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89. ....It (logical investigation) takes its rise, not from an interest in the facts of

nature, nor from a need to grasp causal connexions: but from an urge to

understand the basis, or essence, of everything empirical. Not, however, as if to

this end we had to hunt out new facts; it is, rather, of the essence of our

investigation that we do not seek to learn anything new by it. We want to

understand something that is already in plain view. For this is what we seem in

some sense not to understand.

Ludwig Wittgenstein

Philosophical Investigations
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This thesis reports the experimental study of a new, promising class of solid-

state laser gain media, namely erbium doped ceramic yttria. Optical quality ce-

ramics have numerous advantages over single-crystal hosts and glass hosts, such

as general mechanical robustness in extreme conditions ,the ability to engineer

doping profiles and tailor the laser gain media, and depending on the material

system chosen, higher thermal conductivity these materials demand greater at-

tention of researchers in the field. Ceramic gain media can also be made in large

volumes much like glass, leveraging cheap flash-pumping methods to generate

very high powers for military and scientific purposes.

The work reported here spans many areas that when taken together present

a full evaluation of a future laser host. We have experimentally ascertained thus

far the refractive indices of varying doping levels of active ion erbium in polycrys-

talline yttria and the materials stress-optic behavior. Spectroscopic data such as

absorption and emission spectra in the near and mid infra-red regions, and the

calculated cross-sections are also included. Multiphonon studies were also com-

pleted, the data provides vital information on the dominant phonon frequency

and the radiative lifetimes. Energy transfer amongst the erbium ions and up-
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conversion behavior is also analyzed. The theoretical work provided included an

up-to-date Judd-Ofelt analysis of the ion-host system.

The multiphonon analysis above was expanded to include some other oxide

host materials and differing forms of the same material. Some new upconversion

pathways were also discovered in a novel two-pump experiment. Comparisons

have been drawn to the current standard Er:YAG system where necessary.
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CHAPTER 1

Introduction

The mid-IR region is often called the “molecular footprint” region. Since it

is well known that vibrational and rotational characteristics of relatively small

atmospheric molecules such as CO, CO2 , NO2 , etc., can be ascertained by

spectroscopic analysis of suitable wavelengths in this region, the availability of

laser sources for environmental studies in the range is a necessity.

Apart from spectroscopic studies of these atmospheric constituents, this region

of the spectrum also shows promise for free-space communication [1], the eye-safe

laser and various military applications. LIDAR and scores of medical applications

- ranging from advanced non-contact surgical cutting tools to in-situ spectroscopy

[2],[3] demand the existence of ready sources in this energy regime. Such lasers

will also be of immense importance in fields where light-matter interaction is

closely studied - for instance laser-induced damage, surface characterization, and

advances in fundamental laser-matter interactions and mechanisms.

Crystalline lasers have played an important role in the history of lasers in

general, and mid-IR lasers in particular. Schawlow and Townes in 1958 were the

first to recognize the possibility of solid-state lasers operating in the infra-red

[4]. With chromium as the active ion in Al2O3, Maiman soon demonstrated laser

action in 1960 [5]. One of the first mid-IR lasers was also one of the first lasers

- U3+ : CaF2 which was shown to lase at 2.6µm by Sorokin and Stevenson [6].

Many more active ion solid-state lasers were to follow including Dy3+ : CaF2 in
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1960[7], Sm2+ : CaF2 in 1961[8], Dy2+ : CaF2 in 1962[7][9], and perhaps the

industrially most important lasing of the Nd3+ ion emitting near 1µm [10]. The

lanthanide and actinide series have been the most dominant activators responsible

for stimulated laser action. Research using lanthanide and actinide activators for

the mid-IR region thereafter slackened and gave way to other systems of some

promise such as semiconductor optically pumped lasers, vibrionic lasers using

transitional metals (iron and chromium doped zinc-selenide/sulphide), and more

recently engineered quantum structured laser gain media made using the III−V ,

II − V I and IV groups.

The creation of mid-IR lasers with high output powers was perhaps realized

first by the industrial research and laser-activated plasma communities. The laser

systems of choice generally are Nd3+ : Y AG/Glass lasers and Y b3+ :YAG disk

lasers. The 1.06µm radiation (from Nd doped systems) doubled and redoubled in

frequency and chirp-pulsed amplified allowed them to generate astoundingly high

intensity levels with which to probe, excite and accelerate plasmas in wakefield

generators - a research area in which the UCLA engineering faculty is a pioneer

[11][12].

Except the glass hosts mentioned above, almost all traditional solid-state laser

hosts rely on single-crystal matrices doped with active ions. In general, these

single-crystals are grown using a wide variety of techniques including Czchoral-

ski, float-zone , Bridgeman-Stockbarger, laser-assisted pedestal growth, etc. Ce-

ramic host matrices provide a way to move away from these single-crystal growth

methods, all of whom are very time consuming and expensive. As we shall see,

ceramic hosts have other critical advantages as well.
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1.1 The argument for ceramic hosts

The importance of the active ions in the system of choice cannot be understated

- in fact we would have no lasers if it weren’t for these unique elements. But

of no less importance is the composition and structure of the host in which to

subtend the active ions. Different hosts have been known to provide different

lasing wavelengths [13] by changing the symmetry of the active ion site and

thereby allowing formerly forbidden electronic dipole transitions, an effect known

as the crystal-field effect, the theoretical basis for such lasers.

Single crystal hosts such as YAG, YGG, Al2O3, inter alia have been studied

and continue to be studied, but not as much effort has been expended on polycrys-

talline, and non-crystalline hosts - with the notable exception of the Nd3+ : Glass

system. The first ceramic laser gain media was made in 1964 - the Dy2+ : CaF2

system followed by the Nd3+ : Y2O3 − ThO2 system in 1970s [14]. Research on

ceramic gain media virtually stopped after that with the next successful laser

oscillations reported in 1995 with the Nd3+ : Y AG ceramic system [15].

And yet the limitations in the single crystal hosts are glaring - thermal lensing

at high powers, clustering of active ions causing cross relaxation (this has been

known to happen in the Er3+ :YAG system with increase in concentration [16]).

Poor thermal conduction in some hosts causes the unabated creation of optical

phonons ruining pumping efficiency. Quenching of excited levels depend strongly

on concentration and temperature. Single-crystal gain media are also difficult to

make in large quantities with the methods noted above requiring considerable

investments of time, talent and money. All these factors have contributed to the

lack of very high powered devices from this set of active ion doped solid state

crystal lasers.
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Ceramic hosts, on the other hand have multiple advantages over their sin-

gle crystal cousins, namely the ease of making ceramic by well-studied material

science techniques such as hot-isostatic pressing [17], and using nanocrystallite

technologies [18], etc. We are also ensured an efficient utilization of the optical

pump power since the dopant ion can be homogeneously distributed throughout

the host reducing cross-relaxation at high dopant concentrations. And there is

also the ability to create engineering bulk media as may be used to couple directly

to optical fibers [19].

Being refractory materials these ceramic hosts have a higher tolerance to heat

and won’t shatter during high-power operation. Furthermore, if constituents

are chosen wisely one can even manage thermal effects to an extent. The use

of ceramic methodologies also permit the use of various sesquioxides which are

difficult to produce as single-crystals[19].

Some of the latest developments in this field include increase in lasing effi-

ciency in the Nd3+ :YAG system [20], Y b3+ in Y2O3 [21] and Sc2O3 [22] and

the co-doped system - Nd3+, Cr3+ :YAG [23] (all ceramic systems). High pow-

ered operation has also been reported with the highest powers thus far reaching

≈ 100W in Nd3+ :YAG [18].

Ceramic hosts are not without their own problems: Random orientations of

the scatterers makes creating transparent ceramics with minimal scattering one

of the major problems. But still much progress has been made to reduce this

scattering attenuation constant most notably in the Nd3+ : Y AG system using a

silica based sintering aid to reduce porosity.

In this thesis, we address the experimental study of a novel ceramic host for

rare-earth activated laser gain media. This experimental study consists of mea-

surement of the group refractive index of the materials at varying doping levels,
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near-IR absorption and emission measurements - critical for the determination of

appropriate diode pump wavelength regions and source of the near-IR telecom-

munication wavelength ∼ 1.55µm, mid-IR emission measurements - the source of

the technologically important ∼ 3µm lasing region. Multi-phonon measurements

for the determination of temperature effects on lifetime of the 4I11/2 →4 I13/2

transition have also been made.

The existing Er :YAG laser gain media is used a basis for comparison through-

out the thesis.

The thesis is structured as follows: Chapters 2, 3, 6, 7, 8 and 9 are abstrac-

tions of publications (noted in the above publication list) either in print or going

through the peer-review process as of date. Chapters 4 and 5 have data that will

be put into publications planned for a later date.
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CHAPTER 2

Optical Properties

The refractive index n or more accurately the real part of the complex, linear

index, is one of the first measures that are performed for any material claiming

to be a new optical material. Here we measured the refractive index using the

minimum angle of deviation method using specially made prisms for the purpose.

Sellemeier coefficients have also been computed for the wavelength range that

extends from visible part the spectrum to the mid-IR.

2.1 Theory

Physically in a lossless, non-magnetic material (not polarized by an external mag-

netic field), the electric permittivity ε0 in a vacuum is replaced by the permittivity

of the material, say ε. This change is the electric permittivity from a vacuum to

a material is measured by the relative electric permittivity - ε/ε0, which is called

the dielectric constant of the medium. The propagation constant in the medium

is then,

k = ω
√
µ0ε =

nω

c
(2.1)

where,
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n =

√
ε

ε0
(2.2)

But, no real world material is lossless. In this case the permittivity is a

complex quantity thus,

k2 = ω2µ0ε = ω2µ0(ε′ + iε′′) (2.3)

Subsequently, the index of refraction becomes complex as well,

n =

√
ε′ + iε′′

ε0
= n′ + in′′ (2.4)

In the most general case of an anisotropic material ε is a second rank tensor


ε11 ε12 ε13

ε21 ε22 ε23

ε31 ε32 ε33


With the constants such as εij (i 6= j), correspond to transfer of polarization

and energy from the ith direction in space to the jth direction in the medium.

That said, it usually should be possible to reduce the above matrix to a purely

diagonal one, in the general case with the three permittivities ε1, ε2, and ε3

differing. Evidently this is reflected in the refractive indices change in the different

directions as well. [1]

Ceramic materials, such as Y2O3 or ceramic YAG, are made up of crystallites

with particles with sizes ranging from ∼ 100nm to ∼ 10µm. And although
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individually the crystallites might have a purely anisotropic character, when in

the random arrangement that defines this class of material, we may safely assume

isotropy,

ε1 = ε2 = ε3 ⇒ n1 = n2 = n3 (2.5)

What follows is the measurement and mapping of the wavelength dependence

of the real part of the refractive index for the region extending from the visible

part of the spectrum to the the mid-IR region.

In general the refractive index is calculated using an empirical Sellemeier

equation, which in turn is obtained by fitting wavelength dependent refractive

index data to an equation derived from the Lorentz model of the refractive index,

n(ω)2 = 1 +
Ne2

mε0

∑ fj
ω2

0,j − ω2 − iγjω
(2.6)

Here n is the complex refractive index, ω is the optical frequency, ω0,j is

the resonant frequency of the j th oscillator, fj is the oscillator strength. The

complex terms i, γj and, ω in the denominator of the sum represent the losses in

the Lorentz model. N , e2, m, and ε0 represent the number of oscillators, charges

on the oscillators, their masses and the dielectric constant of vacuum. If one were

to assume the losses to be negligible, and rewrite the above equation in terms of

wavelength, the resulting equation would be known as Sellemeier’s formula.
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2.2 Experimental Details

The refractive index was calculated from the measured angle of minimum devi-

ation of the ceramic samples. The samples available were equilateral prisms of

pure Y2O3,

(Er0.1Y0.9)2O3 and (Er0.2Y0.8)2O3 . The refractive index is calculated in two

stages in the minimum angle of deviation method. One first measures the angle

of minimum angle of deviation and then from it calculates the refractive index of

the substance relative to the surrounding air using the formula,

n =
sin((α + δmin)/2)

sin(α/2)
(2.7)

where, α is the apex angle of the prism and δmin is the minimum angle of

deviation. The output from either a tunable multi-wavelength HeNe laser (visible

spectrum) or a Nd : V O3 laser (1.064nm) or a NIR HeNe (3.39µm transition) was

used to provide the discrete wavelengths used in the experiment. The refracted

beams were projected on a screen after a circa 10m throw to amplify the effect

to slight changes in angle.

Refracted beam spot was imaged by an assortment of detectors to cover each

range.

Region Detector D∗

visible naked eye ∼ 1017 [2]

1.06µm Newport IR viewer Sensitivity ∼ 0.001mA/W [3]

3.39µm Electrophysics PV320LZ pyro-camera ∼ 108

A goniometer (Gaertner Scientific Corp.) was used to obtain measurements of

the prism apex angle and the angles of minimum deviation. It has a nominal
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resolution of 20arcsec. The refracted beam was located after passing through

the prism, the minimum-deviation angle was found by carefully rotating the go-

niometer stage until the beam reversed direction. The point of reversal marks

the angle of minimum deviation. The refractive index was then calculated for

each measured minimum deviation angle with the standard formula (2.7).

The system was calibrated by measuring the refractive index of single crys-

tal YAG. These calibrated measurements were made at two HeNe wavelengths

(0.632µm and 0.543µm). These measurements gave values that were within

∼ 0.65% from known values in literature (relative error) [4].

The result of multiple measurements of the angle of minimum-deviation (δmin)

angle resulted in a standard deviations for the calculated refractive index to span

the range 2.7× 10−5 ↔ 7.8× 10−4 over the whole range of wavelengths measured

for all prisms considered. The temperature for all measurements was 21− 22oC.

The refractive index for air at that temperature is ∼ 1.00027 for a wide range of

wavelengths covering the wavelengths of interest here.

The apex angles were also measured using surface reflections and were found

to have a relative error in the range of 0.24%↔ 1.1% from the 60o value.

