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Abstract of the Dissertation 

Transparent polycrystalline Er and Er, Cr co-doped Al2O3 as potential gain media for 
lasers with an eye safe, 1.5 μm emission 

 

By 

Matthew Adalberto Duarte 

Doctor of Philosophy in Materials Science and Engineering  

University of California San Diego, 2020 

Professor Javier E. Garay, Chair 

 

The development of solid-state lasers with emission in the eye safe region of 

1.5 μm is interesting for scientific and industrial purposes including laser 

cutting/manufacturing, communications and surgery. In this work I present the 

processing and characterization of erbium (Er:Al2O3) and erbium, chromium co-

doped (Er:Cr:Al2O3) bulk aluminum oxide for laser gain media applications. These 

new gain media have excellent thermomechanical properties and are promising for 

laser power scaling.   

In the first portion of this dissertation Current Activated Pressure Assisted 

Densification (CAPAD) is implemented to process and consolidate transparent bulk 

polycrystalline Er:Al2O3 ceramics via a simultaneous solid-state mixing and 

densification route. The materials have high transparency at the emission 

wavelength, and absorption lines characteristic of Er3+. Room temperature 
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photoluminescence reveal broad emission peaks in the expected range of ~ 1.5 μm 

corresponding to intra-4f transitions in Er3+. The emission peaks are narrower at 

cryogenic temperatures (down to 10 K) revealing thermally broadened emission. In 

addition, ~ 1.5 μm emission has relatively long lifetimes that do not vary across a 

broad emission spectrum (1.5 - 1.6 μm), suggesting similar local environment of 

optically active Er ions responsible for the broad emission. 

In the second portion of this dissertation, chromium ions are co-doped with  

erbium into the alumina matrix, as a sensitizer in order to increase the absorption 

cross-sections. The ~ 1.5 μm emission corresponding to  Er3+ can be accessed 

through the broad and deep chromium absorption bands. The result is improved 

absorption and longer emission lifetimes compared to the singly doped Er alumina 

materials. The Cr:Er:Al2O3 is promising as a tunable near infrared laser gain material 

that can be pumped with 0.532 μm, a wavelength commonly used for pumping 

Ti:Sapphire, the most successful tunable short pulsed laser. A common theme of this 

work is the interplay between material processing, the material properties, and the 

development of optical devices using bulk polycrystalline transparent ceramics. 
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Chapter 1. Introduction and Motivation 

1.1. Motivation 

The development of erbium (Er) doped gain media has been extensively 

studied over the last few decades because of the many benefits of light sources in 

the 1.5 – 1.6 μm range. Light emission in this wavelength range is less harmful to the 

eye and thus considered ‘eye-safe’. In addition, this region of the near IR is 

extraordinarily important in communications [1], medical applications [2] and 

industrial [3] applications such as laser cutting and welding. The most commercially 

successful Er host materials have been Er doped fibers/glasses [3, 4] and single 

crystal hosts such as yttrium aluminum garnet (YAG) [5]. In order to satisfy the ever-

increasing need for high-power solid-state lasers, there has also been considerable 

interest in Er doped ceramic media because ceramics have benefits for dimension 

scaling and mechanical properties [6 - 10]. 

Development of ceramic gain media  has emerged as  an active research area 

because of the numerous advantages of ceramics over single crystals. First, 

polycrystalline ceramics can be produced in large volumes, which makes them 

attractive for high power laser generation. Second, they can made into composite 

laser media with complicated structures that would otherwise be difficult to fabricate  

using single crystals. Third, ceramics can be heavily and homogeneously doped with 

laser-active ions when compared with single crystals. Furthermore, the use of 

ceramics enables mass production, which may lead to low cost commercial 

production of lasers or the production of lasers with customized special functions. 
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A particularly interesting gain media is rare earth (RE) doped α-Al2O3 

(corundum) because it has significantly higher thermal conductivity and fracture 

strength than stat of the art gain media and can thus can potentially be used to 

significantly increase laser power [8,11,12]. Despite the benefits there are steep 

challenges to achieving high quality Er doped alumina. There are two main 

challenges. First, alumina is birefringent which causes scattering loss in 

polycrystalline materials with randomly oriented grains. Second, the  low Er solubility 

of alumina makes it difficult to achieving dopant levels sufficient for lasing. In this 

dissertation, I present a processing method that can successfully achieve high 

transparency in Er and Er co-doped alumina. In addition, I present the optical 

property characterization in order to demonstrates the materials’ promise as laser 

gain materials.   

1.2. Overview of the Dissertation 

This dissertation is structured into 5 chapters. Chapter one presents the 

background and gives the motivation of this study. Chapters two is dedicated to the 

background and properties of erbium doped media and chromium-erbium co-doped 

media. Chapter three and four are dedicated to experimental method, results and 

discussions on erbium doped Al2O3 and co-doped Al2O3, with an emphasis to 

understand the spectroscopy to further develop a functional solid state laser. Chapter 

five summarizes and concludes the entire work and presents some suggestions on 

improving the experimental method and also future directions. 
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1.3. Introduction to Laser Gain Media  

There are many types of lasers, but the four that have had the most 

commercial success are: gas, dye, semiconductor and solid-state lasers. Fiber lasers 

are an important sub-class of solid-state lasers. In this section, the characteristics of 

each type will be briefly described, with the main focus being on solid-state lasers.  

Gas Lasers use a gas or a mixture of gases within a tube as gain media. The 

most common gas laser uses a mixture of helium and neon (HeNe), with a primary 

output of 632.8 nm. It was first developed in 1961 and has proved to be the 

forerunner of a whole family of gas lasers. They function by applying an electric 

current which is discharged through a gas to produce coherent light [13]. 

Dye Lasers use a laser medium that is usually a complex organic dye in liquid 

solution or suspension. The most striking feature of these lasers is their “tunability.” 

Proper choice of the dye and its concentration allows the production of laser light 

over a broad range of wavelengths in or near the visible spectrum. Dye lasers 

commonly employ optical pumping although some types have used chemical reaction 

pumping. The most commonly used dye is Rhodamine 6G which provides tunability 

over 200 nm bandwidth in the red portion (620 nm) of the spectrum [14].  

Semiconductor Lasers (often referred to as diode lasers) are not to be 

confused with solid state lasers. Semiconductor devices consist of two layers of 

semiconductor material sandwiched together. Light is generated by flowing the 

forward electrical current to this p-n junction. These lasers are generally very small 

physically, and individually of only modest power. However, they may be built into 
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larger arrays that together can deliver very large powers. One of the most common 

diode lasers is the Gallium Arsenide diode laser with a central emission of 840 nm 

[15]. Another popular diode laser wavelength is 970 – 980 nm. These have become 

extremely useful as pump sources for emission at ~ 1500 nm, a commonly used 

telecommunication wavelength. 

The main components of solid-state lasers are the gain media, a pump source 

and various cavities depending of the design the laser. 

 

Figure 1.1. Basic schematic of a solid-state laser design. 

 

One very common solid-state laser design involves a set of two mirrors that 

form an optical cavity in which light from the gain medium can resonate, as shown 

schematically in Figure 1.1. The gain medium is typically an inorganic solid that 

serves as a host for optically active dopant ions. Many different gain media 

geometries are used including, rods and slabs. The sub-class of fiber lasers uses 

long glass fibers as the gain media.  
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The pump source is often a flash lamp or a laser diode that when absorbed by 

active ions in the laser gain media, excites electrons in the active ions to an energy 

state above their ground state. A population inversion, which is necessary for lasing, 

occurs when more electrons in the active ions have been excited than those 

remaining at the ground state [16]. When these excited electrons return to their 

ground state, they emit photons either by spontaneous emission or stimulated 

emission. In addition to the desired light emission, the process also involved heat 

generation which is essentially waste heat that must be managed.  

The absorption-emission process depends on the active dopant and usually 

occurs through either a three or four level process as described schematically in 

Figure 1.2. 

 

Figure 1.2. Schematic energy levels and transitions for (a) a 3 level laser process and (b) a 4 

level laser process. 

 

In a three-level system, the laser transition ends on the ground state. The 

unpumped gain medium exhibits strong absorption on the laser transition 

A population inversion and consequently net gain result only when more than half of 

the ions are pumped into the upper laser level; the threshold pump power is thus 

relatively high compared to a 4-level system as discussion below. 
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A lower threshold pump power can be achieved with a four-level laser 

medium, where the lower laser level is well above the ground state and is quickly 

depopulated e.g. by multi-phonon transitions. Ideally, no appreciable population 

density in the lower laser level can occur even during laser operation. In that way, 

reabsorption of the laser radiation is avoided (provided that there is no absorption on 

other transitions). This means that there is no absorption of the gain medium in the 

unpumped state, and the gain usually rises linearly with the absorbed pump power. 

1.4. State of the art Polycrystalline Solid-State Laser Gain Media 

 Currently, rare-earth (RE) element-doped YAG, (Y3Al5O12), is still the most 

extensively studied and widely used ceramic for lasers [17]. Ikesue and Aung [18] 

have reviewed the progress of polycrystalline Nd:YAG ceramic for laser application. 

Advanced processing has led to ceramics with an almost pore-free microstructure. 

The optical quality of the pore-free polycrystalline Nd- and Yb-doped ceramics was 

extremely high leading to laser conversion efficiency, the so-called slope efficiency 

were comparable with that of high quality commercial Nd:YAG single crystals, as 

shown in Figure 1.3. 
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Figure 1.3. Input–output curve of ceramic and single crystal 0.6% Nd3+-doped YAG rod 
lasers. This compares the effectiveness of the ceramic alongside the single crystal. [19] 

Nd:YAG is an extremely successful gain media, but it does have limitations. 

Recent studies indicated that YAG is not the best host material for high power laser 

systems due to its relatively low thermal conductivity and high thermal expansion 

coefficient. One method of comparing the thermal loading tolerance of different 

materials has been described by Koechner [20], where the amount of power 

deliverable by a laser scales directly with thermal conductivity 𝜅, and the fracture 

stress σF and is represented by the thermal shock figure of: 

Rs =
k(1−v)

αE
∗ σf     (Eq.1.1) 

where, 𝜅 is the thermal conductivity, ν is the Poisson’s ratio, 𝛼 is the thermal 

expansion coefficient, E is the elastic modulus, and σF is the fracture stress. The 

result is a laser gain medium with a thermo-mechanical figure of merit of Rs~800 

W/m for Nd:YAG [12]. 
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Sesquioxides, such as Sc2O3,Y2O3, and Lu2O3, have been shown to be very 

promising host materials for high power laser applications, mainly due to their high 

thermal conductivity and high absorption and emission cross-sections of trivalent RE 

ions [21]. Alumina that is discussed in detail in Chapter 1.5 has also been 

considered. The advantages of Al2O3 as an optical gain media over state of the art 

gain materials such as YAG, sesquioxides and laser glasses are significant; it has 

higher thermal conductivity, chemical inertness and higher mechanical toughness, all 

attributes that could lead to more stable, more powerful lasers.   

1.5. Alumina as a Solid-State Laser Gain Medium 

Alumina has a long history as a gain medium. In 1960, Theordore Maiman of 

Hughes Research Laboratories produced the world’s 1st laser ever using crystal ruby 

as a gain medium. Ruby, a α-Al2O3 single crystal doped with chromium ions, Cr3+, 

doped in at a typical concentration of ~0.05 – 0.35% by weight [22]. α-Al2O3, single 

crystals doped with Ti (Ti:Sapphire) is another extremely successful gain medium. In 

fact, Ti:Sapphire based lasers are perhaps the most pervasive short pulsed, tunable 

lasers today. 

The crystal structure of α-Al2O3, the corundum structure, consists of close 

packed planes (A and B planes) of large oxygen anions (radius 0.14 nm) stacked in 

the sequence, shown in Figure 1.4. The aluminum cations (radius 0.053 nm) have 

valence of +3 and oxygen anions have valence of –2 so that there are two Al3+ ions 

for every three O2– ions to maintain electrical neutrality [23].  
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Figure 1.4. Corundum structure of  α-Al2O3 [Figure from reference 23]. 

Thus, the cations occupy only two-thirds of the octahedral sites of the basic 

array. This placement forms three different types of aluminum cation layers, named 

a, b, and c stacked between the anion layers as shown in Figure 1.4. 

The radius of Cr3+ ions (0.064 nm) and ti3+ ions (0.069 nm), the optically 

active dopants in ruby and Ti:Sapphire are similar to Al3+ so that there is a wide 

range of solubility of these ions in the α-Al2O3 lattice. On the other hand, when 

considering using Al2O3 as a host material for rare earth ions, we have to consider 

the significant ionic radius mismatch between the rare earth ions and the aluminum 

ion; (Er is ~ 1.8 times larger than). Thus, rare earth elements exhibit very low 

solubility within the crystal structure. This solubility is too low for efficient lasing as 

discussed in Chapter 1.X.  Another major obstacle arises due to uniaxial crystal 

structure α-Al2O3. Because of birefringence, laser quality transparency was believed 
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to be unachievable in polycrystalline α-Al2O3 unless some technique of ceramic grain 

alignment, like magnetic alignment [8], is used. To overcome these processing 

challenges, our group used a non-equilibrium processing technique called CAPAD.  

The processing method called Current Activated Pressure Assisted 

Densification (CAPAD), commonly known as Spark Plasma Sintering, (SPS), has 

been implemented to process and consolidate transparent bulk polycrystalline Al2O3 

ceramics. CAPAD has emerged as a versatile powder consolidation method. This 

materials processing method involves the use of large electric currents and high 

pressures to densify materials more quickly and at lower temperatures than 

conventional sintering [24]. A considerable number of materials have already been 

processed using the CAPAD technique [25]. This process is particularly exceptional 

at producing nanocrystalline ceramics [26]. Fully dense materials with grain sizes 

less than 20nm are even possible using this technique [27]. This capability of creating 

a fully dense ceramic with relatively nanocrystalline grains is imperative for Al2O3. In 

Figure 1.2, an undoped Al2O3 is displayed as a representation of the level of 

transparency that can be achieved from the CAPAD process. 
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Figure 1.5. Backlit image of undoped Al2O3 after CAPAD processing. 

Penilla et al [11] presented a  method  to successfully incorporate Tb3+ ions up 

to a concentration of 0.5 at% into a dense alumina matrix, achieving a transparent 

light-emitting ceramic. They used sub-micrometer alumina and nanometric RE oxide 

powders are simultaneously densified and reacted using current-activated, pressure-

assisted densification (CAPAD). These doped ceramics have a high transmission. 

They also display PL characteristic of Tb3+ emission that are centered in the visible at  

485 nm and 543 nm. Additionally, the luminescent lifetimes are long and compare 

favorably with lifetimes of other laser ceramics. 

In subsequent work, we used reaction/densification in CAPAD to produce Nd 

doped alumina [12]. We presented the first bulk polycrystalline Nd:Al2O3 ceramics 

that exhibit stimulated emission and optical gain. Importantly, we demonstrate that 

gain can be achieved without single sight doping, i.e., with some Nd segregated to 

the grain boundaries.  
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Figure 1.6. Physical and microstructural characterization of Nd:Al2O3 (a) the effect of CAPAD 

temperature on the relative density of un-doped and samples doped with 0.25 and 0.35 at.% 

Nd [12].  

