disk 1 has a relatively lower Fe concentration compared to that in CN SQ 2. More interestingly, 

CN Disk 1 also has many more F centers and V centers according to results in Fig.2.6. Therefore, 

it is likely that most of the positively-charged vacancies and antisite defects are balanced by the 

negatively charged vacancy-type defects in CN Disk 1, and fewer of them are available to 

compensate Fe2+, thus lowering probability of the Fe2+/Fe3+ transition. 

 

In both sapphire and spinel samples, we have detected different trace impurity elements that were 

responsible for the absorption losses at different wavelengths. In particular, both Fe and Ti were 

found at a relatively high concentration in these samples and both elements were primarily 

responsible for the residual optical loss near the 1µm region according to different studies. The 

fall-off of the broad absorption bands linked with these impurities occurring near the 1µm region 

contributed to the observed weak absorption tail in both sapphire and spinel. Homonuclear 

intervalence charge transfer transitions of Fe2+/Fe3+and Ti3+/Ti4+, along with the intervalence 

charge transfer between the edge sharing Fe2+ and Ti4+, represent the loss mechanisms associated 

with these impurities. Furthermore, these transitions are often accompanied by different vacancy-

type defects and antisite disorder for reasons related to local charge neutrality. Annealing 

treatments under different environments with different heating/cooling rates could be used to 

control the level of point defects in sapphire and spinel which in turn influences the probability of 

the impurity-associated intervalence charge transitions. Moreover, in both materials, large 

concentrations of alkali metals and alkaline earth metals have been observed and it is unclear how 

they can form compounds and defect clusters with the matrix atoms that may possibly lead to the 

absorption losses in the near-infrared. Similarly, other transition metals such as Cu, Ni, and Co 



 129 

have been previously reported to cause optical absorptions in the near-infrared in glass and ceramic 

materials but their roles in the case of sapphire and spinel still need to be investigated. The overall 

conclusion to be drawn from the results presented in this section is that trace element impurity 

concentrations in the starting materials used to manufacture window-grade sapphire and spinel 

must be reduced to improve optical transmission in the near infrared.     

 

 

Table 4.6. Concentrations Different Trace Impurities Present in Spinel Samples 
Concentration (ppm) CN Disk 1 CN SQ 2 JHUAPL Disk 

Na 204 179 N/A 

K 182 60.8 N/A 

Si 828 585 474 

P 42.4 30.4 17.0 

Ca 6925 6308 4499 

Ti 1.33 1.08 11.1 

V 0.256 0.183 0.405 

Cr 6.19 7.22 6.82 

Fe 133/129 540/190 202/58.5 

Cu 2.46 1.15 0.239 

Mo 0.457 0.412 0.109 

Sn 0.148 0.116 0.142 

Zn 21.4 17.7 13.1 

Mn 2.32 2.16 1.32 

Ni 5.28 2.23 1.81 

Co 0.0962 0.0713 0.855 
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4.3.3 SIMS Results   
 
SIMS measurements were carried out on extra-polished KO 1 surface to detect depth-resolved 

impurity concentrations due to polishing and the results are shown in Fig. 4.4. Data from the first 

few nanometers is related to instrumental artifacts and both C and Si show a small number density 

variation with the depth within the first 20 nm. It is reasonable to expect that both C and Si have a 

higher concentration near the surface if they originate from polishing slurries. Although Cl has 

been identified as a common chemical element in different polishing slurries, the concentration of 

Cl appears to be low and does not change with depth suggesting its existence in the bulk rather 

than being introduced during polishing. It is useful to identify impurity elements that exist near the 

surface as later we will see from Raman spectroscopy and SEM imaging analysis that different 

surface defects are decorated with these impurities.    

  
 

 

 

 

 

 

   

 

 
 
 
 
 
 

 
Figure 4.4. Number density of surface impurity elements C, Si, and Cl are plotted against the depth under the surface in 
blue, orange, and yellow broken lines, respectively.   
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4.3.4 Raman Spectroscopy Results  
 
Raman spectroscopy was performed on different sapphire and spinel samples to identify surface 

defect morphology and chemistry. All samples were cleaned with acetone and ethanol solutions to 

ensure a clean surface without any artifacts introduced during materials handling. On sapphire 

samples, dark spots as well as agglomerates with sizes ranging from submicron to a few microns 

were observed, see Fig. 4.5. The Raman spectra of these sapphire samples indicate some special 

chemistries other than Al2O3. In addition to spectral peaks related to Al2O3 between 200 to 800 

cm-1, other small peaks were observed in the longer wavenumber region and were identified as 

being related to silica and graphite/diamond [156]–[158]. The origin of these impurities is believed 

to be the polishing solutions used during grinding and polishing processes where these materials 

are commonly found.  Interestingly, after KO 1 had undergone a secondary polishing process, 

black agglomerates were detected on its surface and a relatively large background was observed 

in their associated Raman spectrum named “KO 1 Pre-heating” which is shown in Fig. 4.5b. It is 

possible that the agglomerates’ origin was the polishing pitch used during the process as it 

contained organic compounds that may lead to a large background in the Raman spectrum. These 

organic compounds often have a low melting points (a few hundred degrees Celsius) so an 

annealing treatment at 300 °C in an oxidizing environment was used to “clean” the KO 1 surface. 