2.3 Results

The refractive indices thus calculated were used to compute Sellemeier co-efficients

valid in this region. We fit the data to a two oscillator equation with resonant

frequencies located in the ultraviolet and the infra-red region. The Sellemeier

equation chosen was the oscillator equation,

n2 − 1 =
Aλ2

λ2 − λ2
A

+
Bλ2

λ2 − λ2
B

(2.8)

12



Table 2.1: Sellemeier co-efficients for varyingly doped Y2O3.
Pure Y2O3 (Er0.1Y0.9)2O3 (Er0.2Y0.8)2O3

A 2.5444 2.5574 2.5711
λA(µm) 0.1311 0.1331 0.1355
B 4.327 4.308 4.317
λB(µm) 22.85 22.86 22.89

where A and B are constants, proportional to the oscillator strengths fj. And

λA and λB are resonant wavelengths.

To obtain the fitting parameters A, B, λA and λB we used a non-linear fitting

method derived from the Levenberg-Marquardt algorithm.

The algorithm was written in-house.

Given the above trend of the refractive index with varying concentrations of

Er2O3 substitution units in the Y2O3 matrix, we can calculate the refractive index

of the intermediate concentrations and also the refractive index of - Er2O3. This

employs the use of the using the semi-empirical effective medium theory [5][6].

See figures (2.3, 2.4 and 2.5).

2.3.1 Effective Medium Theory

The theory due to Weiner[5], gives the limits for the dielectric function for com-

pound materials. The two-phases of the compound material are assumed to be

arbitrarily and homogeneously distributed [6] in the theory and this suits our

situation quiet well. Essentially, the effective dielectric constant can be given by,

εeff = faεa + (1− fa)εb (2.9)
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Table 2.2: Comparison of Refractive indices for pure Y2O3

λ = 589.3nm [4] λ = 594nm at λ = 589.3nm using Table(2.1) % Error

1.9348± 0.0069 1.9162± 0.00046 1.9177 ≤ 0.9%

Table 2.3: Comparison of Refractive indices for Er2O3

λ = 589.3nm [4] λ = 594nm at λ = 589.3nm using Figure(2.4) % Error

1.9227± 0.0174 1.9635± 0.00268 1.9626 ∼ 2.05%

Where, fa is the volume fraction of material a and ε(eff/a/b) is the real dielectric

constant for effective, a and b material, as the case may be. The above equation

along with (eqn.2.2) allows the calculation of the refractive index.

2.4 Discussion

As noted above Y2O3 is cubic sesquioxide as a single crystal, and the dielectric

constants are isotropic (deduced from [4]). We believe it would be fair to assume

the refractive indices should be very close to the single crystal version of the

compound. And in fact the values tally quite well to the published reference for

these materials ([4]). It must be noted the reference index values were measured

at the sodium D-line of λ = 589.3nm.

With three known levels of substitutional dopings available, we were able to

estimate the refractive index for Er2O3 ceramic figure(2.3).
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CHAPTER 3

Stress-optic Behavior

he stress-induced birefringence for erbium doped yttria ceramics were measured

at room temperature. An ellipsometer was used to measure the retardation effect

of static loading on a set of ceramic equilateral prisms and the stress-optic co-

efficients were obtained. The samples measured were equilateral prisms of pure

Y2O3, (Er0.1Y0.9)2O3 and (Er0.2Y0.8)2O3 . The stress-optic co-efficients were found

to be in the range 1.6↔ 2.5× 10−5[nm/cm]/Pa showing no dependence on erbium

concentration.

3.1 Introduction

Ceramic yttria (Y2O3) has become a material of interest to make gain media

for high-power solid-state lasers. The physical characterization of such a ma-

terial is crucial for engineering laser devices. Data for the refractive index and

temperature-dependent change in the refractive index for erbium doped ceramic

yttria was provided previously [1]. Here we provide the stress-optic coefficients

for the same material system.

Thermal optical distortion in laser materials stems from energy dissipated as

heat in the material as the laser is pumped optically. The dissipating heat causes

two physical effects on the index of refraction n of the solid-state laser material.
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n = n0 + ∆nthermal + ∆nstress

The first effect, ∆nthermal, is the change in refractive index of the material with

the temperature of the material. This effect is characterized by calculating the

thermo-optic coefficients of the material by direct measurement of the change

in refractive index as a function of the temperature of the material ( dn
dT

[ 1
oC

]).

The second effect, ∆nstress, is the change in polarizability of the medium with

the application of constrictive stress, which is in turn due to the change of the

material volume due to temperature. Applied stress causes a change in refrac-

tive index of the material in differing directions which gives rise to birefringence

affecting the polarization of the transmitted light. The stress-optic coefficient

Retardation
AppliedPressure

[nm/cm
Pa

] characterizes this effect.

Considering the rod design routinely employed while building water-cooled

solid-state lasers, the thermal flux from flash-lamps or diode pumps causes ex-

pansion of the clamped laser-rod. The effect is to squeeze the rod radially. This

causes birefringence in the radial and tangential direction throughout the length

of the rod. As a consequence, a linearly polarized beam propagating through the

gain medium will experience phase retardation as a function of the length of the

rod (See Figure (1)).

During operation, lasers are subjected to various mechanical forces including

stresses within the laser-rod mount, thermally induced stresses generated from

thermal gradients, pressure gradients, vibrations, etc. For design verification and

inspection during operation, it is desirable to have a full aperture description

of the effect of the stress field on light passing through the laser rod. These

birefringence measurements fulfill these conditions.

Ceramic laser gain media are now gaining prominence due to the various
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advantages ceramics have over single crystal hosts. A simple stress-optic law

is most notably one of them. We have measured the stress-optic behavior of

erbium-doped yttria at varying concentrations of the dopant using He-Ne laser

illumination.

Ceramic materials, such as Y2O3 or ceramic YAG, are made up of crystallites

with particles with sizes ranging from ∼ 100nm to ∼ 10µm [2]. And although

individually the crystallites might be anisotropic in character, when in the random

arrangement that defines this class of material, we may safely assume isotropy in

bulk. Therefore, fine grained ceramics are expected to behave as amorphous or

isotropic media with a stress-optic matrix described by,



π11 π12 π12 0 0 0

π12 π11 π12 0 0 0

π12 π12 π11 0 0 0

0 0 0 × 0 0

0 0 0 0 × 0

0 0 0 0 0 ×


where the × components are proportional to the difference between the non-

zero π11 and π12 components. A stress in the X direction results in a uniaxial

optical medium with the index for light properties in the Y-Z plane, i.e. per-

pendicular to the stress, having indices of refraction of,

nY = nZ = n0 − 1
2
(n0)3π12σ

In the direction of the stress, the index of refraction is,

nX = n0 − 1
2
(n0)3π11σ
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In the isotropic case we have, nY =nZ since the π components are equal. σ is the

stress load applied [3].

The experiment performed directly gives us the birefringence in polarization

when light passes through the media. The birefringence B can then be written

as,

B[nm
cm

] = ∆n× λ[nm]
length[cm]

= ∆φ
180o
× λ[nm]

length[cm]
,

3.2 Experimental

Retardation caused by static-loading was studied in a polaroscopic arrangement

in which the angular phase change was measured for samples with varying con-

centrations of the rare-earth dopant.

A polarized beam from a He-Ne laser served as a probe. After static loading

and the subsequent polarization phase shift, the probe light suffered depolariza-

tion and was partially transmitted by the analyzer.

The polaroscopic experiment was constructed around a high-accuracy ellip-

someter (Rudolph Scientific, angular measurement accuracy of 0.001o), with the

sample stage modified to hold incremental static loads of up to 1 × 106 Pa

(σmax = 1× 106Pa) (see Figure (2) for the schematic of the setup).

The control sample was a fused silica prism, roughly of the same dimension

as the ceramic prisms. The known stress-optic coefficient for fused quartz is ∼

3.52 × 10−5 [nm/cm
Pa

] [4]. It compares well with our value of 3.54× 10−5 [nm/cm
Pa

]

(see Figure (3)).

The samples were transparent ceramic equilateral prisms of pure Y2O3,

(Er0.1Y0.9)2O3 and (Er0.2Y0.8)2O3. They were produced by hot-isostatic pressing
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Table 3.1: Stress-Optic coefficients
Sample SO co-eff. [nm/cm]/Pa
Undoped Y2O3 1.781 ×10−5

5% Y2O3 1.928 ×10−5

10% Y2O3 2.481 ×10−5

20% Y2O3 1.627 ×10−5

(HIP) using nanocrystalline precursors [5]. The samples were subsequently cut

into prisms (approximately 2cm high and 1.5cm in length) and mirror polished.

All the measurements were at the minimum angle of deviation δmin, ensuring

minimum variation in the signal beam as it propagated through the prism due

to minor disturbances of the setup during loading and unloading.

3.3 Results and Discussion

The stress-optic coefficients (Figure (4), Table 3.1) characterize the effect of me-

chanical stress applied to ceramic yttria doped to varying percentages of active

rare-earth dopants.

There have not been, to the authors’ knowledge, publicly available numbers

for the thermal expansion coefficient for ceramic yttria or any sort of correlation to

the presented stress-optic numbers. The closest system studied is yttria-stabilized

zirconia (with an α ∼ 10−5 range around 600-700 K [6]), which is significantly

different from bulk ceramic yttria made up of crystallite particles. There has

been a recent publication of refractive index data on the ceramic material, along

with the change in the refractive index due to temperature [1].

We expect the results presented here will provide quantitative optical charac-

terization of the erbium doped yttria system.
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The results show retardation on the order of 1 ↔ 3 × 10−5 nanometers per

centimeter for every pascal of load the sample is placed under. The plots are

also linear, indicating an application of loads well within the elastic region of

deformation.

The results show no dependence on the increasing amount of the erbium ion.

Other properties such as the refractive indices ([1]) and the unit cell size on the

other hand do differ, even if very slightly. The unit cell sizes of the sesquioxide

forms of Y2O3 and Er2O3 are noted to be a = 10.605 ± 0.001Å (for yttria) and

a = 10.550± 0.001Å (for the erbium sesquioxide) [7].

3.4 Conclusion

The operation of liquid-cooled, high-powered lasers (≥kW range) demand sharp

constraints on the limits of physical deformation due to high heat loads. Ensuring

a material can withstand the heat loads and, furthermore, that has a predictable

change is a major concern. The above report adds to the amount of information

regarding ceramic media that are now gaining interest as future high-powered

gain media.

The rich infra-red lasing behavior shown by erbium in insulating hosts drove

the decision to study this particular system.

We expect this information along with the thermal-effect on the refractive

index of the similar ceramic samples previously reported [1] to be of value for the

ceramic yttria laser material system.
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CHAPTER 4

Concentration Dependent Spectroscopic data

Ceramic materials are being widely studied for many advantages that they have

over single-crystal hosts including better thermal management, ease of manu-

facturing,manageable stress-optic behavior and the ability to customize doping

profiles.

We have studied varying concentrations of erbium doped in ceramic yttria.

In this manuscript we present concentration dependent spectroscopic and mul-

tiphonon behavior. The erbium ion has many important emission wavelengths

in the near and mid IR region when doped in this insulating host matrix. We

present absorption and emission characteristics for emissions in near-IR region

(∼ 980nm and ∼ 1550nm) and in the mid-IR region (∼ 3µ).

The lifetimes of the higher-energy level (4I11/2) and the terminal level (4I13/2)

of the mid-IR laser are presented. They show a concentration dependence that has

never been seen before. The ‘self-terminating’ mid-IR laser transition 4I11/2 →
4I13/2 could potentially be overcome by tuning the doping level.

Concentration dependent multiphonon studies show the effect of high temper-

atures on the population in the mid-IR lasers higher energy level as well. Con-

centration dependent absorption and emission cross-sections are also provided for

completeness.
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4.1 Introduction

Crystals large enough to design high powered solid state laser systems are not

easily made. Single crystal solid state media also have stringent limitations on

their opto-mechanical, thermal properties and general mechanical robustness.

This has given impetus to the development of ceramic solid state laser media.

Ceramics are expected to have lower processing and fabricating temperatures and

the ability to custom design multi-functional laser gain media. This would include

spatially non-uniform doping and the mechanical advantages of ceramic media

such as a lack of cleavage planes and enhanced toughness due to granular micro-

structure. Ceramics are also expected to have the simpler stress-optic behavior of

amorphous media as compared to single crystal versions of the same compounds.

4.2 Lifetimes of the 4I11/2 and 4I13/2 energy levels

With its rich variety of transitions and conveniently placed absorption bands,

erbium has become an important ion to generate telecommunication wavelengths.

Erbium doped in insulating hosts has well-known emissions at other wavelengths

around ∼3 µm (the 4I11/2 →4 I13/2 transition). This emission line is important

because the vibrational modes of the water molecule have energies very close to

the energy of the mid-IR photon (2.936µm emission from the Er3+:YAG system).

This allows for high absorption of the radiation into the water molecule (α ∼

104cm1). This method for injecting energy into dental tissue has been leveraged

for use in dental surgery to great advantage [1].

As we shall see shortly, the lifetimes of the two transitions are inverted from

what they ought to be, such that the upper transition is faster, at ∼ 100µs, than

the lower 4I13/2 level lifetime, which is in the range of ∼ 6− 7.5µs (measured in-
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house). This fact alone virtually eliminates the possibility of lasing to occur, were

it not for up-conversion processes that become dominant at high erbium concen-

trations. The ‘self-saturation’ problem, as it has been named, is overcome by the

upconversion processes 4I13/2 →4 I15/2 +4 I13/2 →4 I9/2; these deplete the termi-

nal level and feed the upper one via multi-phonon transitions (dotted arrows in

figure(9.1)) [2]. This not the only upconversion process at play in this system oth-

ers include: 4I11/2 →4 I15/2+4I11/2 →4 F7/2, which also becomes important at high

concentrations of erbium in the host. Cross-relaxation is another important pro-

cess that takes place in this laser system that adds transitioning electrons to both

the upper and lower lasing levels: 4S3/2 →4 I9/2 +4 I15/2 →4 I13/2. Continuous-

wave laser action has, however, been obtained in straight (un-codoped) erbium

YAG crystals; and the only way to explain such a laser is depopulation of the

terminal level due to upconversion.

The situation in the system under consideration here (Er3+:Y2O3) is quali-

tatively similar, though significantly more unfavorable. The upper level lifetime

for the 4I11/2 state in yttria is in the 3 5ms range and the lower level lifetime

(4I13/2) is in the 10 12ms range for a wide concentration range (Figure (4.2.2)).

The self-termination of the upper level in the ∼ 3µm transition is now thought

to be overcome by up-conversion processes[2].

The lifetime data 4.2.2 show a peculiar trend at low doping levels and at

higher doping levels. Trends this stark have not been seen in other insulating

hosts to the authors’ knowledge.