 

We demonstrated the effects of processing temperature on the relatively 

density of the Nd:Al2O3 ceramic as shown in Figure 1.6. As expected, the density of 

the ceramics increases with temperature. A cross play with processing temperatures, 

dopant concentrations and various other factors lead to fabricating a transparent bulk 

ceramic as seen in the inset of Figure 1.6. 

1.6. Important Gain Material Properties and Parameters  

Photoluminescence (PL) and PL Measurements of Optically Active Materials  

Photoluminescence (PL) measurements are essential for characterizing the 

light emission properties of luminescent materials. In a PL measurement, a sample is 

exposed to radiation in the form of light, often in the ultra-violet (UV), visible spectrum 

or near infrared (near-IR). This radiation causes electrons in the sample to enter an 

excited state, as described in Figure 1.2. When the atoms return to a lower energy 



13 

state, they emit radiation, which is measured by a detector, as shown in Figure 1.7. 

The emitted radiation contains a lot of information about the electronic structure of 

the sample. Photoluminescence properties, including emission spectra, excitation 

spectra, emission intensity, absorption, quantum efficiency, and thermal quenching, 

are significantly influenced by the composition of the host lattice, the dopant ions and 

their concentrations. PL properties can also be significantly affected by impurities and 

other defect in the materials such as vacancies and groups of point defects.  

 

Figure 1.7. Photoluminescence experimental setup used, schematic from HORIBA.  

Radiative transitions are defined as energy relaxation through the emission of 

photons whereas non-radiative transition occur through phonon processes. Since 

phonon energies are lower than electron energies, typically multiple phonons are 

involved in the relaxation process. Energy relaxation through phonon processes are 

often called ‘vibrational’ processes and energy levels that have similar energies are 

said to be in vibrational contact since they can be bridged by phonon. 
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Figure 1.8 is a simplified energy diagrams called a Jablonski diagram, 

depicting the radiative and non-radiative transitions that lead to the observation of 

photoluminescence. 

 When absorption of light occurs, an electron is promoted within 10-14–10-15 

seconds from the ground electronic state to an excited state. A variety of non-

radiative and radiative processes occur following the absorption of light leading to the 

observation of emission of light. 

 Excitation usually occurs to a higher vibrational level of the intended excited 

state (E2 according the Figure 1.8). Excited electrons then relax rapidly to the lowest 

vibrational level of the excited electronic state [28]. This non-radiative process is 

often called vibrational relaxation. Vibrational relaxation involves the relaxation of an 

excited-vibrational state to less energetic vibrational modes through the transfer 

of vibrational energy, typically in the form of heat. Vibrational relaxation processes 

occur within 10-14–10-12 seconds, a time much shorter than typical luminescence 

lifetimes. 



15 

 

Figure 1.8. The Jablonski diagram. It illustrates the electronic states of an ion and the 

transitions between them [28]. 

 

If the electron is excited to a higher-energy excited state than E1, a rapid non-

radiative relaxation usually occurs to the lowest-energy singlet excited state (E1). 

Relaxation processes between electronic states of like spin multiplicity such as E1 

and E2 are called ‘internal conversion’. These processes normally occur on a time 

scale of 10-12 s [28]. Non-radiative relaxation processes between different excited 

states are not limited to states with the same spin multiplicity. A process in which 

relaxation proceeds between excited states of different spin multiplicity is called 

‘intersystem crossing’. The relaxation from E1 to E3 in Figure 1.8, is an example of an 

intersystem crossing. Because of the lower probability for intersystem crossing 
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processes they occur more slowly (~10-8 s) than internal conversions [28]. The 

aforementioned non-radiative processes occur very rapidly and only release very 

small amounts of energy. The rest of the stored energy will be dissipated either 

radiatively, by emission of photons or non-radiatively, by the release of thermal 

energy.  

Fluorescence refers to the emission of light associated with a radiative 

transition from an excited electronic state that has the same spin multiplicity as the 

ground electronic state. Fluorescence is depicted by the radiative transition E1 → E0 

in Figure 1.8. Since fluorescence transitions are spin-allowed, they occur very rapidly 

and the average lifetimes of the excited states responsible for fluorescence are 

typically <10-6 s [28].  

Electronic transitions between states of different spin multiplicity are ‘spin-

forbidden’ which means that they are less probable than spin-allowed transitions. The 

factors that increase the probability of phosphorescence are the same factors 

discussed above that increase the probability of intersystem crossing. Therefore, if 

the triplet excited state is populated by intersystem crossing then luminescence might 

occur from the triplet state to the ground state [28]. 

Phosphorescence refers to the emission of light associated with a radiative 

transition from an excited electronic state that has a different spin multiplicity from 

that of the ground electronic state. Phosphorescence is depicted by the radiative 

transition E3 → E0 in Figure 1.8. Since phosphorescence transitions are spin-

forbidden, they occur slowly and the average lifetime of the excited states 
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responsible for phosphorescence typically range from 10-6 s to several seconds. 

Luminescence refers to both fluorescence and phosphorescence [28]. 

Luminescence usually quenches when the doping level exceeds a critical 

value. This is due to concentration quenching arising from energy transfer between 

dopants and/or re-absorption of the emitting light. Therefore, the precise control of 

the dopant concentration is essential for achieving high luminescence. The optimal 

concentration is usually lower than 1 atomic %, depending on the host material [29, 

30] and dopant ion. However, adding the required amount of dopant can lead to the 

formation of inclusions deteriorating the transparency, making the preparation of 

transparent ceramics with luminescence properties challenging [31].  

The ionic size of cations (dopants) has a great effect on the 

photoluminescence properties by changing the crystal-field strength and the 

repulsion effect on dopants. The shifts of emission spectra have been seen upon 

substitutions between alkaline-earth or rare earths [32]. Much of the study on the PL 

of the erbium and chromium ions in Al2O3 will be discussed in the later chapters. 

Radiative Lifetimes 

The radiative lifetime of an excited electronic state in a laser gain medium is 

the lifetime which would be obtained if radiative decay via spontaneous 

emission were the only mechanism for depopulating this state. 

The dynamic behavior of a laser can be described with reasonable precision 

by a set of coupled rate equations. We describe the system in terms of multiple 

energy levels, but of prime importance are the excited upper energy level and the 

lower energy level. 
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Under pulsed excitation, the transient photoluminescence intensity yields the 

lifetime of nonequilibrium states. The intensity of the emission after excitation of the 

electrons declines exponentially over time. The time between the start of the 

emission and when its intensity decreases to 1/e of its initial value is called the 

radiative lifetime. This important parameter characterizes how an electronic level is 

depopulated and the dynamic mechanism of this excitation. [28] 

To better understand the absorption-emission process, consider an atom or 

ion at a ground state “X” that absorbs light and is  excited to a state “X*”. If the ion 

has a single pathway for decay, we can write an equation: 

 𝑋∗ → 𝑋 + ℎ𝜈 (𝑝ℎ𝑜𝑡𝑜𝑛)                 (Eq. 1.2)   

This is a first-order process whose rate can be expressed mathematically 

as: 

∫ −
𝑑[𝑋∗]

𝑑𝑡
= ∫ 𝑘𝑓[𝑋∗]        (Eq. 1.3) 

where 𝑘𝑓 is the rate constant of the fluorescence decay). The reciprocal of 𝑘𝑓 is 

called the fluorescence lifetime 𝜏𝑓. Integration of (Eq.1.4) gives: 

[𝑋∗] = [𝑋𝑜] exp [−
𝑡

𝜏𝑓
]      (Eq. 1.4) 

Therefore, a plot of ln[X*] vs. time gives us a straight line with the slope of 1/𝜏𝑓. The 

value of the [X*] intensity is gathered from the measurements of the fluorescence. 

Lifetimes on the order of microseconds and longer (milliseconds, seconds) are 

normally indicative of phosphorescence, while fluorescence lifetimes are normally on 

the sub-microsecond level (nanoseconds, picoseconds etc) [28].  
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Cryogenic Measurements. 

Cryogenic spectroscopy is important for laser development for two reasons. 

First, laser performance is very temperature dependent and often improves at low 

temperature. Thus, there have been many schemes introduced over the years for 

cryogenic cooling of lasers. Second, cryogenic cooling of laser gain media  has been, 

and is, routinely used for sorting out energy level assignments of rare earth and 

transition metal ions. It is well known that broadened spectral absorption lines at or 

near room temperature become significantly narrower and more intense as 

temperature is lowered.  

Properties of particular interest are the temperature dependence of the 

thermal conductivity, thermal expansion coefficient, Poisson’s ratio and Young’s 

modulus with temperature because those quantities determine the magnitude of the 

thermal gradient and the resulting stresses and strain in solid-state materials [34]. 

 In turn, the thermooptic effect (dn/dT) of the gain medium, determines the effect that 

the thermal gradient has on the refractive index, n and therefore the laser beam 

quality.  

The RE emission spectrum depends on the host media. The peaks and 

valleys in the spectra have different shapes based on the precise location of the 

Stark levels, the intensities of the transitions between the Stark levels. Studies have 

been made of the line-broadening mechanisms for Er3+ in crystals and glasses. 

Experimental investigations have sought to determine the relative importance of 

homogeneous and inhomogeneous broadening in RE-doped media, and the exact 

value of the homogeneous and inhomogeneous line widths of various host media. 
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The homogeneous line width of a transition is temperature dependent since the 

nonradiative transition rate, as governed by multi-phonon emission, is temperature 

dependent. At low temperatures, the phonon population is very small and the 

nonradiative transition rates are commensurately lower. Thus, the overall line 

broadening at low temperature arises mostly from inhomogeneous or Stark splitting 

of the line. As the temperature is increased, the line width increases along with its 

homogeneous component.  

 

 Figure 1.9. Cryostat set up. A closed-cycle helium cryostat from Advanced Research 

Systems, ARS-2HW, using a conductive cold finger. 

 

Some of the reduction in lifetime with increasing temperature could be 

associated with an increased phonon induced radiative transition rate, but the rapid 

reduction in lifetime at high temperatures is characteristic of fluorescence quenching 

due to multi-phonon nonradiative decay [35]. 
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Also, the non-radiative rate constant, 𝑘𝑓, decreases at lower temperatures. As 

the temperature T approaches absolute zero, 𝜏𝑓 approaches 1/𝑘𝑓. Therefore, the 

value of the fluorescence lifetime can be determined as 1/𝑘𝑓.  

Our experimental setup for our cryogenic measurements is shown in Figure 

1.9. Our spectrophotometer sample chamber was modified to integrate the closed-

cycle helium cryostat from Advanced Research Systems, ARS-2HW, using a 

conductive cold finger where the sample is within a windowed housing that enabled 

measurements from 8 to 295 K. Briefly, we attached an optical breadboard onto the 

top of the sample chamber to provide additional mechanical support. A shaft collar 

was attached to the cryostat housing and then mounted onto the optical breadboard. 

With this design, vibrations due to helium pumping are significantly mitigated. It also 

improves the ability to adjust the angle of incidence for the sample. 

 Absorption and Emission Cross Sections   

The optical gain is a parameter of great importance when designing a laser. It 

describes the fractional amplification of the light as it travels a certain distance in an 

active medium. It can be simply expressed as: 

ɣ(𝜆) = 𝑁2𝜎em(𝜆) − 𝑁1𝜎abs(𝜆)        (Eq. 1.5) 

where ɣ(𝜆) is the optical gain, N1 and N2 are the populations of the ground 

state and the excited state, respectively, σem and σabs are the stimulated emission 

and absorption cross sections. The cross section is a fundamental property of the 

atom in a particular environment and, in general terms is defined as a fictitious area 

within which the atom absorbs or emits electromagnetic field incident on it [36]. In 

(Eq. 1.5), the first term gives the amplification of light due to stimulated emission, and 
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the second one represents losses due to photons absorption. Stimulated emission 

and absorption of light are both induced processes, depending on the intensity of the 

incident radiation. The amount of light that can be amplified is directly related to the 

stimulated emission cross section of the particular atom or ion generating the 

emission [36]. 

Since there is a major advantage in knowing the cross sections in a given 

system, there are several theories available that allow cross section modeling. Ions 

with a large number of transitions for which absolute values of the absorption cross 

sections can be measured, can be further studied with the Judd-O’felt theory [37, 38]. 

This theory allows the prediction of the stimulated emission cross section peaks [39],     

[40] and integrated values for transitions between any levels. In the case of the REs, 

it assumes that the energy difference between the 4f and 5d levels is much larger 

than the energy spread of the 4f levels due to (L,S) coupling [41].  

The main idea of the Judd-Ofelt theory is that the strength of any transition can 

be determined by a set of three parameters Ω2, Ω4 and Ω6, that define the effect of 

the host on the radiative properties of the ion. These parameters are calculated by 

performing a least-square fit of the measured oscillator strengths to the theoretical 

ones, that contain the dependence on the reduced matrix elements U{2,4,6}. Once 

determined, they permit the calculation of the strength of any transition, and the 

integrated cross section [36]. The theory is limited to providing only transition 

intensities that have been extensively studied such as YAG crystals and various 

glass hosts. These parameters are not well studied for Al2O3 as a host crystal, the 
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oscillator strength between transitions isn’t as available as YAG or other well studied 

material systems, therefore, use of this theory is limited for our work.  

Another accepted theory is the McCumber theory [42] which generalizes the 

Einstein relations for broadband transitions, which are typical for rare earth ions in 

glassy or disordered environments. The theory shows that at any frequency, the 

absorption, spontaneous emission and stimulated emission spectra are uniquely 

related by simple relations. These relations are obtained in the context of narrow 

energy widths of the individual Stark levels and of thermal equilibrium between the 

impurity ions and the host [42]. It assumes that the width of the individual Stark level 

is small compared to kBT (kB is Boltzmann’s constant and T is the temperature), and 

for ions in thermal equilibrium with the lattice, the two cross sections are connected 

by [42]: 

𝜎𝑒𝑚(ν) = 𝜎𝑎𝑏𝑠(ν) exp (
ϵ−ℎν

𝑘𝐵𝑇
)       (Eq. 1.6) 

where ϵ is the excitation energy between the two levels. The theory of McCumber 

permits accurate calculations of one of the cross sections, when the other one is 

known from measurements. The McCumber relation connects the absorption cross 

section to the emission one at a particular wavelength. According to this, the 

absorption and emission cross section are uniquely related at any wavelength across 

the spectrum. This way, it provides absolute values, as well as spectral information. 

When the above conditions are not met, distortions from the actual value and spectral 

shape are seen. For the case of rare earth doped systems, the assumption that ions 

are in thermal equilibrium with the host holds very well, since the induced phonon 
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relaxations within a certain Stark manifold occur in a much shorter time than the 

lifetime of the manifold.  