On the surface of the heat-treated KO 1, dark spots still remain while organic agglomerates appear 

to have disappeared, see Fig. 4.5b. The Raman spectrum of the surface indicates that these dark 

spots are associated with Si or C-related compounds though the peak intensities are weak.  
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Similar Raman spectra were collected from different spinel surfaces and the results are shown in 

Fig. 4.6. Similar to sapphire surfaces, impurity spots associated with Si and C were also found on 

spinel surfaces and these were likely related to polishing since similar chemical solutions are used 

for polishing sapphire and spinel. Raman spectra with large backgrounds were also noticed as 

some surface impurities were possibly related to organic compounds. As mentioned in Section 

3.3.4, a secondary polishing of CN SQ 2 was performed and the newly polished surface exhibited 

groups of black dot features that were not observed on the CN SQ 1 surface. The Raman spectrum 

of this feature, shown in Fig. 4.6a under the name “CN SQ 2 Point 2,” contains a strong peak near 

1050 cm-1 which could be associated with silica since colloidal silica solutions are commonly used 

to grind and polish optical materials.     

 

Based on the sapphire and spinel surfaces studied in this work, it would appear that surfaces of 

commercially-available optical windows materials are not as clean as they should be even though 

they appear to be flawless to human eyes under visible light. These particle-like features and 

 
Figure 4.5. Raman spectrum of impurity features observed on different sapphire surfaces are shown in (a). Optical 
micrographs of impurity features associated with each Raman spectra are shown in (b).  

 



 133 

aggregates have sizes extending from hundreds of nanometers to tens of microns which are 

comparable to the laser wavelengths used to study optical scattering. Additionally, these artifacts 

also have their own chemistries that lead to refractive index mismatches which ultimately result in 

scattering losses. Some organic compounds may also lead to surface absorbance in the near-IR 

wavelength region.        

 
4.3.5 Optical and Electron Microscopies Results  
In both Section 3.3.3 and Section 3.3.4, digs were observed on sapphire and spinel surfaces. When  

viewed using confocal microscopy using fluorescence mode, these digs fluoresced in the visible 

indicating they had special chemistries compared to the surrounding materials. Figure 4.7a 

includes a micrograph of a typical dig on a spinel surface. When illuminated by a laser operating 

at 488 nm, visible light emission in the range of 495 nm to 550 nm was detected and this is shown 

in Fig. 4.7b. No similar phenomenon was observed from other surface defects such as scratches 

and impurity particles but similar behavior has been found from digs on sapphire surfaces. 

Furthermore, the digs fluoresced even after sapphire samples were annealed at 1500 °C. One 

possible cause of the florescence might be related to impurity elements in the digs that are trapped 

during polishing. Both silica and nano diamonds that are commonly used in polishing solutions 

are known to fluoresce near 500 nm when excited at 488 nm  [159]–[161]. While diamond 

decomposes at 763 °C, silica requires a temperature near 3000 °C. Therefore, the fact that the digs 

on the annealed sapphire surface fluoresced indicates a possibility of trapped silica at these sites.   
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When a material is under high-energy electron bombardment from a source, electrons can be 

promoted from a lower-energy valence band to a higher-energy conduction band. When these 

electrons return back to the valence state, they can be trapped at the states introduced from both 

intrinsic and extrinsic defects. When this happens, energy is emitted at a specific wavelength from 

the falling of electrons to their ground state, resulting in luminescence. Using a CL detector in the 

SEM system, structural defects and impurities can be imaged. A set of SEM images using a 

secondary electron (SE) detector and a CL detector were collected from Guild 1*1 and are shown 

in Fig. 4.8. Figures 4.8a and 4.8b show normal SEM images while Figs. 4.8c and 4.8d present the 

images collected from the same spots (corresponding to Fig. 4.8a and 4.8b respectively) using a 

CL detector and a 10-kV beam energy. In Fig. 4.8c and 4.8d, shallow scratches/striations and 

impurity particles exist on the sample surface that are not imaged using the regular SE detector. 