4.2.1 Experimental

The experimental setup measured directly the decay lifetime from the 4I11/2 and

the 4I13/2 energy-levels. The fluorescence was isolated from the pump radiation
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by appropriate filters and detected via a S-1 (Hamamatsu Electronics) (cutoff

λ= ∼ 1.1 µm) surface photomultiplier or a Thorlabs pre-amplified InGaAs pho-

todetector (PDA 10D, range : 1.2 µm ↔ 2.5 µm).

The fluorescence decay was measured via a high-speed, high-bandwidth Tek-

tronics (Digital Phosphorus) oscilloscope and transferred to a computer for analy-

sis. The pump was a diode pumped neodymium orthophosphate laser (Coherent,

DPSS laser) doubled to 532nm. The laser was modulated by either a mechanical

chopper or an acousto-optic beam diffractor. Sub-microsecond rise and fall times

were available via the acousto-optic device (see Figure (4.4.2).

4.2.2 Results and Discussion

Two peculiarities may be readily noticed in the lifetime decay data

(see Figure4.2.2). Increasing the concentration from 0.1% at. wt. to about 5% at.

wt. erbium in yttria monotonically increases the lifetime for both the measured

decays: 4I11/2 →4 I15/2 and 4I13/2 →4 I15/2. The increase is dramatic for the

4I13/2 energy-level.

The decay times decrease thereafter for both the transitions to levels we could

not measure with our setup (sub-micro second levels). The lifetimes of the 4I11/2

energy-level is larger than the 4I13/2 energy-level when the concentration of the

activated ion reaches about ∼24% at. wt. (see Figure4.2.2).

It is unclear why there is such a unusual dependence of lifetime with con-

centration of the active ion. Our data is most closely matched by concentration

dependence of Nd3+ in LaF3 and LaCl3 [3]. A similar change is seen Nd3+:LaF3

but not in LaCl3.

Such a dependence is not seen with change in erbium concentration in YAG

[4]. The most likely explanation would be the varying quenching mechanism from
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material to material. The actual mechanism appears to depend upon the details

of the electronic energy levels, the lattice phonon structure, the electron-lattice

interaction and the interaction between impurity ions. The authors [3] note that

in LaF3 pair cross relaxation may be the dominant relaxation mechanism as

concentration exceeds 1%.

4.3 Near-IR Absorption and Emission Spectra

The erbium ion offers multiple wavelengths in the near and mid IR region that

are technologically significant.

In the near IR region the erbium ion has electronic dipole transitions that

provide ∼ 1µm (4I11/2 →4 I13/2) and ∼ 1.55µm (4I13/2 →4 I15/2) radiation. Of

which, the latter wavelength lies in the fiber optical telecommunication window

- so determined by low optical losses in silica fibers. The C-band extends from

1.53µm to 1.56µm covering the erbium emission lines. This wavelength region

has been well-studied due to its commercial significance and won’t be the focus of

this section. Rather the erbium emission near the water absorption band around

∼ 3µ is of technological importance and will be studied instead. The upper lasing

level for the∼ 1.55µm (4I13/2) radiation does in fact come into play automatically,

since it is the lower lasing level for the 3µm transition.

4.3.1 Experimental

The absorption spectra was directly measured using a calibrated spectrometer

with a nominal resolution of 1-2 nm resolution for the 4I15/2 → 4I11/2 transition

and the 4I 15/2 → 4I13/2 transition.

The automated spectrometer was a Ocean Optics device (HR2000) tuned to
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operate in wavelength region starting at ∼ 800nm and extending to ∼ 1700nm.

A white light source provided the baseline transmission and the broadband source

required for such an experiment.

The near-IR emission spectra were got by pumping the Er3+ ions with a light

emitting diode operating at 589nm± 10nm.

The data frames were averaged for more than one second, with a collection

time of 10ms for each frame, to ensure clean datasets and substantial reduction

in noise variance.

All the samples were of the same thickness that permits direct comparison.

The absorption and emission cross-sections were calculated from directly mea-

sured absorption and emission spectra and the above noted room-temperature

lifetimes using the Fuchtbauer-Landenberg formulation. The absorption cross-

section plots are given in figures (4.3.1 → 4.3.1).

The emission cross-section plots are given in figures (4.3.1 → 4.3.1).

4.3.2 Mid-IR Absorption and Emission Spectra

For mid-IR lasers to be of significance to the medical world, they must be at

wavelengths that allow precise removal of tissue with minimal thermal damage

to the surrounding region. Since water is the major constituent (∼ 70 − 80%)

in virtually all types of soft tissue, it behooves laser engineers to create devices

where the absorption of mid-IR radiation by water is high. The 3µm region is

where the main vibrational resonances lie when one considers the H2O molecule.

The absorption coefficient is noted to be in the vicinity of ∼ 104cm−1 [1]. The

erbium laser, first reported in 1975 [5], works on the transition 4I11/2 →4 I13/2.
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4.3.3 Experimental Details

The mid-IR emission spectra involved the use of a 1mtr Jarrell-Ash Czerny Turner

Spectrometer. It has a 4in grating peaked at λ = 2µm and a nominal resolution

exceeding 5Å. The pump for this experiment was a fiber-coupled laser-diode

operating at ∼ 0.97µm. This is a device provided by Sheaumann Inc. and is

branded as the MIR-PAC laser diode. The emission light after dispersion by

the grating was collected with a cooled, 1mm2 PbS detector. When cooled to

∼ 243K(30oC), as in this case, the specific detectivity (D∗) hovers well above

1011Jones for detectors of this type. The small area was chosen to reduce noise.

The signal was routed to a lock-in amplifier, where the integration times varied

from 300ms to 1sec, depending upon the quality of the data and the rate of scan.

The signal was thereafter digitized and plotted.
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4.3.4 Discussion: mid-IR region

Figures (4.12, 4.13 and 4.14)

The wavelengths of most technological interest lie in the water absorption

bands near 3µm emitted by the active ion erbium. The plots include the fullscale

values for the measurements so a s to provide

The lower plots provide a broader view of the emission spectrum, and one sees

the expected peaks at in the ∼ 2.6µm− 2.85µm, the presence of the ∼ 2.936µm

peak is not even perceptible compared to the emission in this range. Yttria

as a mid-IR host shows promise because of the large emission cross-section when

compared to YAG. Since the emission cross-section is proportional to the emission

signal, it’s evident that erbium has a cross-section in Y2O3 roughly five times

that in YAG in the ∼ 2.6µm− 2.85µm range. However, in the important water

absorption region near 3µm the emission have similar absolute values.

Thus, making lasers at 2.936µm demand that oscillation at the other stronger

emission bands in the ∼ 2.6µm− 2.85µm be eliminated.

4.4 Multiphonon Studies of the 4I11/2 →4 I15/2 transition

4.4.1 Theoretical

Quantification of the non-radiative component of the excited state decay is of

importance. Along with two-ion energy (cross-relaxation, impurity quenching,

etc.) transfer processes, phonon de-excitation is the most significant mechanism

of loss of energy in excited solid state systems. It is also the limiting quenching

process that reduces radiative efficiency. Direct energy transfer between two-

excited ions, or one excited ion and another un-excited ion is not expected in
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lightly doped samples since it requires the active ions to be physically close to

each other. However, non-radiative emission can be experimentally studied using

the multiphonon relaxation theory first developed by Kiel [6] and subsequently

extended by Riseberg and Moos [7], [8].

We use the general formulation by Riseberg and Moos [7] [8] for calculating the

probability of multiphonon non-radiative transitions between the Stark groups (J

multiplets) of the 4IN states of trivalent erbium ions in hosts. The fluorescence

decay rate of a level is then the sum of the radiative decay and multiphonon

relaxation rates. These rates are determined primarily by the order of the process

and the strength of the interaction. In the multiphonon decay theory, one assumes

the emission of pi equal energy phonons corresponding to the ith phonon mode.

The population of the modes occurs due to thermal excitation. The rate of decay

of excited atoms due to both radiative and non-radiative effects (Ω) can be given

by,

Ω(T ) = Ω0(ni + 1)pi (4.1)

where ni is the average phonon occupancy number given by the Bose-Einstein

formula,

ni =
1

e
Ep
kT − 1

(4.2)

Here, Ep is the characteristic phonon energy of the host matrix. Combining the

above formulae we obtain,
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Ω(T ) = Ω0

(
e

Ep
kT

e
Ep
kT − 1

)pi

(4.3)

As T → 0K we should get the radiative transition rate corresponding to the

Einstein “A” co-efficient.

4.4.2 Experimental

Polycrystalline (ceramic) samples were placed in a heated brass chamber. Two

holes at ninety degrees from each other allowed pump-light to enter and the

fluorescence emission be observed at 90 degrees from the pump. The temperature

was measured using a iron-konstantine thermocouple. The lifetime measurement

setup was the same as the lifetime experimental details above (see Figure 4.4.2).

4.4.3 Experimental Results

In this study the 4I11/2 fluorescent level of erbium was studied in 0.1%, 1%, 2%

and 10%(at.)Er3+ in ceramic yttria .

The experimentally determined fluorescent lifetimes versus temperature were

fit to the multiphonon model (eqn 4.3). The results are summarized in Table 7.1.

It should be noted that the simple multiphonon model yields a 0K lifetime for

both the ceramic and crystalline forms within the admittedly large error-range

from Weber’s calculations. Using Judd-Ofelt analysis Weber reported a value of

∼ 6810± 2470µs.

Parameter fitting on the data yields results as shown in Table 7.1. The plots

of fluorescence rates versus temperature are given in Figures 4.17, 4.18, 4.19 and
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Er3+ at. concentration Ep cm
−1 pi number of phonons τ0oK (ms)

0.1%Er3+ : Y2O3 556 5.6 3.707
1%Er3+ : Y2O3 549.5 5.7 4.167
2%Er3+ : Y2O3 528.2 5.4 4.444
10%Er3+ : Y2O3 486.5 7.4 6.667

Table 4.1: Multiphonon fit parameters pursuant of equation (4.3)

4.20.

4.4.4 Results and Discussion

The multiphonon theory describes the effects of direct coupling between the active

ion and the host lattice (see Figure4.16). We show elsewhere in the thesis, that

the energy transferred in this manner appears to be related to the bond strength

of the host material. Other oxide hosts were evaluated using the same technique

and were found to obey the mass-spring relation,

Ep = k × 1
√
meff

(4.4)

where Ep is the energy of the phonon liberated, k is the spring constant and

meff is the effective mass of the spring system.

It is no surprise that this model still largely holds for the varying concen-

trations of erbium in ceramic yttria subjected to such a study. The notion of

‘fractional phonon’ mode number is fictitious, in reality it represents the distri-

bution of phonons emitted with differing energies. The phonon mode number

is thus a weighted number that is the ‘effective’ mode. For the low doped sam-

ples, both the phonon energy and the phonon modes are close enough to infer
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that the phonon energy liberated due to an increase in temperature from the

4I11/2 energy-level is absorbed by the lattice is the same for all the low doped

concentrations.

The multiphonon experiment and model seems to fail when the concentrations

get appreciably large ∼10%. Neither do the phonon energy and mode or the low

temperature lifetimes seem to follow any recognizable trends. We believe this is

due to increased communication between the active ions.

The Er3+ ion is a substituted instead of the Y3+ ion in the host matrix. As

the concentration of erbium is increased in the solid solution, there is an increase

in probability of forming clusters of two or three or more erbium ions. One may

calculate the probability thus:

From a pool of 90.00 at. wt. % Y3+ and 10.0% at. wt. % Er3+ there is

a 10% chance of first finding a Er3+ ion and a 90% chance of finding a Y3+

ion. Referring to Table 4.2, we note that each yttrium holding site has a total

coordination number of 12.

Since not all the yttrium sites in the cell are optically active (due to the lack

of inversion symmetry for C3i) for dipole-dipole transitions. This reduces the

effect of clustering by a factor of a half.

Consecutive probabilities multiply, therefore there is a (0.1 × 0.9911 × 0.5)

chance of having one Er3+ ion in an equivalent, optically active site. There are

12 possible positions for the Er3+ ion to be in the 12 coordinated sites. We thus

get a total probability of,

P (1Er3+) = 0.1× 0.9911 × 0.5× 12 = 0.54 (4.5)

Similarly, the probability of finding 2 erbium ions in neighboring optically
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Parameter Property
Crystal Symmetry body-centered cubic

Space Group Ia3
Unit cell size ∼10.604 Å

Er3+ site symmetry C2, C3i

Er3+-Er3+ coordination 6@ 3.496 Å, 6@ 3.985 Å

Table 4.2: The following table (4.2) [9] summarizes the crystal structure of
Er3+ : Y2O3.

active sites is approximately a third. Thus although there is a greater than half a

chance of having isolated Er3+ ions in the host matrix, there is a not insignificant

possibility of having pairs. The probability of having three active ions within

‘talking’ distance is 1
10

. Since upconversion and other energy-transfer phenomena

occur so frequently in erbium-doped materials, the multiphonon experiments for

the 10% at. wt. doped sample are bound to show those effects.

Both these sets of results, when taken together show the limitation of the

application of the multiphonon study when it come to highly doped materials.
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CHAPTER 5

Judd-Ofelt Analysis

The work by Judd [1] and Ofelt [2] introduced a phenomenological approach to

treating the f-f transition in rare-earth ions is almost 50 years old; it still forms

a central piece in the study of any new laser gain medium.

The absorption spectra of concentration dependent of the ceramic material

will be analyzed and the Judd-Ofelt parameters for the ion:host system will be

provided. These intensity parameters may be used to calculate the probability of

transitions between any 4fn levels of interest for potential laser applications. Im-

portant laser parameters may be obtained including absorption and fluorescence

intensities, excited-state absorption, radiative lifetimes, quantum efficiency and

branching ratios.

∗ This chapter was greatly benefitted by earlier work on the subject by Dr.