The other assumption however, regarding the narrow width of the individual 

Stark levels compared to kBT, is doubted. We can obtain absorption cross section, 

σabs spectra by using the total RE concentration in the expression, σabs = α/N, where 

σabs is the, α is the absorption coefficient, and N is the volumetric concentration of RE 

ions contributing to the absorption spectrum. The absorption coefficient was 

measured estimated using the transmission measurement and N was assumed to be 

the initially added concentration of RE. In order to not overestimate the absorption 

coefficient  (and cross section values), we considered only absorption observable 

below the scattering envelope. Because of this underestimation of our absorption 

cross section measurements, the use of the McCumber Theory was not used. 

Another accepted approach is based on the relationship between Einstein A 

and B coefficients, generalized for transitions with finite line width. This is the so 

called Einstein or Fuchtbauer-Ladenburg (FL) relation [36, 43-45], which relates the 

integrated absorption and the stimulated cross sections. In most general form, the FL 

relation can be written as [46]: 

σem(λ) =
ηλ5I(λ)

8πn2cτrad∫ λI(λ)dλ
         (Eq. 1.7) 

where 𝜎𝑒𝑚 is the emission cross section, η is the fluorescence quantum efficiency, λ 

is the fluorescence wavelength, 𝐼(𝜆) is the fluorescence intensity, 𝜏𝑟𝑎𝑑 is the radiative 

lifetime, n and c are the refractive index and the light velocity, respectively. In the 

literature however, there are various forms of the FL relation, but this is an exact 

relation and is a reliable way of determining the emission cross section from 
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fluorescence measurements for RE doped crystals. In integral form, the above 

relation can describe the emission cross section for transitions in host materials, 

between manifolds that are wide splitted by the crystal field of the host [37, 39],[ 47-

51]. (Eq. 1.7) can lead to similar expressions allowing the stimulated emission cross 

section be calculated exactly in terms of the intensity of the fluorescence and the 

lifetime of the manifold [47, 52-57].  In these methods, the radiative lifetime of the 

manifold is assumed to be the same as the measured fluorescence lifetime, 

neglecting any other processes that may reduce the quantum efficiency of the 

transition. 

 In this study, analysis of the absorption cross section will be discussed from 

the transmission measurements taken of the ceramics. Analysis of the stimulated 

emission cross sections will be discussed using the FL theory, as seen in the later 

chapters, fluorescence and radiative lifetime measurements were taken and 

application of this theory was possible. 

Sigma Tau product 

The effective stimulated-emission cross section (σem) and radiative lifetime (

rad) are two important parameters for the assessment of a laser crystal. Knowledge of 

both σem and rad is essential in evaluating laser system performance parameters 

such as saturation intensity and threshold pump power. For example, the threshold 

pump power is inversely proportional to the product of the effective emission cross 

section and the radiative lifetime of the lasing crystal [58, 59]. We can calculate the 

product 𝜎𝜏 at the peak lasing wavelength as determined by the measured emission 
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spectra of the differently doped media. If the emission cross section is calculated 

using F-L relation (Eq. 1.7) the  product is given by:  

𝜎𝑒𝑚𝜏 =
𝜆5∗𝐼(𝜆)

8𝜋𝑛2𝑐∗∫ 𝐼(𝜆)𝜆𝑑𝜆
        (Eq. 1.8) 

 In evaluating a laser gain media, we want a medium with a gain efficiency as 

high as possible. One can find that both σ and  vary quite a lot between different 

materials, but their product varies much less: those crystals with high laser cross 

section tend to have a low upper-state lifetime or vice versa. The upper-state lifetime 

is limited by the rate of spontaneous emission, and the strength of that depends on 

the laser cross sections and the emission bandwidth. 

In this study, the 𝜎𝑒𝑚𝜏 product is calculated for both material systems as a 

means of comparing its potential as a viable laser gain media. We understand there 

are various other factors to take into consideration when designing a laser system 

However, from a material science perspective, we study all the variables that make 

up the 𝜎𝜏 product and based our analysis from there. 
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Chapter 2. Previous work on Er and Er co-doped Gain Media 

Rare earth ions as dopant in laser gain media 

Rare earth elements are some of the most useful dopants for solid state gain 

media. The key to the optical behavior of the rare earth elements is contained in their 

very particular atomic structure. The classic image of atoms is that of a nucleus 

surrounded by shells of electrons, which are gradually filled as one moves across the 

periodic table. In general, the successive shells have monotonically increasing radii. 

However, at the atomic number Z=57, an abrupt contraction takes place. The 5s and 

5p shells (5s25p6) are filled and one adds next a 4f shell in which electrons are 

inserted [1]. Instead of having a larger radius than the 5s and 5p shells, the 4f shell 

actually contracts and becomes bounded by these shells. This was explained by 

Mayer by considering the effective radial potential (a form of Coulomb potential 

energy) of the electrons [2]: 

𝑣(𝑟) = −
𝑒2

𝑟
[1 + (𝑍 − 1)𝜑 (

𝑟

𝜇
)] +

ℎ2

8𝜋2𝑚
∗

𝑙(𝑙+1)

𝑟2       (Eq. 2.1) 

where e is the electronic charge, r is the distance from the nucleus, h is the 

Planck’s constant, m is the mass of the electron, l is the angular momentum quantum 

number of the electron, 𝜑 (
𝑟

𝜇
) is called the Thomas-Fermi function. The Thomas-

Fermi function provides a functional form for the kinetic energy of a non-interacting 

electron gas as a function of the density. 

As we progress across the lanthanide series, the average radius of the 4f shell 

slowly decreases [3]. This lanthanide contraction is about 10% from the beginning to 

the end of the series. The 4f electrons are responsible for the rich array of optical 
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properties of the REs. This shielding of the 4f electron shell from its environment by 

the outermost 5s and 5p electrons is responsible for the rare earths’ wide application 

in optical devices. Essentially the shielding causes the rare earth elements to behave 

similarly in different host lattices, making it relatively easy to engineer properties.  

2.1. Properties of Erbium doped Media 

Erbium (Er) is a chemical element in the lanthanide series of the rare earth 

metals that displays the interesting property in its electronic configuration due to the 

shielding discussed in Chapter 2.1. This shielding has the effect that the energy 

levels of this 4f shell are largely insensitive to the environment that they reside in. 

Due to these unique optical properties, erbium is often employed in a wide variety of 

host matrices primarily for use as an amplifying material [4].  When erbium is 

embedded in a solid, it generally assumes the trivalent Er3+ state, which has an 

electronic configuration [Xe]-4f11. The 4f-shell of the Er3+ ion is not completely filled, 

which allows for different electronic configurations with different energies due to spin-

spin and spin-orbit interactions. Radiative transitions between most of these energy 

levels are parity forbidden for free Er3+ ions. When Er3+ is incorporated in a solid, 

however, the surrounding material perturbs the 4f wave functions [3]. This has two 

important consequences. First, the host material can introduce odd-parity character 

in the Er3+ 4f wave functions, which makes radiative transitions weakly allowed. 

Second, the host material causes Stark-splitting of the various energy levels, which 

broadens the optical transitions. The energy levels of erbium, in increasing levels of 

energy are (according to Dieke) [5]: 4I15/2, 4I13/2, 4I11/2, 4I9/2, 4F9/2, 4S3/2, 2H11/2, 4F7/2, 

4F5/2, 4F3/2, 2G9/2, 4G11/2, and 4G9/2.  
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The most common laser transition is that from the 4I13/2 manifold to the ground-

state manifold 4I15/2, as shown in the simplest energy diagram in Figure 2.1.  Laser 

oscillation, arising from these transitions was observed mainly in the wavelength 

region 1.53 to 1.66 μm.  

Light sources in the vicinity of 1.53 to 1.66 μm are important, due to the 

absorption of aqueous humour rather than the cornea at this wavelength, it is safer 

for the eyes. Because that transition is a quasi-three-level transition, erbium-doped 

laser and amplifiers require a significant excitation density of the erbium ions, and 

erbium lasers typically exhibit a high threshold pump power. 

 

Figure 2.1. Simplified energy level structure of the 4I15/2 →4I13/2 transition trivalent erbium ion. 

 

 The most common pump scheme is based on the transition 4I13/2 →4I15/2 with a 

pumping wavelength around 0.9  – 1 μm, although in-band pumping (4I13/2 →4I15/2 e.g. 

at ~1.45 μm) is also possible and has been a growing interest due to the lower 

quantum defect, which causes less heat generation. 
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Emission in the ~2.8 μm [6] region, 4I11/2 → 4I13/2 transition, are particular 

interesting for medical applications [7, 8] thanks to the strong water absorption in this 

spectral region. As well as allowing for extremely precise cutting and ablation of 

water-containing tissues, light sources operating at 2.8 μm can reduce the burning of 

skin during surgery, decrease the use of anesthesia and shorten recovery time, 

especially in skin surgery and the cutting and removal of hard tissues such as tooth 

enamel and bone. Some examples of the lasing of erbium around 2.8 μm are found 

in [9, 10]. This emission at 2.8 μm is due to a cooperative upconversion process. This 

upconversion, due to an Er-Er interaction, occurs if the energy for a 4I13/2→ 
4I9/2 

transition is gained by a transition from the 4I13/2 level to the ground state in a 

neighboring erbium ion. A rapid relaxation from the 4I9/2 level populates the 4I11/2 level. 

High erbium concentrations are a necessary condition for this process. 

The green laser emission in erbium (4S3/2 → 4I15/2) is also interesting for a wide 

range of applications, including color displays, optical data storage, biomedical 

diagnostics, sensors and undersea optical communications. The population of the 

4S3/2 level is achieved by up-conversion. In general, the up-conversion is achieved via 

the so-called frequency up-conversion mechanism first investigated by Auzel [11]. 

This process involves either sequential or multiphoton stepwise excitation and energy 

transfer between rare-earth ions in solids and the subsequent emission of photons 

with energies above those of the excitation photons [12, 13]. 

2.1.1. Erbium doped Thin Films 

Erbium-doped thin films have been fabricated through various methods in 

order to incorporate them into optical waveguide amplifiers, operating as 
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telecommunication windows near 1.5 μm [14]. They are attractive due to their small 

size and potential integration as loss-compensating components with other optical 

devices, such as passive splitters [15] or combiners [16]. Ideally, these waveguide 

amplifiers should have high gain, small size, and require low pump power [17].  

In an article released in 1993, Al2O3 films were fabricated on Si substrates 

which were then implanted with Er ions to peak concentrations ranging from 0.01 to 1 

at. % [18]. Those samples have shown relatively broad photoluminescence emission 

spectra centered at λ0= 1.533 μm, corresponding to intra-4f transitions in Er3+. 

In that study, they revealed that an optimum Er concentration of 0.23 at % 

along with post-implantation thermal annealing increased the PL intensity by a factor 

of ~40. 

 

Figure 2.2. Room-temperature PL spectra of Er-implanted Al2O3 thin films. A 514.5 nm 

excitation source was used to show broad emission at 1533 nm [18]. 

At the higher concentrations, there were effects of concentration quenching. 

The Er ions in those thin films were excited using an Ar laser emitting at 514.5 nm 

(the 2H11/2 → 4I15/2 transition) , as shown in Figure 2.2. The broad PL emission spectra 



37 

is caused by the local electronic environment of the Er ions around the Al2O3 thin 

film. The peak structure of the spectrum is attributed to Stark splitting of the 

degenerate 4f levels, characteristic of Er3+ embedded in a solid, as discussed in 

Chapter 2.1. This, as well as homogeneous and inhomogeneous broadening in the 

broadness we see in Figure 2.2. This broadness in Er-implanted Al2O3 offers larger 

bandwidth for multiplexed signal amplification [18]. 

There are limitations to the application Er doped thin films. For instance, 

relatively high pump powers are required to reach net gain. This is due to the fact that 

at the high Er concentrations required to reach high gain per unit length, cooperative 

upconversion interactions between the closely spaced Er ions reduce the effective 

excited Er population for a given pump power [19].  In addition, the high pump 

powers required to overcome these interactions can cause excited state absorption 

(ESA) effects that also reduce the pump efficiency. Therefore, it is either important to 

develop new materials which show low upconversion, combined with a suitable 

waveguide technology or work with a different material system altogether, such as 3D 

materials, where we have more potential for high powered applications. 

2.1.2. Erbium doped Glasses/Fibers 

Erbium has been made to lase at 1.54 μm in both silicate and phosphate 

glasses. Because of the three-level behavior of erbium and the weak absorption of 

pump radiation co-doping with other rare earth ions is necessary to obtain 

satisfactory system efficiency.  

An important use of erbium is its inclusion into laser gain media to form the 

erbium doped amplifiers. The amplifier has become a very important component in 
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optical fiber telecommunications as they are routinely used for signal boosting during 

long distance signal transmission to maintain signal quality.  

Compared to other solid state lasers operating in this transition, fiber lasers 

offer favorable characteristics such as high beam quality and great reliability. They 

also have a greater potential for power scaling because of their high surface-to 

volume ratio. However, many issues still have to be addressed to increase their 

power level to several tens of watts while ensuring long-term stability [20]. The 

increase of the thermal load on all intracavity components needs to be considered, 

fusion splices are expected to become increasingly critical. This is especially 

challenging at wavelengths far from the peak gain of Er3+ ions where higher 

reflectivity output couplers are required to reduce the lasing threshold [20, 21].  

2.1.3. Erbium doped Ceramics 

The most commercially successful Er host materials have been Er doped 

fibers/glasses [22, 23], single crystal YAG. Er in polycrystalline hosts such as YAG 

[24], cubic- sesquioxides [25, 26] and birefringent oxides like Al2O3 [27, 28] has also 

been studied 

In order to satisfy the ever-increasing need for high-power solid-state lasers, 

there has been considerable interest in Er doped ceramic media because ceramics 

have benefits for dimension scaling and mechanical properties [14, 29-32]; indeed, 

impressive laser performance has been reported in Er doped ceramics [33]. Lasing of 

erbium ions was first realized with highly doped Er:YAG crystals [34]. In that case, 

the laser transition is 4I11/2 → 4I13/2, with an emission wavelength around 2.9 μm. 

https://www.rp-photonics.com/yag_lasers.html
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 For low doping concentrations, this laser transition would be self-terminating, 

as the lower level has a significantly longer lifetime than the upper level. For high 

erbium concentrations, however, complicated energy transfer processes change this 

situation. In this study, we won’t be focusing on high erbium concentrations as the 

laser transition of interest is at ~1.5 μm. Er:YAG lasers can also be operated on 

the 4I13/2 → 4I15/2 transition, then emitting around 1.645 μm. Efficient operation can be 

achieved by in-band pumping e.g. with an erbium-doped fiber laser emitting at 

1.53 μm.  

 

Figure 2.3. Optical picture of the polished Er:YAG ceramic sample demonstrating the high 

transparency capable with this material system [35].  

 

Cavalli et. al [35] synthesized 2 at.% of Er3+ YAG, with Y2O3, Al2O3,and Er2O3 

powders mixed in proper stoichiometric ratios via ball milling for 72 hours. The 
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powder mixtures were then pressed into pellets in a metallic die. The pellets were 

then vacuum sintered and annealed and polished. The sample with composition 2% 

Er:YAG exhibits after sintering a regular pore-free microstructure with equiaxed 

grains ranging from 10 to 30 μm and confirmed by the high transmittance of the 

sample, as seen in Figure 2.3. Also, they revealed that excitation with ~980 nm light 

leads the to the 4I13/2 →4I15/2 an emission transition as expected. 