One possible explanation for this phenomenon is that these defects have special chemistries (i.e. 

Si or C) that emit photons at visible wavelengths and generate secondary electrons that have very 

                                                
1 This is another Guild sample with the same physical conditions as these of Guild 1.   

 
Figure 4.7. A confocal micrograph of a dig on JHUAPL disk under the transmission mode is shown in (a) and that 
under the fluorescence mode is shown in (b). 
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low energies that are not readily detected. Furthermore, as seen in Fig. 4.8d, several thin scratches 

are crossed above a wide, scratch-like feature, suggesting these defects overlapped at different 

layers. Lastly, when the electron beam energy increased to 30 kV, some fuzzy, particle-like 

features appeared from the sub-surface and these are shown in Fig. 4.8e.      

 

 

 

 

 

 

 

 

 

 

Similar SEM-SE and SEM-CL images were acquired from extra-polished GTAT 1 and CN SQ 2*2 

and they are shown in Figs. 4.9 and 4.10. In Fig. 4.9, the extra-polished GTAT 1 had almost no 

scratch/striation features and had fewer impurity particles. However, using the CL detector, line 

features emerged under the surface as is shown in Fig 4.9b using a 10-kV beam energy and Fig. 

4.9 c using a 30-kV beam energy. Owning to their large scales, these features were likely to be 

planar defects with impurities being segregated along them. For CN SQ 2*, not many features 

were observed on the surface beyond the embedded impurities shown in Figs. 4.10a and 4.10b. 

                                                
2 This is another CN SQ sample with the same physical conditions as these of CN SQ 2.   
 

 
Figure 4.8. SEM micrographs taken on different locations on Guild 1 using a SE detector are shown in (a) and (b); 
images taken on the same locations using a CL detector are shown in (c) and (d); an image taken using a CL detector 
with a 30-kV beam energy is shown in (e).  
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Similar impurity morphology was observed on the sample surface using the confocal microscope 

and the impurities are likely to be silica-related. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.9. SEM micrograph taken from further polished GTAT 1 using a SE detector is shown in (a); images taken on the 
same location using a CL detector with a beam energy of 10 kV and 30 kV are shown in (c) and (d), respectively.   

 

 
Figure 4.10. SEM micrograph taken from CN SQ 2* using a SE detector is shown in (a); image taken on the same 
location using a CL detector with a beam energy of 20 kV is shown in (b). 
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Cross sections from the three samples used for SEM imaging were acquired using FIB and were 

used for TEM imaging analysis. The goal was to further investigate the subsurface regions to 

identify any defects due to grinding and polishing. TEM images of the three cross sections are 

shown in Fig. 4.11.  The top of the surface in each image represents the sample surface.  As-

received Guild 1* material was imaged and the related micrograph in Fig. 4.11a shows various 

structural defects present under its surface. As previously discussed in Section 3.3.2, dislocations, 

planar defects, and block misorientations could be introduced by polishing within the first 50 µm 

under sapphire surface. For  Guild 1*, these types of defects were confirmed at a relatively shallow 

depth, and these findings are in an good agreement with previous reports [98]. Also present in Fig. 

4.11a  are fringes caused by sample thickness (thick, fuzzy lines) and Bragg contrast (thin lines), 

but these are common TEM imaging artifacts. Also, minor bend contours were observed, and these 

are possibly related to sample deformation. Sapphire is known to contain a small amount of 

residual stress during growth and this stress could be relieved during FIB material removal.     

 

By contrast, not many sub-surface defect structures were found from extra-polished GTAT 1 as is 

indicated by the micrograph in Fig. 4.11b, but two planar defects (or cracks) appeared at the bottom 

right of the sample. These defects either already existed in the sample or were created when the 

internal stress became relieved during sample preparation. No apparent sub-surface and bulk 

defects were found in CN SQ 2* as is indicated by the micrograph in Fig. 4.11c. However, several 

bend contours were observed on individual grains and they stopped at grain boundaries. These 

features suggest that some incoherencies may occur at the grain boundaries which are related to 

either residual stress or a chemical environment difference. A residual stress analysis has been 

performed on CN SQ 2 using a high energy X-ray diffractometer at EAG Laboratories and the 
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number is reported to be -46.1 MPa. Considering the stress optics coefficient for materials such as 

spinel and sapphire (which is approximately in the 1/TPa range), the change of the refractive index 

due to the residual stress is very small in the case of CN SQ 2* [18]. Therefore, residual stress is 

less likely to be a main contributor to the scattering loss in spinel but the amount of the stress could 

lead to other large-scale structural defects that are associated with the optical losses. Additional 

details of the residual stress measurement can be found in Appendix A.            