W. R. Cochran titled Erbium in Yttria [3]. These were internal documents.

5.1 Introduction

J. H. van Vleck first presented the rare-earth puzzle in 1937 [4], some two decades

before rare-earth ion lasers were made. It was well known that salts of rare-earth

showed sharp lines at locations which could only correspond to transitions be-

tween the 4f energy-levels. But such transition were forbidden by LaPorte’s se-

lection rule which states that the algebraic sum of the angular momentum of the
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Transition Mechanism Transition Frequency sec−1 (approximate)
Electric-Dipole 1.3× 108 (for the visible transition in Ce3+)

Quadrupole transition ∼ 4 (for a 4f → 4f transition)
Magnetic Dipole ∼ 2

Table 5.1: Transition frequencies [4]

electrons in the initial and final state must change by an odd integer for electric

dipole transitions (transitions between opposite parity, ∆Σili is odd). The tran-

sitions are not forbidden for magnetic dipole or electric quadrupole transitions,

but then we expect these intensities to be low compared to an electric dipole

transition. The magnetic dipole and electric quadrupole transitions exist even

in free atoms, i.e. in gas phase. For the electric dipole transitions to exist one

requires that the ion be subjected to substantial crystal-fields ( i.e. the effect

of the surrounding lattice on the active ion causing an asymmetry). It is also

necessary that the field does not have a center of symmetry

The following table 5.1, gives the order of magnitude transition when the

differing types of transition mechanisms are considered.

A more extensive list of frequencies is given in [4]; the author evaluates dis-

tortion by the crystal field, naturally asymmetric fields and vibrational effects.

They are all smaller than the noted transition frequencies.

At the time the experimentally recorded transitions were in the order of a

100sec−1 for neodymium and praseodymium.

It took another quarter century before group theoretical foundations were

built by Racah(circa 1940’s) for treating the rare-earth puzzle. The advent of

computers also contributed to the solution which was put forth simultaneously

and independently by B. R. Judd (UC Berkeley) [1] and G. S. Ofelt (John Hopkins

University)[2].
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5.2 Judd-Ofelt Theory : Principles

The theory provided by Judd and Ofelt is based on the static, free-ion and single

configuration approximations. In the static model, the central ion is affected by

the surrounding host ions via a static electric field, referred to as the ligand or

crystal field. In the free-ion model, the host environment produces the static

crystal field, and is treated as a perturbation on the free-ion Hamiltonian. Such

that,

H = Hfree−ion + Vcrystal−field. The Vcrystal−field introduces the effect of the

surrounding host’s field.

In the single configuration model, the interaction of electrons between config-

urations is neglected [10].

Vcrystal−field =
∑
k,q

∑
i

rki Yk,q(θi, ϕi) (5.1)

Above, the summation over i is above all electrons of the ions of interest. Ak,q

are structural parameters in the static crystal field expansion, r is the radius and

Y are spherical harmonics defined on a sphere. The strength of the formulation

is it’s direct comparison to experiments via calculation of oscillator strengths fij

(for a transition between the ith state and the jthe state).

The Judd-Ofelt formulation provides the following expression for the oscillator

strength,

fij =
8πmνc

3h(2J + 1)

∑
λ=2,4,6

Ωλ|〈fn[SL]J ||U (λ)||fn[S ′L′]J ′〉|2. (5.2)
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where Ωλ are the Judd-Ofelt parameters, which in practice must be estimated

by a best fit of the line strength to the absorption spectra. They contain the

radial integrals and crystal field potentials. The 3j and 6j symbols enter the

calculation via λ (these are co-efficients that arise when considering the coupling

of the angular momentum between two and three quantum mechanical systems).

Also, m is the mass of the electron, c is the speed of light and ν is the frequency

of the emitted photon.

Tabulations by Judd[5] and Kaminskii[6] give the values of the reduced matrix

elements |〈fn[SL]J ||Uλ||fn[s′L′]J ′〉|2. Further details may be found in [10].

The experimental determination of fij using absorption spectroscopy is based

on the following:

fij =
2300mc2

πe2NAλCL

∫ ∞
0

log

(
I

I0

)
dλ (5.3)

where, NA is Avogadro’s number, λ is the wavelength, C is the molar concentra-

tion, L is the length of the interaction. The I
I0

is the ratio of absorbed to incident

intensity.

A comparison between equations (5.2) and (5.3) yields the Judd-Ofelt param-

eters (Ωλ).

5.3 The Er3+:Y2O3 system

Yttria crystallizes in a cubic bixbyte structure (see Figure 5.1). Y3+ lies at the

center of the structure surrounded by 6 oxygen ions. The optically active ion Er3+

is a substitutional dopant and takes the place of a Y3+ ion. Table 9.1 summarizes

the crystal structure and provides the coordination number for the erbium sites.

As may be noted, there are two equivalent sites available for the erbium ion, the
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Parameter Property
Crystal Symmetry body-centered cubic

Space Group Ia3
Unit cell size ∼10.604 Å

Er3+ site symmetry C2, C3i

Er3+-Er3+ coordination 6@ 3.496 Å, 6@ 3.985 Å

Table 5.2: Properties of the Bixbyte Crystal Structure [8]

C2 and C3i sites (see Figure 5.2). Of which the C2 site is optically active. Optical

activity here is a function of the group symmetry, as stated above, and the C2

is the only configuration without inversion symmetry (symmetry must be broken

to allow electronic dipole transitions).

The following table (9.1) [8] summarizes the crystal structure of the Er3+ :

Y2O3.

We have used new data to update the work provided in [3]. Newer, more

accurate refractive indices and absorption data were used to recalculate the ab-

sorption oscillation strengths and the radiative transition rates and lifetimes for

the 4I11/2 →4 I15/2 (λ ∼ 1µm), the 4I13/2 →4 I15/2 (λ ∼ 1.55µm), and the

4I11/2 →4 I13/2 (λ ∼ 3µm) transitions.
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CHAPTER 6

Multiphonon-based comparison of

erbium-doped yttria in large, fine grain

polycrystalline ceramics and precursor forms

We have studied the phonon-induced non-radiative decay in erbium doped yttria

(Y2O3). The technique employed allows for the evaluation of potential ceramic

and crystalline laser materials. The frequency of the dominant phonon that

deactivates the fluorescing levels and an approximate prediction of 0K lifetime

can be determined. Results show no significant quantitative difference between

very large grain polycrystalline (with grain size ∼ 200µm− 500µm) ceramic, fine

grain polycrystalline (with grain size ∼ 0.3µm) ceramic and the precursor powder

(with ∼ 30nm particle size) of Er3+ doped Y2O3, when it comes to the dominant

phonon frequency and the phonon occupancy number.

The results show that a correct evaluation of the final product can be made in

the precursor stage of the process eliminating the need to proceed to crystalline

or fully sintered ceramic form to evaluate the spectroscopic properties of the

material. It should be noted that the powders must be carefully prepared and

handled. Adsorbed species such as water can drastically change the effective

lifetimes observed in powders samples.
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6.1 Introduction

Crystals large enough to design high powered solid state laser systems are not

easily made. Single crystal solid state media also have stringent limitations on

their opto-mechanical, thermal properties and general mechanical robustness.

This has given impetus to the development of ceramic solid state laser media.

Ceramics are expected to have lower processing and fabricating temperatures

and the ability to custom design multi-functional laser gain media. This would

include spatially non-uniform doping and the mechanical advantages of ceramic

media such as a lack of cleavage planes and enhanced toughness due to granu-

lar microstructure. Ceramics are also expected to have the simpler stress-optic

behavior of amorphous media as compared to single crystal versions of the same

compounds.

It is an expensive and time-consuming proposition to create crystalline or

fully sintered ceramics in order to evaluate them for use as insulating laser hosts.

We provide evidence that there is a clear and simple method to evaluate the

properties of such hosts for laser applications while they are in the powder form

before further processing.

Quantification of the non-radiative component of the excited state decay is

especially of importance. Along with two-ion energy (cross-relaxation, impurity

quenching, etc.) transfer processes, phonon de-excitation is the most significant

mechanism of loss of energy in excited solid state systems. It is also the limiting

quenching process that reduces radiative efficiency. Theories have been proposed

to understand two ion interaction (Foerster [1] and Dexter [2]), i.e. , quenching,

energy transfer and up-conversion. In lightly-doped high purity samples such in-

teractions are not expected because they require the ions to be physically close to

each other. However, non-radiative emission can be experimentally studied using
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the multiphonon relaxation theory first developed by Kiel [3] and subsequently

extended by Riseberg and Moos [4], [5].

We use the general formulation by Riseberg and Moos for calculating the

probability of multiphonon non-radiative transitions between the Stark groups (J

multiplets) of the 4IN states of trivalent erbium ions in hosts. The fluorescence

decay rate of a level is then the sum of the radiative decay and multiphonon

relaxation rates. These rates are determined primarily by the order of the process

and the strength of the interaction. In the multiphonon decay theory, one assumes

the emission of pi equal energy phonons corresponding to the ith phonon mode.

The population of the modes occurs due to thermal excitation. The rate of decay

of excited atoms due to both radiative and non-radiative effects (Ω) can be given

by,

Ω(T ) = Ω0(ni + 1)pi (6.1)

where ni is the average phonon occupancy number given by the Bose-Einstein

formula,

ni =
1

e
Ep
kT − 1

(6.2)

Here, Ep is the characteristic phonon energy of the host matrix, k is Boltzmann’s

constant and T is the temperature in Kelvin. Combining the above formulae one

obtains,

Ω(T ) = Ω0

(
e

Ep
kT

e
Ep
kT − 1

)pi

(6.3)
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It is evident that as T → 0K we should get the radiative transition rate

corresponding to the Einstein “A” coefficient.

6.2 Sample Preparation

In the present study, 1 at. % erbium-doped yttria powders were prepared by

co-precipitation with ammonium hydroxide. A 0.25 mol/L of erbium-doped yt-

trium nitrate solution was prepared by dissolving yttrium nitrate hexahydrate

(99.9%, Arcos Organics) and erbium nitrate pentahydrate (99.9% Arcos Organ-

ics) in ultrapure water. A 5 mol% of ammonium sulfate (99.99%, Sigma Aldrich)

was added to the nitrate solution and then a 2.0 mol/L of ammonium hydroxide

solution (certified ACS plus, Fisher Scientific) was added drop-wise in order to

precipitate a yttrium nitrate precursor. The precipitate was aged for 3 hrs at

room temperature and washed several times with water to remove the residual

reactants. After the final washing, the precipitate was dried at 333K overnight

under vacuum. The dried precursors were calcined at 1323K for 4 hrs under

oxygen, flowing at 3 L/min, to yield erbium-doped yttria powders. The poly-

crystalline erbium-doped yttria transparent ceramics were obtained by sintering

compacts of erbium-doped yttria powders using a modified two-step sintering

approach as reported elsewhere [6]. The powders were uniaxially pressed into

pellets at 15MPa followed by cold isostatical pressing at 200MPa. The pellets

were heated to 1773K, and then cooled down to 1673K and held at 1673K for 20

hrs to obtain dense opaque ceramics. The opaque ceramics became transparent

with average grain size of 0.3µm after hot isostatic pressing at 1573K under an

argon pressure of 20MPa for 3 hrs.

Large grain-sized ceramics were prepared using a more conventional sintering

process whereby samples were heated to 2273K for 6 hrs under a vacuum of less
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than 10−3Pa.

The sintered powders were subjected to FTIR characterization, results indi-

cate the vibrational features from molecular water, free hydroxyl groups, NO−3 ,

SO−4 are no longer present on calcination at 1323K [6].

6.3 Experimental Results

We present the evaluation and comparison of multiphonon characteristics of three

different forms of the same material, erbium (1 at.%) doped yttria, the precursor

powder annealed at ∼ 1300K, fine grain polycrystalline ceramic with grain sizes

around 0.3µm and very large grain polycrystalline ceramic with grain sizes in the

200µm−500µm range. The lifetimes of various levels are studied as a function of

temperature and the data was fit using the multi-phonon decay theory, yielding

the characteristic phonon energy and the non-radiative component of the decay

of excited states. Y2O3 occurs in the bixbyte structure, in which there are two

sites that can be occupied by the trivalent ions of C2 and C3i symmetry. Only

the C2 site is optically active for rare earth dopants.

Weber, in 1968, [7] studied the multiphonon characteristics of the rare-earth

ions doped in crystalline Y2O3. In the study it was noted that, as a function of

temperature, the fluorescence lifetime of the 4I11/2 (to 4I15/2) state degrades from

3900± 400µs at 77K to ∼ 900µs at 600K for a 0.2%Er3+ doped yttria sample.

We have measured the temperature dependence of the same state in the three

different forms and found that in the precursor powders the lifetimes drop from

1930±16µs at room temperature to 570±23µs at 600K. The lifetimes in the fine

grain polycrystalline ceramic form drop from 3150± 9µs at room temperature to

∼ 750±75µs at 600K. The lifetime in the large grain polycrystalline Er3+ : Y2O3
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form decreases from 2860± 11µs to 650± 2µs in the vicinity of 575K.

It should be noted that the simple multiphonon model yields a 0K lifetime for

both the ceramic and crystalline forms within the admittedly large error range

from Weber’s calculations. Using Judd-Ofelt analysis Weber reported a value of

∼ 6810± 2470µs.

Parameter fitting on the data yields results as shown in Table 7.1. A non-

integer phonon occupancy number implies the existence of the combination of

the two closest integer occupancy numbers. Strictly, the multiphonon theory

applies only to integer phonon occupancies. The plots of fluorescence rates versus

temperature is given in figure (6.1). Figure (6.2) shows a representative semi-log

plot of fluorescence rate versus temperature. This plot is quasi-linear as expected.

The energy difference between the 4I13/2 and the ground state 4I15/2 is ap-

proximately 6600cm−1, and expectedly no phonon-assisted decay was found in

the samples up to a temperature of ∼ 900K.

6.4 Effect of Hydration on Precursor Powders

Great care must be exercised in the handling and measurement of the precursor

powder samples. Freshly calcined powders show lifetimes at room temperature

of approximately 2ms, quite similar to bulk ceramic and crystalline samples.

Powders that have been exposed lightly to moist atmosphere, a few days at a

relative humidity of about 30%, show reduced ∼ 300K lifetimes in the range of

∼ 0.7− 1.2ms. Powders exposed to small amounts of liquid water have reduced

lifetimes as low as 80µs. The exposed powders do continue to predict the phonon

energy but not the correct Ω0. Figure (6.3) shows the measured fluorescence
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lifetime of a single powdered sample versus temperature the higher lifetimes cor-

respond to the same sample after calcining at 1300K for at least 12 hours. The

same sample after a few days of exposure to laboratory air i.e. 30% relative

humidity and 300K degrades to the lower curve. Note repeated heating of the

sample to ∼ 600K did not restore the original lifetimes. Recalcining for pro-

longed periods at 1300K was necessary to restore the samples to their original

lifetimes.