Other Er doped cubic- sesquioxides [25, 26] ceramics have been fabricated 

such as Er:Lu2O3, Er:Sc2O3 and Er:Y2O3 and display excellent spectroscopic 

properties. These oxide materials are promising laser host materials, but it is very 

difficult to grow single crystals of these oxides by the conventional melt-growth 

method because of their high melting temperature. However, modern sintering 

technology has enabled the fabrication of polycrystalline ceramic laser materials for 

use as laser gain media in solid-state lasers. This has opened the way to fabrication 

of high melting point materials and incongruently melting materials, which could not 

be produced by the conventional melt-growth technology [36]. Extensive analysis has 

been performed on all these materials, in an attempt to present each of these 

material systems as potential high power laser gain media. Generally, the fracture 

strength of ceramic materials is higher than that of single crystal counterparts if they 

have the same crystal structure.  

Therefore, sesquioxide ceramic materials are expected to feature in the 

development of high power lasers in the future. Due to the cubic crystal systems of  

these sesquioxides and relatively similar ionic radii sizes to the erbium ion, these 

material systems display very sharp absorption and fluorescence lines which can 
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prove important in terms of designing a laser. A summary of the works is shown in 

Figure 2.4, where cryogenic measurements of the absorption and stimulated 

emission cross sections were calculated. 

Figure 2.4. Plots of cross sections for the sesquioxides. a) Absorption and stimulated 

emission cross section spectra of Er:Lu2O3 [25] b) Absorption of Er:Sc2O3 and Er:Y2O3 in the 

zero line spectral region at two temperatures [26]. 

 
 

As mentioned in Chapter 1.5, a particularly interesting gain media has been 

rare earth (RE) doped α-Al2O3 (corundum) because it has significantly higher thermal 

conductivity and fracture strength and can thus can potentially be used to 

significantly increase laser power output [37].   

Recently, there has been studies [27] that sufficient amounts of Er3+ ions have 

been incorporated into both highly crystalline α-Al2O3 powders and fully densified 

transparent α-Al2O3 ceramics. Their analysis of the ground state and the first three 

excited multiplets of Er3+ ions in α-Al2O3 host was the first ever presented. The bulk 

ceramic displayed remarkable spectroscopic properties of an erbium doped media. 

Their results of spectroscopic study of Er:Al2O3  was their 1st attempt toward 
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transparent bulk Er3+ doped sapphire composite laser gain material.  Since then, 

significant progress has been made to improve the transparency of the Er:Al2O3 bulk 

ceramic through different processing methods [28] and even more spectroscopic 

analysis was shown displaying many of the known Er transitions. 

 

Figure 2.5. Transparent Er3+ doped alumina fabricated through the HIP-ing method [28].  

 

 Drdlíková et al [28] fabricated highly transparent ceramics with fine grain sizes 

by sintering followed by hot isostatic pressing (HIP). They proved that they 

incorporated  Er3+ ions in the range of 0.1 to 0.17 at% through optical spectroscopy 

showing characteristic Er3+ absorption and emission. However, the measured 

emission lifetimes in the ceramics was relatively short, 1.61 μs, particularly at the 

4G11/2 → 4I15/2 transition, which can increase the lasing threshold and likely preclude 

lasing in the ceramics. For both works, either the 4G11/2 → 4I15/2 or the 4I13/2 → 4I15/2  

transition was employed as their excitation scheme. Their measured absorption cross 

section at 4I11/2 this spectral region was likely too small for it to be an effective 

pumping band for lasing.  

2.2. Properties of Erbium Co-doped Media  
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The idea of co-doping was introduced in 1963 [38] and were later used in 

other works. The research at the time aimed to determine the chemical mechanisms 

of growing and doping in materials such as alkaline earth halides (e.g., CaF2, BaF2, 

etc.) doped with rare earths for potential use in optically pumped lasers [38, 39]. In 

addition, optical energy transfer (ET)  was investigated for chromium (Cr) and 

neodymium (Nd) doubly doped into (YAG) [40] and other Cr-doped materials [41]. 

Co-doping was mainly applied to describe the studies of absorption and 

luminescence properties. At the time, it was believed that all ET existed between 

activators and the sensitizer (or donor) ion in one of its excited states, while the 

activator (or acceptor) ion was in its ground state. The energy accumulated by the 

sensitizer is therefore transferred to the activator. This conventional ET explains 

sensitized fluorescence as well as concentration quenching. It was then proposed 

that ET promoting the acceptor ion in an excited state might be followed by ESA of 

the pump photon to promote the acceptor ion into a higher excited state [42]. Or that 

another type of ET might occur where both the sensitizer and activator ions are in 

one of their excited states prior to ET [43], thus also leading to possible fluorescence 

at a higher frequency than the excitation beam frequency. 

The most common type of co-doping with erbium has been doping with 

ytterbium. Er3+/Yb3+ co-doping has become an effective method for producing short, 

efficient lasers and amplifiers in the long haul telecommunications wavelength range. 

A 980 nm pumping scheme is proved to be an effective tool because of the high-Yb3+ 

absorption cross section and the additional pumping mechanism available at this 

wavelength. Ytterbium co-doping increases the pump absorption near 980 nm and 
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efficient energy transfer between the Yb3+ and the Er3+ ions enables the operation of 

long lasers with low Er3+ concentrations. This mechanism was first demonstrated by 

Snitzer and Woodcock in bulk glass [44]. More recently, Er3+/Yb3+ co-doping fiber 

lasers [45, 46] and planar waveguide amplifiers based on phosphate glass [47] have 

been demonstrated.  

2.2.1. Erbium Co-doped Fibers/Glasses 

The first long-wavelength pumped (1.06-μm) Er/Yb co-doped fiber laser was 

reported in 1988 by a group from the University of Southampton [49]. The fiber host 

was an aluminosilicate glass with a relatively low concentration of Yb3+. The optical 

conversion efficiency from 1.06 → 1.55 μm was reported to be only 4%. From their 

findings, they stated that the host glass compositions were critically important in 

controlling the back energy transfer [50, 51]  from active ion to sensitizer ion. This is 

due to the high phonon energies that both phosphate glasses and fibers possess. It 

has been found that high phonon energies from these hosts are necessary to 

increase the nonradiative relaxation rate from the active ion compared with the  back-

transfer process from active ion to sensitizer [52]. Although, this is of a less concern 

for Al2O3, understanding of the back-transfer process and what controls it can lead us 

to fabricate a more energy efficient  media. 

 The first optical fiber amplifier based on Er/Yb co-doped fibers and a diode-

pumped Nd:YAG pump laser at 1064 nm was reported in 1991 [53]. To the best of 

our knowledge, there isn’t reported literature on co-doping with Cr3+ in erbium fibers. 

Cr4+ doping is of great interest, particularly in fibers, due to the significantly less 

transmission  and propagation losses achieved. The stable +4 oxidation state of Cr 
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ions has been found in aluminate, alumino-silicate, and gallate glasses, which results 

in the absorption spectrum at ranges of 600-1000 nm [54]. The emission peak of Cr4+ 

doping is roughly 1.6 μm, which is ideal for optical fiber telecommunications [55, 56], 

which would explain why there is little literature for Cr3+ co-doping. 

2.2.2. Erbium Co-doped Ceramics 

Particularly in bulk crystals efficient pump absorption on the 4I15/2 → 4I13/2 of the 

Er3+ transition is difficult to achieve, because the absorption cross sections are 

relatively small, and the doping concentration is limited by the need to avoid 

excessive quenching processes. The chromium sensitizer ions can efficiently absorb 

pump radiation and then transfer the energy to erbium ions in the ground-state 

manifold, bringing them into 4I11/2. From that level, the ions are quickly transferred into 

the upper laser level 4I13/2, so that energy transfer back to sensitizer ion is 

suppressed. There are various dopant concentration combination, between the 

erbium and chromium, that have been explored, which depend on the host material 

used as well as the erbium transition of interest. If the laser emission at ~2.8 μm is 

desired, heavily doped Er media is required, due to the upconversion process. For 

the ~1.5 um emission, a combination of low concentration Er and Cr would be ideal 

for the gain media.  

M. Pokhrel et. al, [57]  report the synthesis and spectroscopic characteristics 

of high Er3+ content (50%) transparent YAG ceramic co-doped with nominal 0.1% 

Cr3+.The purpose of this study is to explore the near infrared emission mechanisms in 

Er3+ by pumping directly the Er3+ or by exciting the Cr3+ to its absorption band at 407 

nm and utilize the purposed material as laser active medium. Introduction of Cr3+ was 
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found to have influence on the emission characteristics of Er3+ [58] by suitable energy 

transfer mechanism which is determined by the concentrations of Cr and the Er [58, 

59].  

Lundt et. al,  [60] report on spectroscopic studies of Cr:Er:GGG in order to 

clarify how efficient the Cr3+ to Er3+ energy transfer is in this material, while pumping 

with a HeNe laser. They also studied the effects both erbium and chromium doping 

concentration had on the emission transitions. The growing emission intensities at 

both wavelengths for an increase of the erbium concentration can be explained by an 

improvement of the Cr3+ to Er3+ energy transfer efficiency. The decrease of the 1.6 

μm emission at higher erbium concentrations, while the 2.8 μm emission further 

increases, is due to a cooperative upconversion process In Cr:Er:GGG the 

chromium’-emission decreases strongly with increasing erbium concentration. At an 

erbium concentration of 50 at.%, no chromium emission was detectable [61]. The 

decrease of this emission intensity indicates a Cr3+ to Er3+ energy transfer efficiency 

close to unity for high erbium concentrations. A similar level of  efficiency has also 

been reported for Cr:Er: YSGG [61].  
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Chapter 3. Synthesis of Large Emission Cross Section Transparent Erbium 

Doped Al2O3 (Er:Al2O3)  

3.1. Introduction 

The development of solid-state lasers with emission in the eye safe region of 

1.5 μm is interesting for scientific and industrial purposes including laser 

cutting/manufacturing, communications and surgery. Here we present processing 

and characterization of erbium doped aluminum oxide (Er:Al2O3), a media with 

excellent thermomechanical properties that is promising for laser power scaling. The 

materials have high transparency at the emission wavelength, and absorption lines 

characteristic of Er3+. Room temperature photoluminescence reveal broad emission 

peaks in the expected of ~1.5 μm corresponding to intra-4f transitions in Er3+  (4I13/2 → 

4I15/2 transition).  The emission peaks are narrower at cryogenic temperatures (down 

to 10 K) revealing thermally broadened emission. In addition, ~ 1.5 μm emission has 

relatively long lifetimes that do not vary across a broad emission spectrum (1.5 - 1.6 

μm), suggesting similar electronic environment of optically active Er sites. The 

emission cross sections derived from Fuchtbauer– Ladenburg relation is higher than 

that of Er:YAG which combined with its thermomechanical properties  make Er:Al2O3 

a potential an interesting gain medium for high-power laser applications.  

As mentioned in Chapter 1.1 the development of Er doped gain media has 

been extensively studied over the last few decades because of the many benefits of 

light sources in the 1.5 – 1.6 μm range. The primary challenge to doping alumina with 

RE is the large ionic radii difference between REs and Al, the presumed 

substitutional dopant site. To date, RE:Al2O3 has been predominantly synthesized as 



54 

powders [1, 2] or in thin film form for optoelectronic applications using various 

deposition techniques [3 - 6]. Successful early work on Er:Al2O3 thin films by van den 

Hoven et al showed  photoluminescence, PL, in the 1.5 - 1.6 μm range in Er ion 

implanted into alumina deposited on silicon [3]. Song et al [4] also observed PL ~ 1.5 

μm in co-doped Er, Yb Al2O3 thin films. Instead of the most desirable, highly-

thermally conductive α-Al2O3 phase, the films were found to be low crystallinity 

phases (θ-Al2O3 and -Al2O3), often found in nanoscale Al2O3. Highly crystalline Nd 

doped epitaxial α-Al2O3 films have been grown by Kumaran et al [5, 6] and these 

should be very useful for laser applications. However, thin epitaxial films are difficult 

to scale to dimensions necessary for high power application. 

There have been significant advances towards ceramic Er:Al2O3 [7, 8]. In 

addition to the Er incorporation challenge, polycrystalline ceramics face the additional 

obstacle posed by birefringence scattering. Sanamyan et al fabricated Er:Al2O3 

ceramics using Current Activated Pressure-Assisted Densification (CAPAD) [7]. They 

conducted a detailed spectroscopic study, identified the energy levels in the material, 

measured cross sections and emission lifetimes, clearly demonstrating that the 

material holds high promise as a lasing media if the transparency can be improved. 

Birefringent scattering can be minimized and thus transparency improved by 

producing ceramics with grain sizes smaller than the wavelength of light of interest 

[9-11]. As mentioned before, Drdlíková et al [8] fabricated highly transparent 

ceramics with fine grain sizes by sintering followed by hot isostatic pressing (HIP).  

Recently we have demonstrated highly transparent RE:Al2O3 with PL in the 

visible [12] and optical gain at ~ 1 μm [13] fabricated using CAPAD. Here we 
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incorporate Er into Al2O3 through mechanical milling and further densification 

processing via CAPAD. We also report the laser-related spectroscopic properties of 

the resulting Er:Al2O3 with the aim of evaluating Er:Al2O3 as a next generation laser-

gain media. We pay special attention to the typical pumping schemes that are 

including used for Er doped media in the visible near IR. These include exciting in the 

visible where there is a large absorption band (521 nm), in the 970 – 980 nm range 

because of the availability of reliable high power laser diodes and at the intraband ~ 

1525 nm (so called resonant pumping) that has been previously  shown to have high 

efficiency in other Er media. The samples have high transparency at the emission 1.5 

μm, have sufficiently long emission lifetimes and high emission cross sections which 

is promising for laser application.      

3.2. Experimental Materials and Methods 

3.2.1. Powder Processing for synthesizing Er:Al2O3 

Samples were processed using commercially available aluminum oxide 

powder (α-Al2O3, 99.99% purity, ~ 200 nm particle size, TM-DAR, Taimei Chemicals 

Japan) and Erbium Oxide, Er2O3 (99.5% purity, Inframat Materials, USA). The 

powders were weighed to achieve Er doping levels of 0.1 at. %. The powders were 

mixed for 12 hours by ball milling. Ultra-High Purity (UHP, 99.99% purity) water was 

used as a dispersant solution at a ratio of 10 grams of powder to 200 mL of UHP 

water. Alumina balls (99.9% density and purity, Performance Ceramics Co., 

Penninsula, OH USA) with 3 mm diameters were used as the milling media, at a 1:15 

powder:ball weight ratio. After milling, the powders were sieved to separate from the 

milling media and then dried under vacuum at 70 °C for 24 hours in an oven. Dried 
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powders were subsequently planetary ball milled (PBM) with UHP water at 150 rpm 

for 6 hrs. Finally, the powders were sieved and dried under vacuum at 80 °C for 24 

hours and kept dry until consolidation. 