 

The different TEM images of sapphire and spinel indicate that defects at a micron scale exist both 

at the sub-surface and in the bulk. Based on the results obtained using Guild 1* and extra-polished 

GTAT 1, it appears that secondary polishing might reduce sub-surface damage associated with 

grinding and polishing, but more measurements need to be performed to generate a more complete 

understanding of polishing effects. Scattering losses from these defects are very likely at 1 µm and 

surface preparations of these window materials must be undertaken with great care.   

4.4 Conclusion  
 
In this Chapter, different materials characterization techniques were used to study different types 

of defects in sapphire and spinel. From the PALS study, it was shown that samples with both higher 

levels of Vo and VAl-related defects also show a higher surface absorbance at three different 

wavelengths where PCI measurements were performed. Defect complexes in the near-surface 

region composed of vacancy clusters as well as dislocations that are introduced during surface 

grinding and polishing operations affect both optical absorbance and positron lifetimes. From LA-

ICP-MS measurements, HEM grown sapphire with higher Ti and Fe concentrations were found to 

have a larger absorption loss at 1.064 µm. Previous studies indicated that this residual near-IR 

absorption is related to intervalence charge transfer between Ti3+/Ti4+, Fe2+/Fe3+, and Fe2+/Ti4+.  
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For sapphire that was grown in an oxidizing environment, its near-IR absorption loss increased 

due to oxidation of different impurity elements. Similar mechanisms were also found to be 

responsible for the low, near-IR absorption loss in different spinel samples. SIMS results showed 

that Si and C were the main surface impurities of polished sapphire, while Raman spectroscopy 

revealed that the observed surface defects were also associated with Si and C compounds. Finally, 

SEM-CL and TEM images confirmed the existence of sub-surface damage and bulk defects in 

sapphire and spinel samples though more data need to be acquired to obtain a statistically 

meaningful description of these defects. Defects observed from the surface and sub-surface have 

sizes ranging from hundreds of nanometers to tens of micrometers and ultimately contribute to the 

measured scatterance losses of sapphire and spinel in this study.    
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Figure 4.11. TEM images of cross sections prepared from Guild 1*, extra- polished GTAT 1, and CN SQ 2* are shown 
in (a), (b), and (c), respectively.    

  

a. 

b. 

c. 
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Chapter 5 Conclusion  
 

For sapphire and spinel to be considered as the window materials for the next generation of HEL, 

their optical losses must be reduced to a level that is less than or equal to 1 ppm at the operating 

wavelength. As illustrated in this work, at 1.064 µm, the lowest absorption coefficient among all 

materials was found to be at 10-5 cm and the lowest scatterance at 10-5. These losses must be 

reduced in these materials by at least a factor of 10 to satisfy the projected operating requirements 

for HELs. Throughout this study, it has been found that the defects contributing to both types 

of loss are extrinsic, which means there are likely methods that can be developed to minimize 

or eliminate them during the manufacturing process.   

 

Different trace impurity elements and vacancy-type defects have been observed in both sapphire 

and spinel samples. Most of these impurities originate from the raw powder used to synthesize the 

final product. Powder treatments have been shown to effectively reduce the impurity concentration 

level but could not completely eliminate these impurities. As discussed in Chapter 4, even 1 ppb 

level of certain impurities could result in absorption loss of 1 ppm. Even if the impurity 

concentration is decreased, the homogeneity of the impurity distribution within the sample should 

also be inspected for large windows. Optical polishing of sapphire and spinel should also be 

carefully done as it introduces new surface impurities to these materials that result in absorption 

losses. Both cationic and anionic vacancies were found to be prevalent in these materials due to 

different growth atmospheres and parameters. Although vacancy concentrations can be changed 

through annealing or growing in a specific environment, the oxidation/reduction state of different 

impurity elements should also be monitored since these could lead to additional absorption loss. 

Polishing-induced contamination, dislocations and vacancies were found to be correlated 
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with sapphire surface absorbance and these types of defects could be reduced through 

improvements to surface preparation techniques.  

 

Scattering of single-crystal sapphire was found to be dominated by surface-related effects while 

that of polycrystalline spinel appeared to be bulk dominated. Scratches, digs, and surface 

impurities were found on sapphire and spinel even after a secondary polishing process. Given 

many of their sizes being comparable to 1.064 µm, they contributed to the scattering losses 

observed in different samples. Moreover, some of the extra-polished sapphire also exhibited 

inhomogeneous surface topography resulting in scatterance variations across the sample surface. 