6.5 Conclusion

We have shown that measurements of lifetime versus temperature of powdered

precursors predicts the mean phonon frequency and the occupancy to ±5% in the

large and fine grain polycrystalline ceramic forms. This implies that at the molec-

ular level the three forms have an equivalent structure and coupling mechanisms.

Carefully handled powders also predict the lifetimes at 0K within 25%. Despite

the large number of defects expected in the powder samples they do predict the

polycrystalline ceramic behavior.

The numbers corresponding to theoretically calculated purely radiative life-

times of the 4I11/2 state from Weber’s Judd-Ofelt formulation, and the estimated

radiative lifetimes from Moos and Riseberg’s multiphonon formulation are in

agreement.
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CHAPTER 7

Multiphonon based comparison of the lifetimes

of erbium in various oxide hosts

We present a multiphonon study of different insulating solid-state laser hosts

doped with erbium in oxide ceramics. Temperature dependence of erbium doped

(all 1% at.) yttria (Y2O3), lutetia (Lu2O3), scandia (Sc2O3), lutetium alu-

minum garnet (LuAG), yttrium aluminum garnet (YAG), yttrium gallium garnet

(YGaG), gadolinium aluminum garnet (GdGaG) and, lutetium gallium garnet

(LuGaG) were measured, and the results were evaluated using the multiphonon

theory. The evaluation provides us with the radiative lifetime and characterizes

thermal quenching of the excited ion. The transition from 4I11/2→4I15/2 was con-

sidered here, it is the upper energy-level for the technologically important ∼ 3µm

transition. The technique allows for the evaluation of potential ceramic and crys-

talline laser materials. The frequency of the dominant phonon that deactivates

the fluorescing levels and an approximate prediction of radiative lifetime can be

determined.

7.1 Introduction

Solid state lasers based on the Er3+ ion fill two important applications: lasers

emitting in the 1.5 − 1.6µm range for eye-safe designators and communications
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applications; lasers in the ‘water-band’ 2.6 − 3µm region have applications in

medical, dental and materials processing fields.

Tuning a laser’s emission wavelength can be achieved by changing the host

matrix. Although the active ion largely maintains it’s energy level structure (see

Figure (1)) in various hosts, minor changes in emission wavelength point at slight

variations of rare-earth energy levels amongst the hosts. These minor changes in

the emission wavelength can, however, significantly affect the technological use

of a dopant-host system. For example, the Er3+ :YAG system lases at 2.936µm

in the mid-IR region, overlapping with one of the vibrational modes in the water

molecule, while the Er3+ : Y2O3 system has been shown to lase around ∼ 2.7µm.

The variation is typically small since the f-orbitals are well-shielded from the

surrounding lattice ions.

There are also other metrics for choosing a suitable laser gain media for appli-

cations such as manufacturability, availability of high-powered pumps, efficient

cavity design to accommodate the gain media, and other effects of varying pump

powers such as thermal lensing in the system and thermal quenching. It is use-

ful to compare various hosts directly to pick a material system targeted toward

particular applications.

In this study we’ve compared a large variety of ceramic oxide hosts to evaluate

the effect of normally encountered operating temperatures (300K ↔ 700K) on

lifetimes of the active ion dopant.

Crystals large enough to design high powered solid state laser systems are

not easily made. Single crystal solid state media also have stringent limitations

on their opto-mechanical, thermal properties and general mechanical robustness.

This has given impetus to the development of ceramic solid state laser media.

Ceramics are expected to have relatively low processing and fabricating temper-
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atures and the added ability to custom design/engineer multi-functional laser

gain media. This would include spatially non-uniform doping and the mechani-

cal advantages of ceramic media such as a lack of cleavage planes and enhanced

toughness due to granular microstructure. Ceramics are also expected to have the

simpler stress-optic behavior of amorphous media as compared to single crystal

versions of the same compounds.

We see these materials as an attempt to strike a balance between the current

dominant types of insulating hosts - single-crystals and glass. On one hand

there is extreme manufacturing complexity - as seen in the manufacture of large-

volumes of single-crystal insulating hosts - and on the other there is the relative

ease of manufacture, but relative lack of robustness when it comes to glass hosts.

Nanocrystallite ceramic hosts hope to provide a golden mean between the two

types.

Quantification of the non-radiative component of the excited state decay is

especially of importance. Along with two-ion energy (cross-relaxation, impurity

quenching, etc.) transfer processes, phonon de-excitation is the most significant

mechanism of loss of energy in excited solid state systems. It is also the limiting

quenching process that reduces radiative efficiency. Theories have been proposed

to understand two-ion interaction notably by Foërster and Dexter, etc that cover

quenching, energy transfer and up-conversion [1], [2] and [3].

However, non-radiative emission can be experimentally studied using the mul-

tiphonon relaxation theory first developed by Kiel [4] and subsequently extended

by Riseberg and Moos [5], [6].

We use the general formulation by Riseberg and Moos for calculating the

probability of multiphonon non-radiative transitions between the Stark groups

(J multiplets) of the 4IN states of trivalent erbium ions in hosts. The follow-
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ing equation fully characterizes the temperature dependence of the multiphonon

interaction;

Ω(T ) = Ω0

(
e

Ep
kT

e
Ep
kT − 1

)pi

(7.1)

Here Ω is the rate of decay, Ep is the energy of the non-radiative transition,

while pi is the order of the interaction involved in the interaction corresponding to

the ith mode. Ω0 is the rate of spontaneous emission (Ω0= 1
τsp

). A more complete

description of the relation between the size of the multiphonon interaction, the

order of the interaction and the effect on the decay rate of a level is provided in

[9].

The theory of phonon-assisted non-radiative decay was proposed by Rise-

berg and Moos [5], [6] and developed by Bendow et al [7] assumes that the

multiphonon decay is the dominant deactivation mechanism. Quenching of flu-

orescence via cross-relaxation, impurities or defects are ignored. If those effects

are present then the temperature dependence of the fluorescent lifetimes will still

yield the dominant phonon frequency (energy) and number, but the rates may

not be useful. Non-phonon quenching effects can result in a τ0 (radiative lifetime)

that can be significantly shorter than the true value.

7.2 Sample Preparation

The motivation to consider ceramic oxides for the study was two-fold - the work is

in aid of the study of ceramic oxides as potential solid-state laser hosts, and as a

pure material-response study. These ceramics samples were manufactured using

primarily wet chemistry methods first yielding nanocrystalline powders (similar

to [8] or [9]).
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The preparation method entails the creation of a small-grained, nanocrys-

talline powder of the precursor. The precursor is then isostatically pressed and

baked/fired under pressure to create nanocrystalline powders that are further

processed to create either optical quality or translucent samples.

The method results in a fundamentally different product as compared to

single-crystal samples made from a melted precursor where the active ions have

greater mobility and can relatively easily agglomerate creating ion clusters. In

contrast, the precursor powders pressed as above have a large number of grain

boundaries (for instance, YAG [8]) that impede the movement of the active ions,

in this case erbium. The ion clusters that are commonly seen in single-crystals

can have adverse effects like cross-relaxation and quenching of the inverted pop-

ulation causing loss of signal.

Starting off with a relatively low atomic percent of 1% (atomic doping ratio)

and the above preparation methods, we may assume that the ions are well sepa-

rated from each other. This allows us to ignore two and multiple ion effects such

as upconversion that would normally affect the energy transfer.

7.3 Experimental

The samples were heated in a brass chamber specially built for the experiment.

The temperature of the chamber was carefully monitored using an iron-konstantin

thermocouple. We estimate the variance in the temperature readings to be in the

range of ±1oK. Two holes drilled at 90o from each other allowed pump light to en-

ter and the fluorescence emission to be observed with minimal direct interference

from the pump light. The fluorescence was then further isolated from the pump

radiation by appropriate filters and detected via a S-1 (Hamamatsu Electronics)
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surface photomultiplier tube.

The pump light was provided by a Coherent DPSS source (λpump = 532nm).

The pump was modulated externally by an acousto-optic beam deflector which

ensured nanosecond rate square pulse drop-off, which was found to be orders

of magnitude faster than the typical lifetimes of any of the erbium doped hosts

considered. 50% duty-factor with a chopping frequency of 37Hz was used. This

allowed sufficient recovery time for even the longest lieftime material we tested.

Sub-microsecond rise and fall times were available via the acousto-optic device

whenever necessary. The ceramic erbium doped yttria samples utilized in this

study came from World Labs Co. Ltd, Japan.

7.4 Results

In this study the 4I11/2 fluorescent level of erbium was studied in eight different

laser material systems. The samples include both single crystals and ceramic

samples. The experimentally determined fluorescent lifetimes versus tempera-

ture were fit to the multiphonon model (eqn 7.1). When a rare-earth ion decays

from an excited state with a lifetime that depends upon temperature, the total

decay rate is made up of the sum of the radiative and non-radiative components

[9]. Radiative processes include purely electronic and phonon-assisted transi-

tions. Nonradiative transitions are those that reduce the inverted population by

phonon-quenching. Ion-to-ion energy transfer exchanges can be eliminated from

the picture by using a low dopant ion concentration and postulating the relative

isolation from the influence of a similar ion. Phonon-quenching of energy is thus

directly coupled to the host lattice. Varying the host lattice then gives rise to a

variation in the fitting parameters Ep and pi. The magnitude and temperature
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dependency of the multiphonon emission rate is then dependent on the phonon

frequency distribution and the strength of the ion-lattice coupling.

A more complete picture of the phonon characteristics may be obtained by

referring to infrared, vibronic and Raman spectra of the host [10].

The temperature dependent lifetimes were analyzed to extract the phonon

energy (Ep), the phonon order (pi) and the spontaneous decay rate at 0oK (Ω0).

The results are summarized in Table 7.1.

7.5 Discussion

We have collected and analyzed data from 8 different erbium-doped insulating

laser material systems that have shown promise as ceramic laser hosts. For com-

parison, we also provide data from the standard erbium-YAG system.

The phenomenological fit for pi corresponding to the energy bandgap from

4I11/2 to the 4I13/2 level can be determined by multiplying the order of phonons

by energy of each phonon Ep [11]. We found no change in lifetimes with change

in temperature for the 4I13/2 ↔ 4I15/2 transition, a fit was thus not possible. We

believe significantly higher temperatures might be necessary to affect the inverted

population. Such temperatures are not only difficult to obtain in a laboratory

environment but also of little practical value - those temperatures are not seen

in normally operating laser systems.

The notion of a partial order of phonons (where pi is not an interger num-

ber) is fictitious. A non-integer number implies the dominance of multiple closest

phonon-modes with significant contributions to the interaction. The closest inte-

ger gives the larger contribution to the overall multiphonon relaxation rate due

to higher density of effective phonon states - this may however dominate over the
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maximum phonon frequency given by the corresponding Raman spectra.

For instance, for 1% Er3+: Y2O3 the maximum phonon frequency is around

600cm−1 [12], while the analysis yields a phonon energy of ∼ 550cm−1 (Table

7.1).

In the fitting process, the point at which the rates change is typically deter-

mined by Ep, and the order (pi) determines the rate of the change. This makes

the fit unique. We found that the fitted model predicts the temperature depen-

dent behavior of the material fairly accurately (a deviation from the experimental

of a few percent).

Materials with lower Ep generally have a large number of phonon modes taking

part in the process (this compensates to fill the energy-gap to the next lowest

energy level); these materials thus show dramatic lifetime changes with changes

in temperature.

The increase in the non-radiative rate thus governs the relaxation at suffi-

ciently high temperature [13], [10].

The phonon order (pi) represents the best fit of a simple analysis model that

provides a useful metric on the behavior of these hosts when exposed to high

temperatures.

We have also earlier demonstrated that the multiphonon behavior of the pre-

cursor forms of the ceramics can be evaluated using the same scheme [9].

The analysis does indicate that lower energy phonons do have an overweighted

effect on the effective phonon energy in all the cases considered here. The lower

effective mass of the Al-O bond results in a higher-frequency phonon mode (Ep)
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that couples into the matrix.

Ep = k × 1
√
meff

(7.2)

where, k is the coupling constant, and meff is the effective mass of the system

(see Figure (2)).

Figure (3) shows that the same ‘class’ of materials can be generally grouped on

a scatter plot. The relative abundance of high-energy optical-phonons generated

by the Al-O (Al at. wt. 26.9, O at. wt. 15.9) bond in YAG and LuAG seemingly

dominates any influence of the yttrium (at. wt. 88.9) or lutetium (at. wt. 174.9).

The optical-phonons coupled out of the active ion’s (Er3+) 4I11/2 energy level

are coupled strongly into the Al-O bond, this gives rise to a high phonon energy

(Ep) and a relatively low phonon order fit (pi).

Replacing the Al-O bond with a Ga-O (Ga at. wt. 69.7) bond reduces the

phonon-energy in the three gallium garnets studied as expected. It should be

noted that the bond is weaker corresponding to a small k parameter in equation

7.2.

The sesquioxides don’t seem to fit this simple model consistently, the scatter

plot shows a range of phonon energies from 604.65 cm−1 for Lu2O3 (Lu at. wt.

174.9, O at. wt. 15.9), to 549cm−1 for Y2O3 (Y at. wt 88.9), and 625.5 cm−1

for Sc2O3. Applying the above model one may arrive at the conclusion that the

strength of the X -O bond changes. It makes it easier for lower energy phonons

to couple into the matrix for the lowest effective mass systems.

It should be noted that the sesquioxides are all reported to be in the bixbyte

structure (space group Ia3̄), in which there are two sites that can be occupied by

the trivalent ions of C2 and C3i symmetry. Only the C2 site is optically active
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for rare earth dopants.

This approach is limited by the uncertainties associated with the calculated

lifetimes at the various temperature, but this can be mitigated by considering

the fit for the whole temperature dependent curve.

7.6 Conclusion

From the simple approximation provided by the multiphonon model (equation

7.1), we can extract the effective phonon frequency and the number of phonons

involved in the decay interaction. This model was found to be sufficient to predict

the temperature-dependencies of multiphonon relaxation from the 4I11/2 level in

erbium across a wide variety of hosts. The set of hosts included garnets and oxides

that have been pipped as suitable ceramic laser hosts. We also augment the data

with others from literature (see plot (3)). The scatter plot also shows that host

matrices that are similar in structure largely behave similarly. The different

constituents give us the variation in accordance with known laws (equation 7.2).