3.2.2. CAPAD Processing of Er:Al2O3 

The Al2O3 + Er2O3 powders were densified using CAPAD [14]. In all cases, 

0.330 g +/- 0.001 g of powder were placed into a graphite die with an outer diameter 

of 19 mm and inner diameter of 10 mm. The powder was secured between two 

graphite punches of the same outer diameter. A maximum vacuum of 2 x 10-2 Torr 

was achieved in all cases.  

 The powder was pre-pressed at 105 MPa for 5 minutes to create a dense 

green body. Afterwards, the pellet was subjected to an applied pressure of 120 MPa 

over a three-minute period in parallel with simultaneous heating to achieve and 

maintain temperatures of 1210 – 1250 °C. The samples were held at temperature for 

5 minutes. Once our experiment was complete, the load was released. The sample 

temperatures are measured with an optical pyrometer, focused on a hole drilled in 

the graphite die located at the center point of the die height.  

3.2.3. Microstructural and Optical Characterization of Er:Al2O3 

Prior to characterization, samples were polished using diamond abrasive wheels 

followed by alumina paste on felt wheels to 1 μm. To characterize morphology, a Carl 

Zeiss Sigma 500 Field Emission Scanning Electron Microscope (FE-SEM) was used, 

with accelerating voltages ranging from 1 – 5 kV. Working distances in the system 

was approximately 5 mm. Micrographs of the fractured surface were used to estimate 

the average grain size of the bulk. X-Ray Diffraction patterns were attained using a 
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Phillips X’Pert Diffractometer (ModelDY1145), in point source mode system equipped 

with a copper source, with a step size of 0.01313 degrees and 3 seconds per step. 

Samples were pressed flat on a zero-background plate and measured with no stage 

rotation. A potential of 45 kV and a current of 40 mA was used for all measurements. 

Optical transmission spectra were taken on an Agilent Technologies Cary 

5000 spectrophotometer from 300 nm - 2500 nm. The bulk polished samples were 

placed at normal incidence to the beam path. The scans were obtained at a rate of 

60 nm/min.  

Photoluminescence data were taken on a modified PTI Horiba 

Spectrophotometer Quanta Master 8000 with spectrally filtered dual monochromators 

and using a Xenon Arc Lamp as a light source or a 980 nm laser diode. All 

measurements were taken in front face mode on polished bulk samples using a long 

pass 1050 nm cutoff filter. Excitation scans were taken between λex = 300 nm - 1000 

nm while monitoring the samples emission at λem = 1532 nm. Emission scans were 

taken between λem = 1400 nm - 1700 nm while pumping λex = 980 nm as it was 

determined to be an effective pumping wavelength from the excitation spectra. All 

measurements were taken with varying integration times between 0.1 – 1 sec per 

nanometer and a varying step size of 0.1 - 1 nm. 

For cryogenic measurements, the spectrophotometer was modified to integrates 

a closed-cycle helium cryostat (Advanced Research Systems, ARS-2HW) using a 

conductive cold finger within a windowed housing that enabled measurements from 8 

K to 295 K. All measurements were performed at 45° angle of incidence (AOI) on 
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polished bulk ceramics and the PL spectra were collected from the specimen front 

face. The same varying integration times and step sizes were used for the cryogenic 

measurements. 

PL lifetime measurements were collected using a pulsed tunable laser 

(Continuum Surelite EX nanosecond laser, coupled to a Horizon Optical Parametric 

Oscillator) as an excitation source with pulse widths of 6 ns. Exponentials were fit to 

the raw data and PL lifetimes were defined as the time required for the normalized 

intensity to decrease by 1/e. 

3.3. Results and Discussion 

Figure 3.1 are transmission measurements on samples with varying Er 

concentrations. The results show there is an observable effect on increasing doping 

concentration on the transmission of the  samples. The densification temperature 

required to achieve full density  is slightly different and increases with RE 

concentration. The maximum transmission of the sample doped with the highest  

decreases  . The average grain size and relative density of across all samples are in 

close agreement to each other, at values for the grain size to be around 250 nm and 

99% relative density. It is likely however that the decreased transmission is caused 

by increases scattering in the highest doped sample either from pores or larger 

grains (more birefringent scattering). 

The absorption peaks in the 1450 to 1550 nm range become deeper with 

deeper as dopant concentration increases.  The absorption at ~ 1450 nm, which is a 
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typical pumping band for resonant pumping for 4I13/2 → 4I15/2 transition is clearly 

observable in the 0.25, 0.35 and is most prominent in 0.5 at % Er3+. 

 

Figure 3.1. Transmission curves of all Er:Al2O3 processed samples, with varying dopant 

concentrations from 0.1 – 0.5 at.%.   

 

Figure 3.2 depicts the excitation-emission pattern for the 0.1 at. % Er:Al2O3 

bulk. It consists of one excitation band, which are located at ~ 975 – 985 nm and a 

single broadband emission band at ~ 1500 – 1580 nm. The peak of the emission 

band is found at 1532 nm. It is practically independent on excitation wavelength.  

This excitation/emission band corresponds to the 4I13/2 → 4I15/2 transition. The 

excitation wavelength is scanned over the 4I11/2 manifold. In this technique, the 

fluorescence intensity is recorded as a function of both excitation and emission 
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wavelengths. It is possible to get a clearer idea of the range the Er3+ ions have on 

4I13/2 → 4I15/2 transition, especially at lower temperature. Figure 3.3 depicts the sample 

Er:Al2O3 ceramic characterized at 8 K. The excitation and emission band appear to 

be affected by the decrease in temperature. The emission band has narrowed to 

1520 – 1560 nm. The most intense regions are highlighted with an excitation of ~ 980 

nm and emission at ~ 1532 nm. It is likely that temperature dependent line 

broadening effects are affecting the emission structure of our ceramics. In order to 

fully investigate more of these effects, we perform more resolved PL analysis shown 

in Figure 3.5c and Figure 3.6a. 

 

Figure 3.2. Emission map of 0.1 at. % Er2O3 + Al2O3. Excitation band of the 4I13/2 → 4I15/2 band 

centered at ~978 nm and emission at ~ 1532 nm at room temperature. 
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Figure 3.3. Emission map of 0.1 at. % Er2O3 + Al2O3. Excitation band of the 4I13/2 → 4I15/2 band 

centered at ~982 nm and emission at ~ 1532 nm at 8K. 

 

Figure 3.4a shows SE micrographs of the processed 0.1 at. % Er2O3 + Al2O3 

powder prior to densification, revealing relatively uniform sub-micron particle sizes (~ 

200 nm). Fig. 3.4b shows SE micrographs of a fracture surface of the densified 

ceramic. The micrograph reveals a well densified sample, with fine equiaxed grains 

(average grain size is be ~ 250 nm). Relatively few very small pores (> 50 nm) can 

be identified in the samples.  
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Figure 3.4. Microstructural characterization of Er:Al2O3. SE micrographs of a) the processed 

0.1 at. % Er + Al2O3 powder prior to densification b) the fracture surface of the 0.1 at. % 

Er:Al2O3 densified ceramic. XRD profiles c) of Al2O3 powder, Er2O3 powder, Al2O3 + Er 

powders and 0.1 at. % Er:Al2O3 bulk ceramic after CAPAD processing. The ceramic bulk 

sample shows a clear secondary phase (indicated with a triangle). 

Figure 3.4c also shows XRD profiles of constituent powders Al2O3 powder, 

Er2O3 powder, Al2O3 + Er2O3 powders after PBM  and Al2O3 + Er2O3 bulk ceramic 

after CAPAD processing. XRD profile of the processed powder shows only peaks 

corresponding to Al2O3, suggesting that no secondary phase formed during the 

mechanical milling. The XRD spectra of the densified ceramic Figure 3.4c shows that 

the majority of peaks are attributable to the Al2O3. In addition, there is a minor peak 

centered at 2θ = 30.7 °, corresponding to the highest intensity peak for Er2O3 with a 

CaF2 defect structure [15]. Since this peak was not present in the pre-densified 
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powder, we believe this phase likely formed through our high temperature (and high 

pressure) processing. 

Figure 3.5a shows the transmission measurements of consolidated 0.1 at % 

Er: Al2O3, revealing high transparency, especially in the NIR region. Since the 

purpose of this study is the development of gain media for emission in the 1.5 μm 

region, high transparency is most important in the NIR region. The lower 

transparency at lower wavelengths can be partially explained by scattering caused by 

polycrystalline nature and birefringence of the trigonal alumina crystal leading to a 

Rayleigh-Gans Debye (RGD) type scattering. This is consistent with earlier work on 

other RE and transition metal doped alumina [13, 16]. In addition, there is optical loss 

due to absorption as expected from Er3+ ions. In order to confirm the presence of 

optically active Er in the ceramic matrix, we performed excitation scans of the sample 

Figure 3.5b monitoring a known Er emission peak near 1500 nm (1532 nm in this 

case). The excitation spectra reveal closely spaced absorption peaks located 

between 300 – 550 nm as well as distinct peaks at 650 and 980 nm. This is strong 

evidence that the Er3+ dopant is incorporated and is optically active in the Al2O3 

matrix.  
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Figure 3.5. Spectroscopic characterization of the Er3+ bulk ceramic. a) transmission 

measurements of consolidated 0.1 at % Er: Al2O3. Using an RGD model to take account for 

scattering, a separate transmission curve was plotted with information about from our 

microstructural analysis, in order to reveal the effect of scattering by the polycrystalline 

nature and birefringence of the trigonal alumina crystal. Using the same model, we plotted 

another transmission curve, with known positions of absorption bands taken from our PLE 

spectra in (b) and from literature. In the inset, we hold the sample up against a lighted sign, 

which reveals a distinctive orange color, due to the various absorption bands in the blue-

green region of the UV-Vis spectrum. The presence of optically active Er in the ceramic is 

shown with (b) PLE of the bulk ceramic, with all major peaks index from known Er transitions. 

c) PL emission spectra for the 0.1 at. % Er3+ ceramic excited at the absorption bands 

identified using the PLE spectra. The PL spectra reveal broad emission in all cases, 

attributable to transition from the 4I13/2 manifold to the 4I15/2 manifold, to further explain the (d) 

a proposed simplified energy diagram for Er:Al2O3 is constructed using the information from 

PLE and PL spectra. 

The absorption peaks observed in the UV-Vis-NIR region (Fig. 3.2b) for the 

transparent sample are centered at λo = 364 nm, 378 nm, 408 nm, 440 nm, 451 nm, 

488 nm, 521 nm, 543 nm, 653 nm, and 980 nm. These absorption bands are in 
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similar locations to those observed in previous reports of Er:Al2O3 [1] allowing us to 

attribute them to the 4G9/2 , 2G11/2, 2H9/2, 4F3/2, 4F5/2, 4F7/2, 2H11/2, 4S3/2, 4F9/2, and 4I11/2 

bands respectively. These energy bands along with their measured FWHM in Table 

1. The existence of these optically active absorption bands gives the sample its 

distinctive orange color (see insert).  We believe that distinct lines are not discernable 

in the transmission spectra because of they are closely spaced, relatively broad and 

in a region where there is significant scatter caused by birefringence in the 

polycrystalline alumina.    

Table 1.1. Listed values of excitation peak locations and line breadth for Er:Al2O3. 

 

In order to confirm that the optical loss is due to Er3+ absorption as well as 

scattering, we applied a model we previously developed for transition metal (Cr3+) 

dopants in alumina. The in-line transmission of a polycrystalline ceramic considering 
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scattering loss and absorption loss from multiple absorption lines can be written 

[16]:   

𝑇(𝜆) = [1 − 2 (
𝑛−1

𝑛+1
)

2

] 𝑒𝑥𝑝[−𝑙(𝜅 + ∑ 𝑔𝑖(𝜆)𝛼𝑖)
𝑗
𝑖=1 ]  (Eq. 3.1) 

where n is the refractive index, 𝑙 is the thickness of the ceramic, κ is the scattering 

coefficient, g(λ) is the line shape function, j is the number of absorption lines and α is 

the absorption coefficient of each line. Assuming an RGD dominated scattering [16-

18], 𝜅 = 𝑑(𝜋2/𝜆2)Δ𝑛2𝜒 where d is maximum grain size and   is a parameter that 

depends on the degree of texturing in the ceramic. If there is no texture, i.e. the 

grains are randomly oriented, then  = 0.28. The scattering model, using appropriate 

values for alumina,  n=1.76 and Δn = 0.008 and grain size of 250 nm, is shown in 

Figure 3.5a and overlaps well with the measured data at higher wavelengths 

confirming that scattering in samples is dominated by RGD type scattering similar to 

previous results of dense alumina [16]. The absorption line shape, assuming 

Lorentzian lines can be written 𝑔(𝜆) = (
(Δ𝜆)2

4
) [(𝜆 − 𝜆𝑜)2 + (

Δ𝜆

2
)

2

]−1  where Δλ is the 

full width of the line at half the maximum value. The model using scattering in 

addition to absorption with measured absorption line centers, 𝜆𝑜 values listed in Table 

1 is also shown in Figure 3.5a. This model shows that the optical loss at wavelengths 

below ~ 800 nm can be explained by RGD type scattering and absorption is the 

sample caused by the closely spaces absorption lines due to Er3+ in the sample.  

Figure 3.5c shows the PL emission spectra for the 0.1 at. % Er3+ ceramic 

excited at the absorption bands identified using the excitation scans Figure 3.5b. The 
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PL spectra reveal a broad emission in the 1500 - 1600 nm range in all cases, 

attributable to transition from the 4I13/2 manifold to the 4I15/2 manifold. As expected, the 

emission intensity depends on excitation band with the 377 and 521 nm band 

producing the most intense emission. However, the line shape of the emission 

remains similar as shown in the normalized emission with prominent peaks at 1532 

and 1545 nm clearly visible in all cases. This suggest that the emission behavior is 

caused by very similar energy transitions regardless of the chosen pump band in 300 

– 1000 nm range.  

The line shape of the emission with the highest intensity (main) peak centered 

at 1532 nm and a side peak at 1545 nm is very similar to that observed in Er 

implanted alumina thin films [3]. The location of emission also closely resembles 

emission measured on Er:Al2O3 powders [1] and Er:Al2O3 ceramics at room 

temperature by Sanamyan et al [7]. They observed relatively broad emission 

between 1450 and 1600 nm with most intense emission peak is in the same location 

at 1532 nm.  However, the line shape we observe is broader than Sanamyan et. al, 

likely due to the electronic environment near Er3+ in our samples being more 

disordered. Figure 3.5d is a proposed simplified energy diagram for Er:Al2O3 

constructed using the excitation (Figure 3.5b) and emission scans (Figure 3.5c).  
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Figure 3.6. a) PL spectra of the 4I13/2 → 4I15/2 at varying temperatures, from 298 K to 8 K. The 

measurements show clear temperature broadening. Temperature broadening is shown more 

quantitatively in b) a plot of the integrated area of the PL intensity vs. measurement 

temperature. The integrated area is ~ 4× higher at room temperature compared to 25 K. 

 

In order to better understand the nature of the broad emission of our Er:Al2O3, 

we performed cryogenic PL measurements. The sample was excited with a 980 nm 

diode laser, in order to investigate the 4I13/2 → 4I15/2 transition.  Figure 3.6a, shows PL 

spectra at varying temperatures, from 298 K to 8 K. The measurements show clear 

temperature broadening; the location of the most intense peak does not change, but 

the shoulders on either side get considerably broader with increasing temperature.  