Additionally, different sub-surface damage has been observed in sapphire samples in both as-

received and extra-polished conditions. Although a finer polishing process could eliminate or 

reduce surface scratches and digs, it is not clear if it also mitigates the problems associated 

with sub-surface damage since polishing often results in structural defects near the surface.  

 

In spinel, a large scattering loss has been observed and the primary cause was shown to be related 

to grain boundaries. Impurities trapped at the boundaries induce changes of refractive index that 

result in a milky appearance that arises from multiple scattering events. Although sintering aids 

could be used to reduce grain boundary scattering, a residual scattering loss due to these aids could 

still occur. Also, no apparent pores were observed in all spinel samples but they could still 

exist at a much smaller size though, in that case, they would contribute less to the total 

scatterance [110]. To reduce the scatter level in sapphire and spinel samples, the surface must be 

characterized after every grinding and polishing step to ensure a minimal defect content.  
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For future studies, more samples with known growth parameters should be characterized to seek 

quantitative relationships between different defects and loss levels. While it might be easier to 

produce a small, nearly defect-free sapphire or spinel sample, much more effort is clearly required 

to manufacture a large window. Indeed, sapphire has been once considered as a mirror substrate 

candidate for laser interferometers such as Advanced LIGO and Virgo to detect gravitational 

waves. However, due to its 10 to 100 ppm/cm level of optical absorption and the inhomogeneity 

of defect distribution, the final substrate choice became fused silica since it has a better optical 

performance [162], [163]. Yet, the exact mechanisms behind the weak absorption loss still remain 

unclear at this point although findings suggest the localized absorption is linked to the change in 

the refractive index in that region [163]. Therefore, to fully understand the observed defect 

mechanisms, more in-depth defect analysis must be conducted.       
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Appendices 
 
Appendix A: Residual Stress Measurement of Spinel Using X-ray Diffraction  
 
Method  
 
The CN SQ 2 sample was mounted using double-sided adhesive tape on an Al stub which was 

subsequently mounted to a goniometric stage with x, y, z, phi, and psi motions on the 

diffractometer. XRD data was collected by a coupled theta/two theta scan on a Bruker D8 Discover 

diffractometer equipped with a micro-focus copper X-ray tube with Montel optics, 0.5 mm 

collimator, and a Vantec 500 2D area detector. Unlike traditional point detectors, the 2D detector 

accepts diffraction from crystallites oriented in a wide variety of tilt angles with respect to the 

incident X-ray beam. This results in reasonable diffraction intensity even though the spot size 

analyzed is very small. With no collimation around the 2D detector, the peak positions are very 

sensitive to sample height. To ensure that the sample height is correct, the diffractometer employs 

a laser and camera system oriented so that the sample is in the correct position when the laser beam 

is in the center of the camera system. The sample was oscillated 2 mm in both the X and Y 

directions to average over a larger area on the sample. 

 
Result 

Residual stress of a material can be determined by collecting symmetric theta/two-theta XRD 

patterns of a specific crystallographic reflection at various Psi angles where the sample is tilted 

with respect the X-ray source and detector. Residual stress will cause the position of the peak to 

shift with increasing sample tilt (Psi angle). Ideally, a well resolved peak at a high angle is used as 

the sensitivity to changes in peak position increases with increasing two-theta angle. The peaks at 

different Psi angles are profile fit and the d-spacing of the peaks are plotted vs the corresponding 
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Sin2Psi value. A linear regression line is fit to the data points and the Sin2Psi plot and the residual 

stress are calculated using the slope of the line and the elastic constants of the material (Young’s 

modulus and Poisson ratio). A Young’s modulus of 276 GPa and a Poisson ratio of 0.26 was used 

to calculate the residual stress. 

The highest angle peak that could be used for this analysis was the spinel (840) reflection located 

near 117.1 degrees two-theta. An overlay of the XRD data collected at 7 different Psi angles are 

shown for the sample in Fig. 6.1. From the overlay plot, the (840) peak appears to shift to higher 

angle as the Psi value increases.  Each pattern was subsequently profile fit to obtain the d-sapcing 

information. The Sin2Psi residual stress plot is shown in Fig. 6.2. The regression line shows a very 

slight negative slope with increasing sin2psi value indicating a small compressive stress in present 

in the material. The residual stress is calculated to be -46.1 MPa from the regression line and elastic 

constants. 

 
 
 
  

 
 
 
 

 

 

 

 

 
 

 
Figure 6.1 An overlay of the XRD data of CN SQ 2 collected at 7 different Psi angles for the (840) reflection peak at 
117 degrees   
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Figure 6.2 Measured d-spacing at each Psi rotation is plotted with sin2(Psi)  
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