The ease of the experimental method and fit makes this a quick method of

evaluating the suitability of potential laser hosts for high-powered operation.

Larger values for both Ep and pi indicate a high characteristic temperature

and strong dependence on temperature, implying unfavourable performance for

the laser gain media when pumped at high-flux densities or when operated at

high temperatures.
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CHAPTER 8

Concentration dependent upconversion

luminescence from the 4I11/2 and the 4I13/2 energy

levels in the bulk Er3+:Y2O3 ceramic system

A concentration-dependent study of upconversion in bulk erbium doped yttria

ceramics at multiple upconverted emission wavelengths is reported. Erbium is

an interesting ion providing multiple paths to emit multiple wavelengths. Up-

conversion properties of erbium doped yttria were studied on pumping with two

pumps, λ = 1545nm (populating the 4I13/2 energy level ) and λ = 977nm pop-

ulating the 4I11/2 energy level. Varying concentrations of erbium in yttria show

remarkable upconversion properties to the 4S3/2, 4F9/2 and 4I9/2 energy levels.

Power dependence of upconversion luminescence is also presented. We also show

that the upconversion mechanisms in the bulk form are certainly different than

the often studied nanocrystalliine form.

The upconversion properties of erbium doped in various hosts is very well-

known. Erbium was the first ion to show upconversion [1], with the availability

of high-powered near-IR pumps at ∼ 810nm and ∼ 980nm and the invention of

the tunable Ti:Sapphire laser in 1980s, the study of upconversion in erbium has

been carried out in multiple hosts.
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8.1 Introduction

Upconversion refers to the generation of higher energy photons from multiple

lower energy ones. It relies on serendipitous spacing between energy-levels, such

as ones seen in certain rare-earth ions, and appropriate pump wavelengths. Using

active-ions such as erbium, upconversion has been leveraged to produce visible

emitting phosphors in the visible. Laser action has also been reported in Up-

conversion is also responsible in enabling technologically important transitions -

e.g. emission from the erbium ion (in Er:YAG) near the water absorption peak

around ∼ 3µm. There upconversion serves as an ‘in-built’ pump to overcome

unfavorable population profiles due to inverted lifetimes (the lifetime of the lower

level is longer than that of the upper level). This is also heavily dependent on the

concentration of the active ion. All these reasons have necessitated an in-depth

study of upconversion yield as the erbium concentration changes.

The upconversion properties of erbium doped in various hosts has been studied

extensively. Erbium was the one of the first ions to show significant upconversion

[1], with the availability of high-powered near-IR pumps at ∼ 810nm and ∼

980nm and the invention of the tunable Ti:Sapphire laser in 1980s, the study of

upconversion in erbium has been carried out in multiple hosts.

We here provide power dependent studies, spectra and discussion to help

elucidate the mechanisms in bulk yttria as a function of concentration.

8.1.1 Importance of Upconversion in Erbium

With its rich variety of transitions and conveniently placed absorption bands,

erbium has become an important ion to generate telecommunication wavelengths

(∼ 1.3µm and ∼ 1.5µm). Erbium doped in insulating hosts has well-known emis-
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sions at other wavelengths around ∼ 3µm (the 4I11/2 →4 I13/2 transition). This

emission line is important because the vibrational modes of the water molecule

have energies very close to the energy of the 2.94µm photon (from the Er : YAG

system). This allows for high absorption of the radiation into the water molecule

(α ∼ 104cm−1). This method for injecting energy into dental tissue has been

leveraged for use in dental surgery to great advantage [2].

The ∼ 3µm transition (4I11/2 →4 I13/2) is academically interesting since in

most hosts (e.g. YAG, Y2O3, etc.) the lifetimes are inverted from what they

should ideally be; in the Er : Y AG system the upper-level lifetime is around

∼ 100µs, while the lower-level (4I13/2) has a lifetime of ∼ 5 − 6ms. This makes

continuous-wave laser action practically impossible. Continuous-wave laser action

has been obtained in these crystals; and the only way to explain such a laser is

depopulation of the terminal level due to upconversion.

The situation in the system under consideration here (Er : Y2O3) is quali-

tatively similar, though significantly more unfavorable. The upper level lifetime

for the 4I11/2 state in yttria is in the 3 − 5ms range and the lower level lifetime

(4I13/2) is in the 10 − 12ms range for a wide concentration range. With the

admission of this vital ‘in-built’ pump for the ∼ 3µm transition, the study of

upconversion becomes even more important. The self-termination of the upper

level in the ∼ 3µm transition is now thought to be overcome by up-conversion

processes 4I13/2 →4 I15/2 +4 I13/2 →4 I9/2; these deplete the terminal level and

feeds the upper one via multi-phonon transitions (dotted arrows in figure(9.1))

[3].

Erbium doped yttria nanocrystalline powders have been also been pipped as

potential phosphors for their ability to generate red, green and, blue emission

from near-IR radiation efficiently [4], [5].
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8.1.2 Study of Upconversion in Erbium doped yttria

Yttria crystallizes in the bixbyte structure and has two sites for rare-earth ion

substitution - one has the point group symmetry C2 and the other C3i. Of the

two the documented emissions are from the C2 site - that is the only site without

inversion symmetry - allowing pure electronic dipole transitions in the 4f shell.

C3i dipole-dipole transitions are forbidden [6].

The main topics of discussion in the field include pathways to upconverting

to different wavelengths and effect of pump power on intensity of upconversion

luminescence.

Auzel [7] in 2004 summarized the state of erbium upconversion to green after

pumping either at ∼ 980nm or ∼ 1550nm in various hosts. These hosts have

included a wide variety of oxides, fluorides or chalcogenides where universally

upconversion was thought to operate via either ETU or ESA.

While pathways are easily conjectured, they are not generally confirmed.

Emission spectra and pump-power dependency often helps to complete the pic-

ture.

Largely, the evidence for these mechanisms rests on the number of electron

excitation ‘jumps’ (n) needed to produce the emitted photon of the correct fre-

quency. This is usually put forth as,

Iupconverted ∝ Inpump (8.1)

where, Iupconverted and Ipump are the intensities of the upconverted signal and the

pump signal respectively. Pump-intensity (or more conveniently power) depen-

dence of upconversion luminescence intensity is generally addressed by a log-log
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plot, with the slope giving us the number of steps taken to reach the higher en-

ergy levels. Pollnau, et al [9] addressed the issue with a simple model which has

been used often in literature to explain upconversion in rare-earth ions. It relates

the emitted population N to the number of steps needed for the emission. The

model however only considers energy-transfer upconversion (ETU) and excited-

state absorption (ESA).

In 2002, the enhancement of red emission from the 4F9/2 energy level was stud-

ied in bulk and nanocrystalline erbium doped yttria [8]. Excitation at 815nm was

used for the experiment. It was shown that the relative amounts of enhancement

for the green and the red emission differed for the two forms of the cubic material

system.

In 2003, it was conjectured that the enhancement of the red emission as con-

centration of the active ion was increased was due to an ion-pair cross-relaxation

process (4I7/2,
4 I11/2 →4 F9/2,

4 F9/2), that directly populates the 4F9/2 state [4],

[5]. Ytterbium co-doped nanocrystalline powders were analyzed there; not sur-

prisingly we observe a similar increase in red emission as the concentration in-

creases; but it is not just the red-emission that increases with concentration. We

also note an increase in emission from the 4I9/2 →4 I15/2 transition corresponding

to the ∼ 840nm band (see figure (8.4).

It has since been conjectured that cross-relaxation mechanisms play a large

part in producing red emission from erbium under near-IR pump (∼ 980nm) [4]

at high concentrations. These results are however for the nanocrystalline form of

the system.

Here we have shown that the emission of certain wavelengths seem to move in

concert as concentration changes. We believe this shows that some of the paths

to upconverting low energy photons to higher energy ones in erbium are linked.
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These results may be further used to explain upconversion dynamics in erbium

doped materials.

The results of our experiments also show that, the efficiency of upconversion

changes for different emission wavelengths as the concentration changes.

8.2 Upconversion Experiments with λpump = 977nm

8.2.1 Experimental

Nanocrystalline hot-isostatic pressed ceramic samples of varying concentration

were subjected to 977nm radiation. The upconverted spectra were measured

through a 1/2m Jarrell-Ash spectrometer equipped with a suitable broad-band

photo-multiplier tube (Hamamatsu R636). The pump beam was chopped and

a lock-in (EG&G) was used to collect the data. The nominal resolution of the

setup was ∼ 1nm.

The power-dependent measurements were done by using suitably picked band-

pass filter combinations. The same detector was used for both experiments.

We had at our disposal 0.25%, 1%, 2%, 15% and 25% (at.wt.) doped Er3+ :

Y2O3. These samples were procured from World Lab Co. Ltd., Japan.

8.2.2 Results

The plots 8.5, 8.6 and 8.7 show the power dependence of upconversion as con-

centration of the dopant is increased. The table 9.3 provides a summary of the

obtained n values.

The upconversion spectra provided (figures (8.3 and (8.4)) were obtained after

excitation from the 977nm pump. The plots show phenomena correlating the
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increase in concentration with the increase in emission from the 4F9/2 energy level

that has been reported elsewhere. They also show a similar concerted increase

in emission from the 4I9/2 energy level. The emission is comparatively small, but

the trend is unmistakable.

With the excitation around ∼ 1µm, we expect excited electrons to require

approximately 2 ‘jumps’ to produce emission around 0.5µm. This can be verified

from the data in table 9.3 for green emission. The red emission also yields an n

value of around 2.

The intensity of near-IR emission from the 4I9/2 level yields n values around

0.3 for the relatively low-doped material. This however climbs to numbers slightly

≤ 1 for the highly doped samples where connectivity between the active ions is

assumed to be high.
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8.3 Upconversion Experiments with λpump = 1545nm

8.3.1 Experimental

Nanocrystalline hot-isostatic pressed ceramic samples of varying concentration

were subjected to ∼ 1545nm radiation from a tunable fiber-laser(MPB Single

Mode Er3+ Fibre Laser).

The power-dependent measurements were done by using suitably picked band-

pass filter combinations. The same detector was used for both experiments.

The same set of samples were used as before.

8.3.2 Results

The results of using the ∼ 1550nm pump on the bulk material are summarized

in the following table 8.2. The plots 8.8, 8.9 and 8.10 contain the raw data.

The analysis of this data followed the precedent set by the experiments with

the 977nm pump. It is expected that the 4S3/2 state should require approximately

3 ‘jumps’ when the concentration rises to a point where the active ions are close

enough for direct or co-operative energy transfer. This is borne out by the data

in the ≥ 0.5% ↔ 2% range, where the n value is close to 3. It however seems

that at higher concentrations, the value drops to the 1.5↔ 2 range.

The concentration dependence of emission from 4F9/2 energy level follows a

similar trend. At very low concentrations the n value is ≤ 0.8.

The near-IR emission upconversion ‘jumps’ required is generally in the ≥

1↔≤ 1.5 range.
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8.4 Discussion

Note the co-doping of ytterbium in erbium yttria, as studied in the above papers

[4] and [5], is primarily responsible for the efficient transfer of photons into the

4I11/2 level (from the Y b3+ 2F5/2 energy-level). We do not consider that co-doping

with ytterbium causes a major change in the upconversion mechanism to higher

energy-levels from the 4I11/2 level.

The intensity of upconverted luminescence that is achieved by adding n pump

photons is dependent on the pump intensity Inpump. The value of n may range

from n for very little upconversion, to 1 for the upper state decay and ≤ 1 for

very large upconversion rates for intermediate states providing the ground state

population [9]. The latter measure of upconversion implies a highly efficient

transfer of electrons to the upper level that could be achieved by excited state

absorption or some other energy-transfer mechanism.

The general scenarios given in [9] cover perhaps the simplest and the most

likely means to upconversion, energy-transfer upconversion (ETU) and excited-

state absorption (ESA). The other processes perhaps causing the significant

deviation seen in this system transferring energy between levels include cross-

relaxation and three-ion energy transfer processes. These processes rely on the

presence of neighbors within ‘talking’ distance and are bound to be enabled as

the concentration increases.

From the upconversion spectra with the 977nm pump (figure (8.3)), we note

the increase in red and∼ 850nm emission (figure (8.4)) as concentration increases.

At very-low concentrations, where the active ions may be assumed to be

fairly isolated and homogeneously distributed in the ceramic, we see practically

no red and ∼ 850nm emission. As the concentration increases and energy can be
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transferred from one active-ion to another (ETU), we note an increase in emission

for the above wavelengths implying multiple ion processes being dominant. With

the lack of evidence for a threshold indicating photon-avalanche effects, ETU

and/or cross-relaxation are perhaps the most viable processes to populate the

above energy levels in erbium. This maybe further explored by considering the

data in Table 1.

The model generally applied to evaluate the number of steps required for

upconverted emission relies primarily on the ESA and ETU mechanisms, cross-

relaxation mechanisms of populating levels are not included. As a result, the

model is largely unsuitable to study upconversion in erbium where cross-relaxation

mechanisms seem to be important. But deviations from the model are perhaps

useful to gauge the influence of cross-relaxation in the system. The power depen-

dent measurements yield the upconversion step value (‘n’).

For the 977 nm pump, surprisingly, the analysis results in similar ‘n’ values

for emission from both the 4S3/2 and the 4F9/2 energy-level for a large range of

concentrations. Except for highly doped samples the upconversion step value is

close to 2, which implies a two-step upconversion pathway made possible largely

via ETU or ESA. The ‘n’ number of steps taken cannot, as understood in the

conventional sense, be the same for both emissions in the red and green regions.

The argument for the 4I9/2 level’s lower than 1 ‘n’-value is however less clear.

The ‘n’-value for the 4I9/2 energy-level seems to approach 1 around the 15%Er :

Y2O3 mark. We conclude that the processes populating the 4I9/2 energy-level

rely on a high number of erbium neighbors for efficient upconversion, this hints

at cross-relaxation and multiple ion processes being operative.

Given that the pump is 977nm, it is easy to explain the upconversion of the

near-infrared radiation to ∼ 450 − 550nm via excited-state absorption from the
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resonant 4I11/2 energy level. This ion is initially pumped into the 2H11/2, the

population then decays into the 4S3/2 level non-radiatively [4], [5].