Temperature broadening is shown more quantitatively in Figure 3.6b, a plot of 

the integrated area of the PL intensity vs. measurement temperature. The integrated 

area is ~ 4× higher at room temperature compared to 25 K. A similar temperature 

dependence was observed by Sanamyan et al [7]. At 77 K the lines observable in 

their emission cross section measurements were much more clearly discernable 
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compared to overlapping temperature broadened lines at room temperature. In 

inhomogeneously broadened materials, the spectral lines are expected to be 

independent of temperature, thus line broadening in our Er:Al2O3 is not exclusively 

caused by inhomogeneous broadening. However, even at low temperatures (8 K), we 

cannot resolve the individual thin lines are in our samples likely because of multi-site 

doping of Er3+ ions. Figure 3.7a shows the time dependent fluorescence of the 

4I13/2  to the 4I15/2 transition  monitoring 1532 nm (excited using 980 nm). The inset 

shows the decay curves plotted on a logarithmic scale. The linear dependence on a 

log scale suggest that the lifetimes are exponential consistent with previous work on 

low Er concentrations. The measured lifetime was 1.9 ms which is in the range of 

lifetimes reported for Er doped ceramics measured at this transition. Previous lifetime 

measurements range from  0.1 ms in Er:YAG, to 3.6 ms in Er:Y2O3 [19]. We believe 

these lifetimes are good approximations to the purely radiative lifetimes due to the 

low Er concentration in our ceramic which reduces the probability of upconversion 

and other concentration quenching processes [7].  
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Figure 3.7. Analysis of the time dependent fluorescence of the bulk ceramic (a) the 4I13/2 → 
4I15/2 transition, with the inset showing the decays plotted on a logarithmic scale. The 

measured lifetime was 1.9 ms, (b) decay curves taken using the same excitation wavelength, 

λex = 521 nm, while monitoring emission across the emission bandwidth (λem = 1510 nm to 

1610 nm). This is easily shown in (c) showing the same excitation (λex = 521 nm) with 

normalized intensity plotted on a logarithmic scale. The data overlap confirming the same 

lifetime thus strongly indicating a similar nature of emission across the broad bandwidth. This 

was also confirmed, in (d) using an excitation of λex = 980 nm, plotted on logarithmic scale 

showing similar emission behavior across the broad bandwidth (λem = 1470 nm to 1610 nm). 

Given the very broad nature of the emission (Figure. 3.2c and 3.3a) it is 

interesting to see if the lifetime varies across the emission wavelength range. Figure 

3.7b shows decay curves taken using the same excitation wavelength, λex = 521 nm, 

while monitoring emission across the emission bandwidth (λem = 1510 nm to 1610 

nm). As expected, the intensity of emission varies significantly with the monitored 

wavelength, consistent with the static emission measurements (Figure 3.2c). 

Interestingly, the lifetime shows very little variation across the very broad emission; 
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The measured lifetime of the single exponential fit ranges from τ = 1.4 to 1.9 ms  (λem 

= 1470 nm to 1610 nm). This is more easily appreciated in Figure 3.7a, showing the 

normalized intensity plotted on a logarithmic scale. The data overlap confirming the 

same lifetime thus strongly indicating a similar nature of emission across the broad 

bandwidth. This would not be the case if the Er ions responsible for emission had a 

very different electronic environment. We also confirmed that the lifetimes are 

consistent when exciting with 980 nm, as shown in Figure 3.7d.  

Having confirmed the high transparency in ceramic samples, with expected 

Er3+ transitions with reasonably long lifetimes we can now discuss the 0.1 at % Er as 

laser gain material by finding the absorption and emission cross sections. We again 

concentrate on the emission band at 1.53 μm arising from the 4I13/2 → 4I15/2 transition 

because it is useful for optical communication and IR laser applications at a relatively 

eye safe range.  

We can obtain absorption cross section, σabs spectra by using the total Er3+ 

concentration in the expression, σabs = α/N, where σabs is the, α is the absorption 

coefficient, and N is the volumetric concentration of Er3+ ions contributing to the 

absorption spectrum. α was measured estimated using the transmission 

measurement and N was assumed to be the initially added concentration of Er. In 

order to not overestimate the absorption coefficient (and cross section values), we 

considered only absorption observable below the scattering envelope. This analysis 

was performed and plotted for both the 4I11/2 and 4I13/2 manifold, shown in Figure 3.8a 

and 3.8b. The value of the absorption cross section, σabs ~ 10-21 cm2, is relatively low 
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in comparison to other erbium doped oxides with the given concentrations. We 

believe this is due to the conservative nature of our measurement scheme. 

 

Figure 3.8. Absorption cross of the a) 4I11/2 and b) 4I13/2 transition and c) is stimulated 

emission cross section spectra of the 4I13/2 → 4I15/2 transition, at room temperature. The 

absorption cross sections were calculated from measured absorption spectrum and the 

stimulated emission cross section was calculated using the Fuchtbauer –Ladenburg 

Relation. 

Emission cross sections in Er dopants are most often determined using the 

reciprocity method [20] and the Fuchtbauer – Ladenburg method (F-L Method) [21]. 

The reciprocity method is problematic for our samples due to the difficulty in 

separating pure absorption from scattering as discussed above. Thus, we estimated 
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the emission cross section σem from the measured room temperature fluorescence 

spectrum and the measured lifetime, using the Fuchtbauer – Ladenburg method, (F-L 

Method) [21]: 

                                                            𝜎𝑒𝑚(𝜆) =
𝜆5

8𝜋𝑛2𝑐𝜏𝑟𝑎𝑑
∗

𝐼(𝜆)

∫ 𝜆𝐼(𝜆)𝑑𝜆
     (Eq. 3.2) 

where I(λ) is the normalized fluorescence intensity, λ is the fluorescence wavelength, 

τrad is the fluorescence lifetime, n and c are the refractive index and the light velocity, 

respectively. Based on an assumption that in our samples, they exhibit a purely 

radiative lifetime decay, a nonradiative quenching process leads us estimate the 

quantum efficiency, η, of this transition to be close to 1. It is important to note that we 

have confirmed that the lifetimes are same over this range (Figure 3.8c, d), justifying 

the use (Eq. 3.2) integrating from 1400 - 1700 nm.   

The emission cross section is shown in Figure 3.10c. The data show that the 

maximum cross section is our Er ceramic has an emission cross section value of, 1.5 

× 10-20 cm2. This value compares favorably with other Er doped media. It is similar to 

that previously reported by Sanamyan et al [7] in Er:Al2O3 ceramic. Most interesting 

perhaps is that it is it is higher than that observed in Er:YAG which is  𝜎𝑒𝑚= 1.5 ×10-20 

cm2 [22], making the Er:Al2O3  ceramics a promising gain media.   

As mentioned in Chapter 1.6, the effective stimulated-emission cross section 

(σem) and radiative lifetime ( rad) are two important parameters for the assessment of 

a laser crystal. We can calculate the product 𝜎𝜏 at the peak lasing wavelength as 

determined by the measured emission spectra of the differently doped media. With 
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our measured lifetime of 2.02 ms and the calculated emission cross section of 1.5 x 

10-20 cm2, we have a sigma tau product of 3.03 x10-20 cm2*ms.  

Another interesting parameter is the gain cross section gain that leads to an 

estimation of the probable operating laser wavelength. If P is the population inversion 

rate for 4I13/2 → 4I15/2 Er3+ laser transition, the gain cross section can be calculated 

using the following relation: 

𝜎𝑔𝑎𝑖𝑛 = 𝑃 ∗ 𝜎𝑒𝑚(𝜆) − (1 − 𝑃 ∗ 𝜎𝑎𝑏𝑠(𝜆))     (Eq. 3.3) 

where 𝜎𝑒𝑚 and 𝜎𝑎𝑏𝑠 are emission and absorption cross sections, respectively and P 

is degree of population inversion. A value of P = 1 signifies complete population 

inversion (all electrons are in excited state) and at P = 0, all electrons are in the 

ground state. The wavelength dependence of the gain cross section was calculated 

for different values of population inversion P (P = 0, 0.1, 0.2, . . . ,1) and are shown in 

Figure 3.9. 

To achieve lasing at 1532 nm, 4I13/2 → 4I15/2, the population inversion rate is 

expected to be higher than 0.5. For a population inversion level of 0.6, the gain 

cross-section value is 1.2 x10−20 cm2 at 1532 nm. This gain cross section is 

comparable to other proven gain media such as Er3+:Sc2O3 with a reported 𝜎𝑔𝑎𝑖𝑛 =

 2.47 x10−21 cm2  at 1534.4 nm [22]. The present results suggest that Er3+:Al2O3 

transparent ceramics could be a promising laser material operating near 1.53 μm. 
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Figure 3.9. Gain cross section calculated for different values of P for 4I13/2 
→ 4I15/2 transition of Er3+ in Al2O3 transparent ceramic. 

The gain cross section calculated for different values of P for 4I13/2 → 4I15/2 

transition suggests that Er3+ doped in Al2O3 transparent ceramic could be good solid-

state laser media, especially in the range of about 1.53 μm. 

3.4. Summary 

In summary, through the powder processing with ball milling and consolidation 

with CAPAD, a transparent Er3+ doped Al2O3 ceramic was fabricated. This work 

presents spectroscopic evidence of optically active trivalent Er3+ ions in Al2O3 host 

despite the significant ionic radius mismatch between dopant and host material. 

Room temperature photoluminescence revealed broad emission peaks in the ‘eye-

safe’ region of ~ 1.5 μm, which corresponds to the known Er3+ 4I13/2 → 4I15/2 transition.  

When operating at cryogenic temperatures, as low as 10 K, the emission peaks are 

narrowed revealing thermally broadened emission. In addition, ~ 1.5 μm emission 

has relatively long lifetimes that do not vary across a broad emission spectrum (1.5 -
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1.6 μm), suggesting similar electronic environment of optically active Er sites. The 

emission cross section was calculated from the derived Fuchtbauer– Ladenburg 

method, 2.69 x10-20 cm2, which is particularly high for Er:Al2O3, at this transition. 

Detailed spectroscopic study of the ground state 4I15/2 and the excited Er3+ 4I13/2 

manifold in Al2O3 can hopefully lead to future design to further improve the optical 

characteristics for the development of high power Er:Al2O3 lasers. It is of interest to 

us to eventually “resonantly” pumped our ceramic even though laser diodes at the 

relevant wavelengths (~ 1450 - 1530 nm) are considerably less efficient than those at 

~ 980 nm. The spectroscopy at this transition is of interest as a possible laser design 

scheme and then be able to compare our works with others. 
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Chapter 4. Synthesis, Densification and Characterization of Transparent Co-

doped Chromium Erbium Al2O3 (Cr:Er:Al2O3)     

 4.1. Introduction  

Wavelength-tunable lasers have become an important scientific tool in areas 

of research such as spectroscopy and photochemistry [1]. Titanium-doped sapphire 

(Ti:Sapphire) is the most successful solid-state laser material in the near-infrared 

(NIR) wavelength range due to its high saturation energy, large stimulated emission 

cross-section, and broad absorption gain bandwidths. range, its successful operation 

requires high-power blue-green pump success [2, 3].  

 

Figure 4.1. Comparison of emission bandwidth of 3 different gain media [4]. 

Transition metal ions like Ti3+ ion has a very large gain bandwidth (much larger 

than that of typical rare-earth-doped gain media, see Er:YAG in Fig. 4.1), allowing the 

generation of very short pulses and also wide wavelength tunability. The maximum 

gain and laser efficiency are obtained around 800 nm. The Ti3+ doping 

concentration has to be kept fairly low (e.g. 0.15% or 0.25%) because sapphire is an 

Al2O3 single crystal and crystal quality is will suffer as concentration increases. The 

therefore limited pump absorption usually enforces the use of a crystal length of 

several millimeters, which in combination with the small pump spot size (for high 



80 

pump intensity) means that a rather high pump brightness is required. The upper-

state lifetime of Ti:Sapphire is short (3.2 μs) [5], and the saturation power is very 

high. This means that the pump intensity needs to be high, so that a strongly focused 

pump beam and thus a pump source with high beam quality is required [6]. 

With the development of nanopowder technology and vacuum sintering 

method, the optical quality of ceramics has been improved greatly and ceramic lasers 

can be obtained with a high efficiency that is comparable with that of single-crystal 

lasers [7]. As a result of their high thermal conductivity and feasibility of large-scale 

laser gain media, ceramic lasers have attracted much attention for the development 

of high-output-power and ultrashort-pulsed lasers, as an alternative to Ti:Sapphire 

lasers [8].  

In this work, we propose Cr:Er:Al2O3 as a promising as a tunable near infrared 

laser gain material that can be pumped with 532 nm source, a wavelength commonly 

used for pumping Ti:Sapphire. Sensitizer ions different from the laser-active ion, can 

be added to a laser crystal to absorb additional energy from the pumping source and 

non-radiatively transfer excitation over to the active ion. A sensitizer of interest is 

chromium, Cr3+ (3d activator [9]) to solid-state media for function optical lighting 

applications. If the sensitizer ion induces broad, intense absorption bands in the 

crystal, then there can be a significant increase in pumping efficiency and, ultimately, 

laser efficiency. 

Due to the three energy levels of the laser system and low absorption of Er3+ 

ions to the pump sources, it is difficult to increase the laser output efficiency. 
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Excitation of RE ions of Er, which originates from the f-f transitions which are 

forbidden and weak. In contrast to RE, excitation for Cr3+ are broad and intense 

bands arising from 4A2g → 4T1g and 4A2g → 4T2g transitions [10] and thus it has been 

widely used as a luminescent sensitizer for RE ions in order to obtain high excitation 

efficiency. If energy can be transferred from Cr3+ to the Er3+ ion, then intense near 

infrared (NIR) emission (~ 1.53 μm) can be obtained with excitation in the visible 

region. 

In this study, we report on spectroscopic studies of Cr3+:Er3+:Al2O3 in order to 

identify how efficient the Cr3+ to Er3+ energy transfer is in Al2O3, to investigate it as a 

potential wide bandwidth NIR laser gain media. While co-doping with Cr and Er has 

been successfully demonstrated in YSGG [11, 12], RE doped α-Al2O3 has 

significantly higher thermal conductivity and fracture strength than state of the art 

gain media and can thus can potentially be used to significantly increase laser power 

output [13-15]. The NIR emission is important for several applications such as 

telecommunication [16] solar cell technologies [17], bio-imaging [18] and laser 

technologies [19]. The primary challenge to doping alumina with RE is the large ionic 

radii difference between REs and Al, the presumed substitutional dopant site. To 

date, co-doped RE:Al2O3 has been predominantly synthesized as phosphors [20] or 

in thin film form for optoelectronic applications using various deposition techniques 

[21]. Successful early work on Yb:Er:Al2O3 thin films by Song et. al [22] showed  

photoluminescence, PL, in the 1.5 - 1.6 μm range in Yb and Er ion implanted into 

alumina waveguide structures. 
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There have been significant advances towards ceramic Er:Al2O3 [23-25]. 