The upconversion into the 4F9/2 level is conjectured to be the cross-relaxation

of ions from the 4F7/2 and 4I11/2 energy-levels [4] ( 4F7/2,
4 I11/2 →4 F9/2,

4 F9/2).

Although, the 4F9/2 level can also be filled by the direct emission from the higher

energy-levels, emitting photon energies with equal to the difference between the

energy levels.

The concerted increase in emission from both the 4F9/2 and 4I9/2 energy-levels,

as concentration increases however, has gone unnoticed (figures (8.3)).

We believe this also could be an instance of cross-relaxation populating the

4I9/2 energy level (4S3/2,
4 I13/2 →4 I9/2,

4 I9/2).

Considering the 1545nm pump, beginning with 0.25%Er : Y2O3 and moving

towards 2%Er : Y2O3, we note that the upconversion step value initially increase

for the visible wavelengths, as concentration increases the ‘n’ value for both wave-

lengths decreases. For the very lightly doped sample, 0.25%, we expect that the

active ions are separated by a large average distance between the neighbors makes

the upconversion process very inefficient. For the 4I9/2 energy level, the upcon-

verted intensity is independent of the pump intensity. ESA within one ion thus

may be ruled out as the dominant upconversion process.

As the active ion concentration is increased the ‘n’ value generally increases

for the three energy-levels, generally peaking at the 1 to 2 % range for the visible

emission. ETU, which relies on energy-transfer between neighbors might be the

operative process here. The ‘n’ value decreases slightly for all the three levels

as the concentration increases to 25%, indicating that the upconversion process

becomes inefficient due to some form of concentration quenching or is perhaps

driven more by cross-relaxation.
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8.5 Conclusion

A concentration dependent study of upconverted luminescence from erbium’s

4S3/2, 4F9/2 and 4I9/2 energy levels in yttria has provided enough reason to pur-

sue a further investigations to explain intra-ion energy transfer paths. We note

a common trend in increase in upconversion luminescence with an increase in

erbium concentration from the 4F9/2 and 4I9/2 levels hitherto overlooked by the

community. Also, the unsuitability of the current model to explain the lumines-

cence from the above levels is discussed. Cross-relaxation is also conjectured to

play a major role in transferring energy to both the levels.

Erbium-doped ceramic lasers show great potential to replace current single-

crystal lasers in telecommunication and medical fields. Erbium yttria also has

been widely studied over the last few years as a upconverting phosphor. Given

the above results regarding effect of concentration on emission from erbium-doped

yttria, further work needs be done in order to conclusively prove the upconversion

pathways in the ceramic material.
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CHAPTER 9

Explaining energy-transfer in Er3+:Y2O3 using

two pump wavelengths

Erbium ions in inorganic, insulating gain media show a wide variety emission

wavelengths - including ultra-violet, visible (red, green and blue), near-IR (∼800nm,

∼980nm, ∼1550nm) and mid-IR (∼3000 nm). Erbium is an interesting ion pro-

viding multiple paths to emit multiple wavelengths. The energy levels corre-

sponding to these wavelengths can be populated by converting lower-energy pho-

tons into higher energy photons by various energy-tranfer mechanisms. Different

energy-transfer mechanisms may be present at different concentrations of erbium

in the insulating host matrix. Some of these mechanisms are difficult to prove

experimentally.

We present a study utilizing a dual-pump scheme to elucidate some of the

energy-transfer mechanisms in erbium-doped ceramic yttria. The parameters

controlled in this study were the concentration of the active ion, the pump wave-

lengths and pump power.

Apart from upconverting lasers, erbium doped hosts can be used to make phos-

phors for multiple uses. The results of the experiment show that, the efficiency

of upconversion changes for different emission wavelengths as the concentration

changes. This by itself in not however a novel deduction, Pollnau, Huber, Hehlen,

etc. have shown such dependence before. We have shown that the emission of
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certain wavelengths seem to move in concert as concentration changes. We be-

lieve this shows that some of the paths to upconverting low energy photons to

higher energy ones in erbium are linked. These results may be further used to

explain upconversion dynamics in erbium doped materials. The results help shed

light on some of the more curious behavior of the erbium ion, such as why cer-

tain wavelengths should have a higher intensities of emission than other, perhaps

preferred, ones.

9.1 Introduction

9.1.1 Pathways to upconvert low-energy photons to higher energy

ones

Upconversion in activated rare-earth ions is a form of electronic energy transfer.

Energy transfer was initially put forth in it’s bare-bones form in relation to bi-

ological energy-transfers from a ‘sensitized’ molecule to an ‘acceptor’ molecule

[1]. Förster expanded the above report when he proposed the theory of ‘resonant

transfer’ between one sensitized molecule and an acceptor molecule. Energy is

absorbed in one localized part while being liberated in a different part well sep-

arated from the other. The effect could be fluorescense or oxidative metabolism

[2].

Förster cited the example of the fluorescing aromatic acids of proteins, tryp-

tophane, tyrosine, and phenylanine where non-radiative energy transfer was rec-

ognized to be only reason fluorescence was seen in different parts of the molecule.

Considering dipole-dipole interactions one arrives at following form of the energy-
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transfer rate equation,

Ωs→a ∝
1

r6
(9.1)

where, Ωs→a is the rate of energy-transfer and r is the distance between the

molecules.

Dexter extended Förster’s 1948 work, by formulating models that allowed the

transfer of energy by forbidden transistions [3]. Forbidden resonant energy tran-

fer mechanisms are the primary models that are responsible for energy transfer

in rare-earth ions doped in inorganic matrices. An ion with the allowed transi-

tion absorbs the incoming energy and causes an excitation (is ‘sensitized’). The

energy is then transferred, possibly, through multiple ‘steps’ eventually exciting

the ‘acceptor’ ion, which may emit the higher energy photon. The transition, it

should be noted, is forbidden due to the incongruency between the energies of the

incoming radiation and the higher emitting energy-level (by direct absorption).

For this process to occur there must be co-operative energy transfer between two

ions or excited state absorption in a single ion, this is also known as upconversion.

Ion-pair resonance was then experimentally observed in the PrCl3 system [4].

Here the 3P0 energy level was directly excited and emission was seen from the

3P2 energy level.

Margolis, et al [5] confirmed and revealed more anamalous emission out of

Ce3+ : PrCl3.

Resonance fluorescence was detected from the 3P0 state when irradiated at a

wavelengths where it well-known that a single Pr3+ does not absorb - wavelengths

higher than the 3P2 state [4]. This corresponded to the sum of the excitation en-

ergy of the emitting state and that of discrete lower excited states - a cooperative
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mechanism. The results were subsequently confirmed by Margolis, et al [5].

This experiment also reported a ‘simultaneous transition’ or as we now recognize

it ‘co-operative’ energy-transfer between two praseodymium ions - one ion was

noted to been excited to the 1G4 and the other to 3P0. These are not normally

observed in fluorescence measurements but can be seen with a large enough pump

intensity.

Specific mechanisms were proposed to explain the observation by Dexter in

1962[6], including ‘double’ and ‘triple’ excitation. This included energy-transfer

from an initial state to the final state, via an intermediate state. This presents

the starting point for all subsequent energy-transfer mechanism studies.

Auzel’s review papers, the first one in 1973 [7] and another one in 2004[8],

effectively summarize our current understanding of energy transfer mechamisms.

Excited State Absorption (ESA), Energy Transfer Upconversion (ETU), cross-

relaxation into a level and complex multi-ion processes seem to be various ways

of generating higher energy photons (see Figure (9.2)). ESA and ETU have been

well addressed [9], [8]. There are many similarities between the two mechanisms,

such as dependence on excitation density and n-photon order of upconversion.

Moreover, nothing forbids both these models to be simultaneously operative [8].

This causes confusion in experimental circles. Experimental methods to distin-

guish between the two processes have not been sufficiently addressed. We here

propose perhaps the beginning of such an experimental study.

While pathways are easily conjectured, they are not generally confirmed.

Emission spectra and pump-power dependency often helps to complete the pic-

ture.

Largely, the evidence for these mechanisms rests on the number of electron

excitation ‘jumps’ (n) needed to produce the emitted photon of the correct fre-
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quency. This is usually put forth as,

Iupconverted ∝ Inpump (9.2)

where, Iupconverted and Ipump are the intensities of the upconverted signal and the

pump signal respectively. Pump-intensity (or more conveniently power) depen-

dence of upconversion luminescence intensity is generally addressed by a log-log

plot, with the slope giving us the number of steps taken to reach the higher en-

ergy levels. Pollnau, et al [9] addressed the issue with a simple model which has

been used often in literature to explain upconversion in rare-earth ions. It relates

the emitted population N to the number of steps needed for the emission. The

model however only considers energy-transfer upconversion (ETU) and excited-

state absorption (ESA).

One of the paths explored extensively has been the co-doping of specific ‘sen-

sitizer’ atoms such as ytterbium in erbium-doped materials. This allows the ex-

perimentalist to target specific energy-levels with optical excitation and observe

emission from energy-levels in the ‘acceptor’ ion.

The field continues to be guided by practical considerations even now such as

the development of upconverting lasers and phosphors.

We present the use of two excitation sources that allow the population of

specific energy-levels in the erbium-doped yttria matrix. Populations in certain

energy-levels when modulated show changes in upconverted emission - this ver-

ifies the dependence of the intermediate states population on the upconversion

mechanism.
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9.1.2 Feedback loops in RE energy-transfer

Until recently the experimental study of rare-earth energy-transfer systems has

viewed the problem as a simplistic linear, time-invariant problem. As with all

real-world systems these models provide a very weak commentary on the facts.

It has been only recently that feedback has been suggested to be a component of

such systems. Evidence stating the abnormality of ‘n’ values (especially ‘n’ values

larger than expected or reasonably possible - [10]) was cited as giving credence

to the new hetero-LEET feedback mechanism (Apart from that the experimental

evidence is weak - until this study).

For instance, a larger than ‘reasonable’n values - or couched in different terms

evidence for emission of higher intensity light than expected seems to adequately

evidence by n values of 5 or 8 (for instance) from the 4I9/2 level under 980nm

pump light ([10]). We should note that energy storage times drop dramatically

at energy-levels higher than 4F9/2 in this system due to increasing probability of

thermal quenching at room temperatures and even heating due to pump.

It should be noted that this process is rooted in the photo-avalanche (PA)

‘idea’ of energy being stored in an intermediate level that spontaneously plays

an important role in the upconversion mechanism. The implications of the new

process being set in motion by a PA process are:

• There is a time-delay τδ for the onset of the energy-transfer effect that is

typical of feedback systems

• There is an intermediate energy-level involved where energy is temporarily

stored

• And that the energy may be transferred to a ‘different’ energy-level where

it may manifest itself
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These are all properties of feedback mechanisms - taken together it means that

the dynamics of the normal and expected energy-downconversion is irreversibly

changed - which is amply demonstrated by the larger or smaller than expected

‘n’ values. It also indicates, as is generally recognized in the class of feedback

systems - the mechnisms are largely true for all rare-earth doped material sys-

tems regardless of the individual differences in energy-level parameters such as

lifetimes, and oscillator strengths. Provided the active-ion is the same, we expect

the system dynamic is the same. This allows us to study particular systems and

apply the mechnisms to other material systems.

There are also positive and negative feedback mechnisms that enhance or

dampen the system response. Anamalous behaviour of the ‘n’-value for down-

conversion from certain energy-levels is again a indication of there being both

positive and negative feedback mechnisms at play.

With an independent light source, as is used in this study, one may inde-

pendently modulate the ‘storage’ energy-level allowing one to see negative and

positive feedback machenisms separately. This is dicussed in detail further in this

manuscript.

Following a similar track of reasoning, one would expect an increase in ’damp-

ing’ mechanisms to dominate when the ‘n’ values are far below 1 and still pro-

duce upconverted radiation. Here ‘damping’ mechanisms would include resonant

energy transfer to other energy-levels, or quenching mechanisms including cross-

relaxation, etc.

The common ground in the argument is that either ‘positive’ or ‘negative’

energy feedback loops require an intermediate level, or perhaps more broadly set

of levels that exchange energy, to play a significant role.
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9.1.3 Quantitative Analysis

We expect the active ions to be homogeneously distributed in the ceramic material

as compared to single-crystal hosts, where bunching is a known problem. The

Er3+ and Y3+ occupy the same sites in the host yttria matrix.

Yttria occupies two sites in the yttria matrix : the non-centrosymmetric C2v

and the centrosymmetric C3i site . Erbium substitutes into the yttrium site and

of the two sites the C2v site is optically active.

The relative populations of the substitutional active rare-earth ions in the Y 3+

site have been studied in the electron paramagnetic resonance (EPR) community

[11], [12]. The literature alludes to a random distribution in the two yttrium sites

(1:1).

However other literature seems to provide divergent views on the population

difference in the two sites it has also been reported that the proportions favor

the optically active C2v site (C2v : C3i=1:3) [13].

It is assumed for the following discussion that the distribution of active ions in

the C2v and C3i is equal in proportion. The following table (9.1) [14] summarizes

the crystal structure of the Er3+ : Y2O3.

From a pool of 99.75 at. wt. % Y3+ and 0.25 at. wt. % Er3+ there is a

0.25% chance of first finding a Er3+ ion and a 99.75% chance of finding a Y3+

ion. Of the erbium ions, we may assume half are in the optically active C2 site.

Consecutive probabilities multiply, therefore there is a (0.0025× 0.997511 × 0.5)

chance of having one Er3+ ion in an equivalent, optically active site. There are

12 possible positions for the Er3+ ion to be in the 12 coordinated sites. We thus

get a total probability of,
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P (1Er3+) = 0.0025× 0.997511 × 0.5× 12 = 0.01459 (9.3)

We expect the rate of energy transfer to drop off dramatically with distance

(Eqn.9.1), this implies that the energy transferred from a cell not immediately

next to the site being considered will have a muted effect on the energy-transfer

mechanism.

Similarly there is a ((0.0025)2× (0.9975)10×0.5) chance of having two Er3+ in

the coordinated, optically active equivalent sites. There are 66 possible poitions

for the Er3+ ion in the 12 coordinated sites. Thus we get a total probabilty of,

P (2Er3+) = (0.0025)2 × 0.997510 × 0.5× 66 = 0.0002 (9.4)

The table (Tab. 9.2) gives the probabilities for finding single, pairs and triplets

of erbium ions in 0.25%, 2% and 25% at. wt. erbium-doped yttria.