Recently, we have demonstrated highly transparent RE:Al2O3 with PL in the visible 

[26] and optical gain at ~1 μm [27] fabricated using Current Activated Pressure 

Assisted Densification (CAPAD). Here we incorporate Cr3+ and Er3+ into Al2O3 

through mechanical milling and further densification processing via CAPAD. We also 

report the laser-related spectroscopic properties of the resulting Cr:Er:Al2O3 with the 

aim of evaluating Cr:Er:Al2O3 as a next generation laser-gain media. Intense 

pumping in the green spectral region will lead to intense emission at ~1.5 μm. The 

ceramic samples have high transparency at the emission 1.5 μm, sufficiently long 

radiative lifetimes and high absorption/emission cross sections which is promising for 

laser design.   

 

Figure 4.2. Mechanism of Cr3+ to Er3+ energy transfer in Cr3+:Er3+: Al2O3 bulk ceramic similar 

to [20]. 
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Efficient pump absorption in Er bulk crystals are relatively difficult to achieve 

on the 4I15/2 → 4I13/2 transition, because the absorption cross sections are relatively 

small, and the doping concentration is limited by the need to avoid excessive 

quenching processes. Therefore, co-doping utilizes pumping options in the visible 

spectral region, other than at 980 nm. Chromium, Cr3+, can absorb additional energy 

in the visible spectrum, due to the two broad absorption bands, 4A2 → 4T2 around 550 

nm and 4A2 → 4T1 peaking around 400 nm, the blue and green spectrum, from a 

pump light source and partially transfer it to erbium ions [20]. Such media can be 

pumped with flash lamps, particularly when the absorption efficiency is optimized. 

The chromium ions can efficiently absorb pump radiation and then transfer the 

energy to erbium ions in the ground-state manifold, bringing them from 4I13/2 to 

the 4I15/2. From that level, the ions quickly decay into the upper laser level 4I13/2, so 

that energy transfer back to sensitizer ion is suppressed, as shown schematically in 

Figure 4.2. There are various dopant concentration combinations, between the 

erbium and chromium, that have been explored, which depend on the host material 

used as well as the erbium transition of interest. For the ~ 1.5 μm emission, a 

combination of low concentration Er and Cr would be ideal for the gain media.  

4.2. Experimental Materials and Methods 

4.2.1. Synthesis of Co-doped Bulk Powders 

All samples were processed from commercially available aluminum oxide 

powder (α-Al2O3, 99.99% purity, ~ 200 nm particle size, TM-DAR, Taimei Chemicals 

Japan) as received as well as doped with Erbium Oxide, Er2O3 (99.5% purity, 

Inframat Materials, USA) and chromium (III) nitrate nonahydrate, Cr(NO3)3* 9H2O, 
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(99.99% purity, Alfa Aesar Ward Hill, MA, USA). The powders were weighed to 

achieve Er3+ doping levels of 0.1, and 0.25 at. %. The erbia and alumina powders 

were mixed for 12 hours by low-energy ball milling. Ultra-High Purity (UHP, 99.99% 

purity) water was used as a dispersant solution at a ratio of 10 grams of powder to 

200 mL of UHP water. Alumina balls (99.9% density and purity, Performance 

Ceramics Co., Peninsula, OH USA) with 5 mm diameters were used as the milling 

media, at a 1:15 powder: ball weight ratio. After milling, the powders were sieved to 

separate from the milling media and then dried under vacuum at 70°C for 24 hours in 

an oven. Dried powders were subsequently planetary ball milled (PBM) with UHP 

water at 150 rpm for 3 hours. The chromium nitrate was weighed to achieve Cr3+ 

doping levels of 0.1 and 0.25 at. %. The erbium doped alumina powder was mixed 

with the Alumina + Cr(NO3)3* 9H2O  powder  for 3 hours via planetary ball milling 

using 10 mm silicon nitride milling media at 450 rpm and a 1:10 powder: ball weight 

ratio. After milling, the powders were sieved to separate them from the milling media 

and stored dry until densification.  

4.2.2. Processing of Co-doped Bulk Ceramic 

The Al2O3 with Er and Cr dopant precursors prepares according to powders 

were densified using the CAPAD technique [28]. In all cases, 0.330 g +/- 0.001 g of 

powder were placed into a graphite die with an outer diameter of 19 mm and inner 

diameter of 10 mm. The powder was secured between two graphite punches of the 

same outer diameter. The die, plunger, and powder were placed into the CAPAD and 

secured between two graphite spacers and copper electrodes. A maximum vacuum 

of 2 x 10-2 Torr was achieved in all cases.  
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 The powder was pre-pressed at 105 MPa for 5 minutes to create a dense 

green body. Afterwards, the pellet was subjected to an applied pressure of 120 MPa 

over a three-minute period in parallel with simultaneous heating to achieve and 

maintain temperatures of 1250 – 1300 °C. The sample temperatures are measured 

with an optical pyrometer, focused on a hole drilled in the graphite die located at the 

center point of the die height.  The samples were held at temperature for 5 minutes.  

Structural characterization 

Prior to characterization, samples were polished using diamond abrasive wheels 

followed by alumina paste on felt wheels to 1 μm. To characterize morphology, a Carl 

Zeiss Sigma 500 Field Emission Scanning Electron Microscope (FE-SEM) was used. 

X-Ray Diffraction patterns were attained using a Phillips X’Pert Diffractometer 

(ModelDY1145), in point source mode system equipped with a copper source. 

Samples were pressed flat on a zero-background plate and measured. 

Optical characterization 

          Optical transmission spectra were taken on an Agilent Technologies Cary 5000 

spectrophotometer from 300 nm - 2500 nm. The bulk polished samples were placed 

at normal incidence to the beam path. The scans were obtained at a rate of 60 nm 

min-1.  

Photoluminescence data were taken on a PTI Horiba Spectrophotometer 

Quanta Master 8000 with spectrally filtered dual monochromators and using a Xenon 

Arc Lamp as a light source. All measurements were taken in front face mode on 

polished bulk samples using a long pass 600 nm and 1050 nm cutoff filter to block 
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light scatter. Photoluminescence Excitation (PLE) scans were taken between λex = 

300 - 600 nm while monitoring the Cr3+ emission at λem = 694 nm. Also, excitations 

scan between  λex = 300 - 1000 nm while monitoring the Er3+ emission at λem = 1532 

nm. Emission scans were taken for the Cr3+ bands between λem = 500 - 800 nm while 

pumping multiple absorption bands at λex = 400, 532 nm for Cr3+ as it was determined 

to be effective pumping wavelengths from the excitation spectra. Scans for Er3+ 

emission were taken between λem = 1400 - 1800 nm while pumping multiple 

absorption bands for Cr3+ and Er3+ at λex = 400, 532, and 980 nm. All measurements 

were taken with varying integration times between 0.1 – 1 sec per nanometer and a 

varying step size of 0.1 - 1 nm. 

            With the same experimental setup, PL lifetime measurements were collected 

using a Continuum Surelite EX nanosecond laser, coupled to a Horizon Optical 

Parametric Oscillator as a monochromatic excitation source with pulse widths of 6 ns. 

Exponentials were fit to the raw data and PL lifetimes were defined as the time 

required for the normalized intensity to decrease by 1/e. Similar wavelengths for the 

static luminescence measurements were used for the decay measurements across 

all samples, with the exception that 532 nm wavelength was used. 

4.3. Results and Discussion 

Figure 4.3 shows XRD profiles of  Cr:Er:Al2O3 bulk ceramic after CAPAD 

processing. XRD profile of the processed ceramic shows peaks corresponding to 

Al2O3, as well as a minor peak centered at 2θ = 30.7 °, corresponding to the highest 

intensity peak for Er2O3 with a CaF2 defect structure, as discussed in Chapter 3.3. 

Since this peak was not present in the pre-densified powder, we believe this phase 
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likely formed through our high temperature (and high pressure) processing. There is 

no trace of chromium formation with the incorporation of the chromium nitrate at 

either concentration.  

 

Figure 4.3. Microstructural characterization of Cr:Er:Al2O3. XRD profiles c) of Al2O3 powder, 

Er2O3 powder, Al2O3 + Er powders and 0.1 at. % Er:Al2O3 bulk ceramic after CAPAD 

processing. The ceramic bulk sample shows a clear secondary phase (indicated with a 

triangle). 

Since the powder used for the planetary ball milling for mixing in the Cr(NO3)3, 

came from the ball milled powder of the Er2O3 + Al2O3 batch, it  is not surprising that 

the same secondary phase is seen in the diffraction measurement. In Figure 4.4, we 

show UV-Vis-NIR transmission measurements of the single doped and co doped 

ceramics. Based on the transmission spectra, the singly Er3+ doped ceramic 

displayed the well-known, 4I15/2 absorption band, as well as the various absorption 
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bands in the UV-Vis region, which cannot be discerned here, as discussed in Chapter 

3.3. The co-doped samples display two Cr3+ absorptions bands centered around 400 

and 550 nm which correspond to the 4T1g, and 4T2g. These absorption bands are 

evidence of incorporation of the Cr3+ ions in the Al2O3 matrix. There are also 

indications of Er3+ ions incorporated into this ceramic as there is the presence of 

absorption band centered around ~ 1.53 μm.  

 

 

Figure 4.4. Transmission curves of (a) 0.1 at % Er:Al2O3, 0.1 at. % Cr + 0.1 at. % Er 

Al2O3 and 0.25 at. % Cr + 0.1 at. % Er: Al2O3. Data is plotted by (b) normalizing 

transmission in order to reveal the similar line trend despite the differences in 

transmission. 
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Figure 4.5. Spectroscopic PLE characterization of the Er3+ and Cr3+:Er3+ co-doped bulk 

ceramic. 

In order to confirm the presence of optically active Cr3+ and Er3+ ions in the 

ceramic, we performed excitation scans of the sample shown in Figure 4.5, 

monitoring emissions from a known Er3+ emission peak at  centered around 1532 nm. 

While monitoring 1532 nm emission, the PLE spectra contains several weak narrow-

line transitions due to f-f transitions of Er3+ super-imposed over the two broad Cr3+ 

bands centered around 450 and 550 nm. These bands appearing at 400 and 550 nm 

are the very similar as those observed for Cr3+:Al2O3 as shown in our previous work 

[29]. These two bands can be assigned to the spin-allowed transitions 4A2–4T1 and 

4A2–4T2 of Cr3+, respectively. The excitation spectra also reveal closely spaced 

absorption peaks located between 300 – 550 nm as well as distinct peaks at 650 and 
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980 nm. This is strong evidence that the both Cr3+ and  Er3+ ions are incorporated 

and are optically active in the Al2O3 matrix. 

The PLE spectra for the 0.25 at. % Cr3+:0.1 at. % Er3+:Al2O3, exhibits similar 

behavior as the 0.1 at.% Cr3+:0.1 at.% Er3+ ceramic, with intensities of the transitions 

varying. While monitoring emission at 1532 nm, the excitation spectra revealed two 

intense broad bands centered at 400 and 555 nm and a sharp band at 694 nm which 

correspond to the  4A2g→4T1g, 4A2g→4T2g and 4A2g →2E ruby transitions. There are no 

clear signs of the various known Er3+ excitation transitions [30]  as with the previous 

samples. The intensity of the Cr3+ excitation bands are shown to increase as the 

concentration is increased from 0.1 at. % to 0.25 at. %, as seen in Figure 4.5  

This again is strong evidence that the both Cr3+ and  Er3+ ions are 

incorporated and are optically active in the Al2O3 ceramic. Even though there are no 

signs of the Er3+ excitation transitions in the UV-Vis spectrum, there is no NIR 

emission at 1.5 μm without Er3+ ions being optically active. 

Just as in the case with Er:Al2O3, there is a possibility that the electronic 

environment of the Er ion is slightly disordered, which can lead to a similar emission 

spectrum. However, the breadth and line shape of the emission spectra is different 

from what was presented in Chapter 3.3. There is more structure to the emission 

lines, there are peaks at 1469, 1490, 1553 and 1650 nm that are more pronounced 

than our Er3+ singly doped counterpart. This could mean that the energy dynamics of 

the emission process has been altered with the addition of the Cr3+ ions. 
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Figure 4.6. PL characterization of the Cr3+:Er3+ bulk ceramics. PL emission spectra for the a) 

0.1 at. % Cr3++ Er3+ and b) 0.25 at.% Cr3+ + 0.1 at.% Er3+ ceramic excited at the absorption 

bands identified using the PLE spectra. The PL spectra reveals broad emission in all cases, 

attributable to transition from the 4I13/2 manifold to the 4I15/2 manifold. 

Figure 4.6 shows the emission spectra of our ceramic samples. The singly 

doped Er3+ ceramics display the same behavior in Chapter 3.3. The NIR emission 

originated from Er3+:4I13/2 → 4I15/2 transition can be clearly observed under the 



92 

excitation of Cr3+:4T1g and 4T2g energy levels, which can indicate an energy transfer 

from Cr3+ to Er3+ as discussed previously in Figure 4.4. Under 400 or 532 nm 

excitation, there would be no NIR emission in the ceramic  without the Er3+ions. For 

the co-doped ceramics, the intensities have been normalized and found to be very 

dependent on Cr3+ concentration. At a Cr3+ concentration of 0.1 at. %, the emission 

intensity is relatively low. As seen from the plots the signal-to-noise ratio is low. This 

can indicate that the energy isn’t efficiently transferred from the Cr ions to the Er ions, 

however, at this stage, further analysis is needed to make that conclusion. When the 

Cr concentration is increased to 0.25 at.%, the transition at 4I15/2 is shown, when 

exciting at various wavelengths, 400 and 532 nm, there is more observable emission 

structure than with our singly doped Er3+ ceramic. When both co-doped samples are 

pumped with 980 nm, they have similar emission structure as with the singly doped 

Er3+ ceramic. This is to be expected, as when the 980 nm pump light strikes the 

ceramic and excites the dopant. 
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Figure 4.7 Emission Map of 0.25 at % Cr + 0.1 at. % Er: Al2O3 at room temperature. 

Two broadband excitation/emission bands are shown, arising from the 4T1g and 4T2g 

energy levels, to the 4I13/2 → 4I15/2 transition.   

  

 The emission map, shown in Figure 4.7, highlights the broadband emission of 

the 0.25 at % Cr + 0.1 at. % Er ceramic. As said before, the two chromium excitation 

bands are shown here, 4T1g, between ~ 375 – 460 nm and 4T2g which lies between ~ 

480 – 620 nm, pump Er ions directly to 4I13/2 energy level which then decay to the 

4I15/2 ground state. This gives that intense emission at ~ 1.53 um. 

Again, 400 nm excitation does not lead to any emission in singly doped 

Al2O3:Er3+. This emission is obtained only by f-f excitation around 980 nm or the other 

known Er3+ transitions [31], indicating that the emission described in Figure 4.6 is due 

to Cr3+ → Er3+ energy transfer. This is further substantiated by the excitation spectra 

shown in Figure 4.5. The energy transfer efficiency from Cr3+ → Er3+ can be 
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calculated based comparing the emission intensities of a ceramic with only Cr3+ ions 

present and another ceramic with both the Cr3+ ions and Er3+ ions. The concentration 

of  Cr3+ ions are held constant for both ceramics. The efficiency of energy transfer 

can be based on the following expression [31, 32]: 

𝜂𝐸𝑇 = 1 − (
𝐼𝑠

𝐼𝑠𝑜
)    (Eq. 4.1) 

where 𝜂𝐸𝑇 is the energy transfer efficiency, Is and Iso are the corresponding emission 

intensity of donor Cr3+ in the absence and the presence of the acceptor Er3+, 

respectively. From data of Figure 4.8, 𝜂𝐸𝑇 for 0.25 at. % Cr3+:0.1 at. % Er3+:Al2O3 

comes out to be ~ 15%.  

 

Figure 4.8. PL Emission spectrum of 0.25 at. % Cr3+:Al2O3 with 400 nm excitation. This is 

overlaid on top of the emission spectrum of 0.25 at. % Cr3+: 0.1 at. % Er:Al2O3. 
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From the data in Figure 4.8, energy transfer from Cr3+ to Er3+ is thus seen. This 

evidence comes from the decrease in Cr3+ emission intensity of Cr3+:Al2O3 with 

addition of Er3+.  

Just like in Chapter 3, we show time dependent fluorescence of the 4I13/2  to 

the 4I15/2 transition and the 4T2g → 4I13/2 → 4I15/2 transition. Figure 4.9  shows the decay 

curves plotted on a logarithmic scale. After a prolonged rising time, there is a linear 

dependence shown on a log scale which suggests that the lifetimes are exponential 

and consistent with our previous work on low Er concentrations. The measured 

lifetime was 5.9 ms for the4T2g → 4I13/2 → 4I15/2 transition and 6.01 ms for the 4I13/2 → 

4I15/2 transition. 

Given the very broad nature of the emission shown in Figure. 4.6, we again 

check to see if the lifetime varies across the emission wavelength range. Figure 4.10 

shows decay curves taken using the same excitation wavelength, λex = 532 nm, while 

monitoring emission across the emission bandwidth (λem = 1490 nm to 1570 nm). 

Just as with the singly doped Er3+:Al2O3, the intensity of emission varies significantly 

with the monitored wavelength, consistent with the static emission measurements. 

The lifetimes again show little variation across the very broad emission. This is 

shown in Figure 4.10 b, showing the normalized intensity plotted on a logarithmic 

scale. The data overlap confirming the same lifetime thus strongly indicating a similar 

nature of emission across the broad bandwidth.  
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Figure 4.9. Analysis of the time dependent fluorescence of the bulk ceramic at the 4
 T2g → 

4I15/2 transition for the 0.25 at. % Cr + 0.1 at. % Er :Al2O3. The measured lifetime was 5.9 ms. 

Also plotted for comparison, the 0.1 at. % Er singly doped bulk ceramic. 

 

 

Figure 4.10. Decay curves taken using the same excitation wavelength, λex = 532 nm, while 

monitoring emission across the emission bandwidth (λem = 1490 nm to 1610 nm). This is 

easily shown with normalized intensity plotted on a logarithmic scale. The data overlap 

confirming the same lifetime thus strongly indicating a similar nature of emission across the 

broad bandwidth. 
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However, as stated briefly, there is an observable rise time prior to the decay 

curves. It can be seen that the curves of Er:Cr:Al2O3 ceramics show a rise at the 

early times because the Er3+ ions can accept energy from Cr3+ ions through the direct 

energy transfer process from 4T2g level of Cr3+ to 4I11/2 level of Er3+. Along with the 

addition of Cr, more and more Cr3+ ions can act as donors to provide energy for Er3+ 

ions, so the rise processes will continue for longer time accordingly. 

 

Figure 4.11. Analysis of the time dependent build up fluorescence at the 4
 T2g → 4I15/2 

transition for the 0.25 at. % Cr + 0.1 at. % Er :Al2O3. 

 

We examined the 1532 nm build up and determined that a single-rate build up 

model provided a good fit to the data. Figure 4.11 shows the observed fluorescence 

build up signal and a model based on an exponential buildup. Since the 532 nm 

excitation source pumps the 4T2g level, one would expect that, in the absence of any 

pair interactions between Er3+ ions, excitation transfer, or excited-state absorption of 
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the pump the 4I13/2 state could be excited in only two ways. One is directly from the 

4H11/2 level, and the other is from the 4I11/2 level after that level is excited by an 4T2g → 

4I15/2 transition. Build up indicates that the 4T2g → 4I15/2 transition occurs in less than a 

microsecond, and thus excitation of the 4I13/2 level directly from the 4H11/2 level must 

be negligible. Since we measured a lifetime for the 4I13/2 → 4I15/2 transition of 

approximately 2.02 ms, we could expect the same buildup time for 1532 nm 

fluorescence. The shorter observed buildup time shown in Figure 4.11 indicates that 

the excitation process for 1532 nm emission is more complex than simple decay of 

levels in an isolated Er3+ ion.  

 

Figure 4.12. Analysis of the time dependent decay after build-up fluorescence at the 
4T2g → 4I15/2 transition for the 0.25 at. % Cr + 0.1 at. % Er :Al2O3. 
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Figure 4.12 shows the decay curves of the 0.25 at % Cr: 0.1 at. % Er:Al2O3 co-

doped ceramics. For these measurements, the pumping wavelength was 532 nm and 

monitored at 1532 nm. The comparison of lifetimes between the two ceramics reveal 

that there is a longer decay of the co-doped ceramic in both concentrations. This is 

caused by energy transfer from Cr3+ to the Er3+ as shown schematically in Figure 4.2. 

Just like in Chapter 3, the fluorescence lifetimes of Er3+:4I13/2 manifold were 

fitted using Eq. 4.2 by monitoring 1.5 μm emission. For the 4T2g → 4I15/2 transition, 

there was a rising stage and before it turned to fall in a multi exponential decay 

curves of 4T2g → 4I15/2 transition as shown in Figure 4.9, which mainly resulted from 

the transition of 4T2g → 4I15/2 with 532 nm pumping. Therefore, these decay curves 

were fitted by (Eq.4.2) with the influence of Cr3+:Er3+: 4T2g → 4I15/2 transition taken into 

consideration: 

𝑌 = 𝑦0 + 𝐴1𝑒
(−

𝑥−𝑥0
𝑡1

)
+ 𝐴2𝑒

(−
𝑥−𝑥0

𝑡2
)
    (Eq. 4.2) 

where 𝑦0, 𝐴1, 𝐴2, 𝑡1 and 𝑡2 are constants, the terms   𝑒
(−

𝑥−𝑥0
𝑡1

)
 and 𝑒

(−
𝑥−𝑥0

𝑡2
)
 both 

corresponded to the influence of Er3+: 4I11/2 → 4I13/2 process and to fit the lifetime 

value tavg, we used Eq. 4.3: 

𝑡𝑎𝑣𝑔 =
(𝐴1∗𝑡1)+(𝐴2∗𝑡2)

𝐴1+𝐴2
      (Eq. 4.3) 

The listed values for all the fitted lifetimes for the Cr3+:Er3+: 4T2g → 4I15/2 

transition, for both single and double exponential fits are listed in Table 5. All the 

fitted data across the emission spectrum from 1490 – 1570 nm were analyzed. 
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Table 2.1. Single and Double Exponential Fits of time constants for the 4I13/2 → 4I15/2 transition 

in 0.25 at. % Cr + 0.1 at. % Er. 

 
In general, non-radiative energy transfer processes occur via two major 

mechanisms, the Forster resonance mechanism and the Dexter exchange 

mechanism. The Forster resonance mechanism involves an electrostatic interaction 

between the sensitizer and acceptor. Such an interaction can occur over a long 

range, that is it does not require a very short contact between the donor and the 

acceptor. Energy transfer via the resonance mechanism may proceed over donor–

acceptor distances as long as 50 – 100 Å. 

 In order for energy transfer to be efficient via the resonance mechanism, the 

energies of the donor and acceptor transitions must be nearly identical [34]. 

Nevertheless, the presence of phonons may provide assistance for energy transfer 

when small differences exist between the donor and the acceptor excited states. 

Such processes are called phonon-assisted energy transfer processes [34]. The 

energies of the phonons should be high enough to surmount the difference between 

the donor and acceptor excited states. However, too high phonon energies increase 

the likelihood of non-radiative de-excitation, which would take place before energy 

transfer can take place [34]. 

The Dexter exchange mechanism involves a direct contact between the donor 

and the acceptor ions. The exchange interaction between the donor and the acceptor 
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ions involves a transition state with a distance that is close to the sum of the gas-

kinetic collision radii of donor and acceptor ions, respectively [reference35]. 

Therefore, information about the energy transfer mechanism can be gained by 

structural studies of the system under consideration. If the critical distance is short 

(normally < 5 Å) then the exchange mechanism is the more likely, but if the critical 

distance is long ( > 5 Å) then the re resonance mechanism would be more likely. 

The critical distance Rc for energy transfer from the Cr3+ to Er3+ ions were 

calculated using the concentration quenching method. The critical distance Rc 

between Cr3+ and Er3+ can be estimated by the following formula suggested by 

Blasse [31, 32]: 

𝑅𝑐 ≈  2 [
3𝑉

4𝜋𝑥𝑐𝑁
]

1

3
     (Eq 4.2) 

where N is the number of molecules in the unit cell, V is the unit cell volume and xc is 

the critical concentration. For Al2O3 host, N = 12, V = 254.092 Å3 and the critical 

concentration is about 0.001 and 0.0025 from the total concentration of Cr3+. 

According to (Eq. 4.2), the critical distance of energy transfer for the critical 

concentration of 0.001 and 0.0025 is estimated to be about 34.33 Å and 25.294 Å, 

respectively.  

This is much larger than 5 Å which is typical of Dexter’s exchange interaction 

[35]. Thus, it is possible that energy transfer mechanism in this system is governed 

by the electric multipolar interaction. However, this method of energy transfer is 

under the assumption that the location at which the donor and acceptor ions sit on 

the lattice sites and not mixed in the grain boundary. As is shown here, there is no 
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clear indication that fully incorporated dopants in the lattice, which would mean that 

all the energy transfer cannot be determined through this method. 

We obtained approximate absorption cross section spectra by using the total 

Cr3+ concentration in the usual expression, σabs = α/N, where σabs is the absorption 

cross section, α is the absorption coefficient, and N is the concentration of Cr3+ ions 

contributing to the spectrum. This analysis was performed and plotted for both the 

4T1g and 4T2g manifold, shown in Figure 4.13. The value of the absorption cross 

section, σabs ~10-19cm2. This value is relatively high in comparison to other erbium 

doped oxides with similar concentrations. 
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Figure 4.13. Absorption cross of the a) 0.1 at. % Cr + 0.1 at. % Er:Al2O3 and b) 0.25 at. % Cr 

+ 0.1 at. % Er:Al2O3 bulk ceramic. The absorption cross sections were calculated from 

measured absorption spectrum. 

As in Chapter 3, the emission cross sections in the are determined using 

the Fuchtbauer – Ladenburg method (F-L Method) [36]. Based on the success and 

accuracy of our previous results, we estimated the emission cross section σem from 

the measured room temperature fluorescence spectrum and the measured lifetime, 

using the (F-L Method) [36]: 

        𝜎𝑒𝑚(𝜆) =
𝜆5

8𝜋𝑛2𝑐𝜏𝑟𝑎𝑑
∗

𝐼(𝜆)

∫ 𝜆𝐼(𝜆)𝑑𝜆
         (Eq. 4.3) 
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where λ is the fluorescence wavelength, I is the fluorescence intensity, τrad is the 

radiative lifetime, n and c are the refractive index and the light velocity, respectively. 

Based on an assumption that in our samples, they exhibit a purely radiative lifetime 

decay, a nonradiative quenching process leads us estimate the quantum efficiency, 

η, of this transition to be close to 1.  It is important to note that we have confirmed 

that the lifetimes are same over this range (Figure 4.10), justifying the use Eq. 4.3 

integrating from 1400 to 1700 nm.   

The emission cross section is shown in Fig 4.14. The data show that the 

maximum cross section is our 0.25 at. % Cr:0.1at % Er ceramic has an emission 

cross section value of, 7.58 × 10-21 cm2. This value compares favorably with other Er 

doped media. 

 

Figure 4.14. Stimulated emission cross section spectra of the 4T2g → 4I15/2 transition, The 

stimulated emission cross section was calculated using the Fuchtbauer – Ladenburg 

Relation. 
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4.4. Summary 

In summary, through the powder processing with ball milling and consolidation 

with CAPAD, a transparent co-doped Cr3+:Er3+:Al2O3 ceramic was fabricated. With 

chromium acting as our sensitizer, broad band excitation in the visible region and 

emission around 1.5 μm make these laser gain media are attractive for applications 

such as green pumped tunable NIR lasers. Using Cr Er energy transfer, it is possible 

to design Al2O3 based NIR emitting laser gain media. The technology for other Al2O3 

based lasers technology is already established. The results presented here indicate 

the possibility of extending this technology to optoelectronic in the NIR region around 

1.5 μm. Some quantitative details of the energy transfers are summarized below. 

Luminescence in transparent Cr:Er:Al2O3 has been reported for the first time. Critical 

distances for  0.1 at. % and 0.25 at. % Cr/Cr is estimated to be 34.33 Å and 25.294 

Å, respectively. Efficiency of energy transfer is estimated to be 15% for Cr/Er. 

Mechanisms for Cr/Er energy transfer are suggested. The values for the absorption 

and emission cross section, suggests that this material has the potential to be an 

efficient green pumped gain media. 
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Chapter 5. Summary and Conclusion 

By applying the ideas of non-equilibrium synthesis and processing techniques 

including high energy planetary ball milling and CAPAD processing, along with 

careful rare earth dopant source selection, significant progress has been made in the 

development of Al2O3 as a high thermal conductivity laser gain material. Non-

equilibrium doping was made possible with our well-studied synthesis and processing 

routes. We have demonstrated above equilibrium concentrations of Er, Er and Cr 

dopant in transparent polycrystalline bulk alumina for the first time. The Er:Al2O3 

ceramics show a broad emission spectrum centered around 1530 nm. With a 

relatively high gain cross section the Er doped alumina ceramic has potential to be an 

efficient laser gain media. When introducing the chromium as a sensitizer, the 

broadband visible absorption, lead our alumina ceramic to have different electronic 

emission mechanics and the potential to be an efficient gain media. 

5.1. Future directions  

From this study, with a better understanding on optimal doping concentrations 

and processing, we can develop other combinations of RE systems to see efficient 

laser actions at different wavelengths.  

With all the potential that both these material systems possess, to further 

realize their development, integration in a laser system is required. There have been 

recent efforts in our group as how to integrate our gain media. Building a basic Fabry-

Perot Cavity, in order to prove that our material is efficient and capable of high 

powers. We have also been fabricating waveguides from our media, whether it be, 
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channel waveguide, ribbed waveguides or cladded, we have ideas to integrate our 

material to ensure laser action is realized.  

 