9.2 Dependence of upconversion radiation with varying

concentrations of the active ion under pump wave-

length λ = 980nm

Pump power-dependence of emission from the 4S3/2, 4F9/2 and 4I9/2 energy-levels

was measured while pumping the 4I11/2 energy-level with the λ = 977nm. This

experiment provides an important baseline for the dual-pump experiment that

follows.
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9.2.1 Experimental

Nanocrystalline hot-isostatic pressed ceramic samples of varying concentration

were subjected to 977nm radiation. The pump beam was chopped and a lock-in

(EG&G) was used to collect the data.

The power-dependent measurements were done by using suitably picked band-

pass filter combinations. The same detector was used for both experiments.

We had at our disposal 0.25%, 1%, 2%, 15% and 25% (at.wt.) doped Er3+ :

Y2O3. These samples were procured from World Lab Co. Ltd., Japan.

9.2.2 Results

With the excitation around ∼ 1µm, we expect excited electrons to require ap-

proximately 2 ‘jumps’ to produce emission around 0.5µm. This can be verified

from the data in Table (9.3) for green emission. The red emission also yields an

n value of around 2.

The intensity of near-IR emission from the 4I9/2 level yields n values around

0.3 for the relatively low-doped material. This however climbs to numbers slightly

≤ 1 for the highly doped samples where connectivity between the active ions is

assumed to be high. This phenomena is the target of the second dual-pump

experiment.

9.2.3 Discussion

The intensity of upconverted luminescence that is achieved by adding n pump

photons is dependent on the pump intensity Inpump. The value of n may range

from n for very little upconversion, to 1 for the upper state decay and ≤ 1 for

very large upconversion rates for intermediate states providing the ground state
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population [9]. The latter measure of upconversion implies a highly efficient

transfer of electrons to the upper level that could be achieved by excited state

absorption or some other energy-transfer mechanism.

The general scenarios given in [9] cover perhaps the simplest and the most

likely means to upconversion, energy-transfer upconversion (ETU) and excited-

state absorption (ESA). The other processes perhaps causing the significant

deviation seen in this system transferring energy between levels include cross-

relaxation and three-ion energy transfer processes. These processes rely on the

presence of neighbors within ‘talking’ distance and are bound to be enabled as

the concentration increases.

The model generally applied to evaluate the number of steps required for

upconverted emission relies primarily on the ESA and ETU mechanisms, cross-

relaxation mechanisms of populating levels are not included. As a result, the

model is largely unsuitable to study upconversion in erbium where cross-relaxation

mechanisms seem to be important. But deviations from the model are perhaps

useful to gauge the influence of cross-relaxation in the system. The power depen-

dent measurements yield the upconversion step value (‘n’).

For the 977 nm pump, surprisingly, the analysis results in similar ‘n’ values

for emission from both the 4S3/2 and the 4F9/2 energy-level for a large range of

concentrations. Except for highly doped samples the upconversion step value is

close to 2, which implies a two-step upconversion pathway made possible largely

via ETU or ESA. The ‘n’ number of steps taken cannot, as understood in the

conventional sense, be the same for both emissions in the red and green regions.

The argument for the 4I9/2 level’s lower than 1 ‘n’-value is however less clear.

The ‘n’-value for the 4I9/2 energy-level seems to approach 1 around the 15%Er :

Y2O3 mark. We conclude that the processes populating the 4I9/2 energy-level rely
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on a high number of erbium neighbors for efficient upconversion, this hints at

cross-relaxation and multiple ion processes being operative. We shall see further

on that the 4I9/2 energy-level plays an important role in upconversion to the

higher energy manifolds.

9.3 Dual-pump experiments. Continuous pump at

λ =980nm, modulated pump at λ =1550nm

9.3.1 Experimental

The dual-pumping experiments were devised to discover pathways to upconver-

sion. The experiment involved monitoring the emission fluorescence magnitudes

from the 4S3/2 (λ =∼ 540nm) , 4F9/2 (λ =∼ 680nm) and 4I9/2 (λ =∼860nm)

under the influence of lower energy pumps near-IR pumps.

The modulated pump experiment is based on the following: we can change the

relative population difference in either the 4I11/2 state or the 4I13/2 state directly

by cw pumping with the ∼ 980 nm pump and the ∼ 1550nm pump respectively.

We may modulate either one of these pumps. With the modulated beam at fixed

power, we can then upconvert and cause inversion in the higher energy levels.

By using a lock-in amplifier in the setup, we collect the upconverted emission

that is a direct effect of the modulated beam. But since the population in a level

affected by the cw pump may have changed, we could see a corresponding change

in the upconversion emission due to the modulated beam. This would prove the

involvement of the energy level affected by the cw pump.

For instance, population was pumped into the 4I11/2 energy-level directly with

the 977nm pump (λcw) running continously reasonably ensuring available ions

for upconversion f rom 4I11/2; the 1545nm pump (λmodulated) was thereafter intro-
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duced enabling upconversion from 4I13/2 to the higher energy levels. λmodulated

was mechanically chopped, while λcw was not, and the signal was collected by a

broad-band photomultiplier tube (Hamamatsu R636) after conditioning through

a lock-in amplifier (EG&G).

Since λmodulated was chopped and the reference supplied to the lock-in ampli-

fier, the effect of λmodulated was monitored against a background of the sample

being continously pumped by the cw pump.

The roles of λcw and λmodulated were thereafter switched, and the effect of first

wavelength against a constant availability of inverted electrons in energy level

4I11/2 was measured. This was repeated for the varying concentrations of erbium

in the ceramic. No noticable trends were seen with this arrangement.

The powers available for the two pumps were very different (1545nm has a

maximum output of ∼ 25mW, and the 977nm laser was used with a maximum

power around 1W), the results therefore provide a qualitative description of the

upconversion pathways. This information is nonetheless useful as the first step

in discovering and confirming the upconversion pathways in the erbium ion. See

figure (9.3) for the experimental setup. Further studies along the same lines with

comparable pump powers might provide quantitative data regarding the amount

of upconversion through various paths.

9.4 Results and Discussion

To simplify the following summary and discussion, we assume that upconversion

has no or a negligibly small time delay associated with it compared to mudulation

frequency. Also, we note that compared to the lifetimes of the pumping levels the

energy levels populated by upconverted electrons have lifetimes that are small.
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The lifetimes of 4S3/2 and 4F9/2 state have been measured in nanocrystalline

erbium-doped yttria [15] (around 11µs for 4S3/2 →4 I15/2 and ≤ 7µs for 4F9/2 →4

I15/2, for ≤ 1% active ion) at various concentrations of the active ion, these

lifetimes are orders of magnitude faster than the decays for the 4I11/2 and 4I13/2

states.

We’ve measured the lifetimes for the 4I11/2 →4 I15/2 and 4I13/2 →4 I15/2

transitions for varying concentrations in the bulk form and have found them to

be in the millisecond scale. The lifetimes for the 4I11/2 →4 I15/2 range from

≥10ms for low doping to ∼0.03ms for highly doped and, the lifetimes for the

4I13/2 →4 I15/2 range from ∼2ms to ∼0.01ms [16].

As might be readily seen, the longer the lifetime of a particular energy-level

the higher the chance an excited atom has to get doubly or even triply excited.

The lifetimes of these states is critical to the upconversion process.

We see no evidence of thresholding effects under normal (single-pump) upcon-

version experiments. Thresholding is understood to be a sign of photon-avalanche

effects. We base the following discussion on ESA, ETU, cross-relaxation and

other multiple-ion processes such as cooperative sensitization and concentration

quenching [8].

At a low doping percentage, we expect the erbium ion to be fairly well segre-

gated from the neighbouring active ions. All upconversion processes are within

the isolated erbium ions. We see that at a doping level of 0.25% there is no

noticable effect from having a population available in the 4I11/2 energy level. See

figure (9.4). Upconversion here is a simple process where inverted electrons from

the 4I13/2 energy level are simply further inverted to either the 4I9/2 energy level

producing the near-IR emission or the 4S3/2+4H11/2 energy levels producing green

emission. Once the latter energy level is ‘activated’, it enables the production of
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red emission from the 4F9/2 energy level after the emission of a suitable photon.

At concentrations where there is appreciable communication between the ac-

tive ions (2% and 25% Er3+ : Y2O3) we see that the background interferes with

the pump revealing some of the pathways directly.

Consider the 2%Er3+ : Y2O3 sample: emission from the 4S3/2 level shows an

increase in upconverted photons once the continous-wave ‘background’ pump is

at some appreciable power level. Emission from the 4F9/2 level also shows an

increase with an increase in the ‘background’ pump. On the other hand, there

is no change in the emission from 4I9/2 level. See figure (9.5). Together these

results shows the involvement of the 4I9/2 level in generating visible photons. A

mechanism such as : 4I9/2 →4 I13/2 +4 I9/2 →2 H11/2 +4 S3/2 suggests itself. This

would be consistent with a two-ion process which is more likely in a sample doped

at 2%.

At a concentration of 25%, we note a sharp drop in the 4I9/2 (near-IR emission)

and 4S3/2 (green emission), with a corresponding increase in emission from 4F9/2,

see figure (9.6). We expect at this concentration substantial ‘communication’

between the active ions. The cw pump-aided processes such as: 4I15/2 →4 I11/2 +2

H11/2,
4 S3/2 →4 I11/2 would reduce the green emission. Emission from the 4F9/2

level might also decrease due to 4F9/2 →4 I13/2 +4 I15/2 →4 I11/2 filling up both

the upper and lower level of the mid-IR ∼ 2.7µm laser; but this is a minor effect.

When the concentration is as high as 25% we expect that every active ion

is amply surrounded by other active ion facilitating cross-relaxation and co-

operative mechanisms. We cannot ascertain a trend that relates to the 977nm

pump in anyway in presence of the 1545nm background.

It follows that for the lowest doping concentration, 0.25%, there is a high

probability of the activated ion being isolated. This supports our assumption that
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the upconversion processes are largely within the single ion. Similarly, the energy-

transfer processes in the 2% doped sample also largely occur within the single-

ion, although the effect of two erbium ions exchanging energy due to proximity is

possibly comparable (due to comparable probabilities) to the low doped, single-

ion processes. The deviations seen are then perhaps due to an over-weighted

effect of two-ion processes. The 25% Er3+:Y2O3 shows comparable probabilities

for two and three ion coordinated erbium ions. The energy transfer effects are

an indicaton that these may be ≥ 2 ion processes.

9.5 Conclusion

A concentration dependent study of upconverted luminescence from erbium’s

4S3/2, 4F9/2 and 4I9/2 energy levels in yttria has provided enough reason to pursue

a further investigations to explain intra/inter-ion (depending on the co-ordination

number) energy transfer paths. The pathways maybe deduced by taking the

dual-pump experiment together with the qunatitative model developed earlier

(see figure (9.7)). Using a two pump scheme we may change the populations of

intermediate energy-levels (in this case the 4I13/2 energy-level using the 1545nm

pump) and monitor the dependence of upconversion due to the 977nm pump.

We may pick up the effect of the intermediate level (4I13/2), and thus pick out

the exact upconversion pathways at varying concentrations.

As expected upconversion mechanisms change with an increasing concentra-

tion of the active ion. At low enough doping concentrations (such as 0.25%) the

system is a single-ion system. At higher concentrations (2% and 25%) we see

increasing effects of two-ion and multiple ion effects (see Section on Quantitative

Analysis).
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We note a common trend in increase in upconversion luminescence with an in-

crease in erbium concentration from the 4F9/2 and 4I9/2 levels hitherto overlooked

by the community.

With the 980nm pump modulated, we note a concerted decrease in signal from

the 4I9/2 and 4F9/2 energy-levels at a concentration of 25%. At the intermediate

2% concentration, we note little change in the near-IR upconverted emission, and

a corresponding increase in the visible emission. A simple mechanism however is

elusive. At the lowest concentration level, the only trend is a near-linear increase

in the red emission from the 4F9/2 energy-level. The following pathway seems

evident: 4I15/2 →4 I13/2 followed by 4I13/2 →4 F9/2. Also, the unsuitability of

the current model to explain the luminescence from the above levels is discussed.

Cross-relaxation is also conjectured to play a major role in transferring energy to

both the levels.

Erbium-doped ceramic lasers show great potential to replace current single-

crystal lasers in technologically significant telecommunication and medical fields.

Erbium yttria also has been widely studied over the last few years as a upcon-

verting phosphor. Given the above results regarding effect of concentration on

emission from erbium-doped yttria, further work needs be done in order to con-

clusively prove the upconversion pathways in the ceramic material.
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CHAPTER 10

Conclusion

This thesis is a compilation of some of the many pieces of research that need to

be considered together to provide a complete picture to a researcher evaluating

the suitability of a new candidate optical material. Herein we have provided

the newest results in the study of ceramic hosts for solid-state laser engineering

purposes.

The refractive index was measured for varying concentrations of the active

ion in the host along with first results on the refractive index of the pure ceramic.

The Sellemeier formulae provided, should be of significant use to the laser engi-

neer constructing this system, for dispersion affects the Fresnel diffraction losses

significantly at the face of the laser rod. Knowledge of the amount of disper-

sion also will aid cavity designers with critical beam path alignment information.

Since it is evident that the substitutional erbium ion causes a linear increase in

the dielectric constant (by the effective medium theory), one may easily estimate

with some accuracy the index of any doping concentration. We provide this in-

formation at various wavelengths in the range extending from the visible to the

mid-IR.

The stress-optic coefficients provided will be of value to engineers calculating

the effect of high thermal loads on this material during high-power laser operation.

Another critical piece of information are the transmission and emission spec-
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tra in the near-IR region. This is the region of pumping for the mid-IR transition

at the H2O molecule vibrational resonance. Multiple spectra have been provided

for the near-IR transition as well, showing the effects of concentration on the

transmission and emission spectra. An increase in concentration most certainly

broadens the absorption lines, but can ruin emission at high enough doping levels

in the ceramic host material. Due to the nature of the production of the ceramic

hosts, we expect a homogeneous distribution of the dopant in the host this con-

centration dependent data allows us to conjecture an increase in cross-relaxation

between the erbium ions, simply due to an increase in yttrium substitution by

erbium in the bixbyte unit cell.

The mid-IR spectra is of importance due to the possibility of lasing some

of these lines. We see evidence of emission at the Er : Y AG wavelength of

2.936µm implying we may have an important laser gain media at hand suitable

for high-power operation. The absorption and emission cross-sections provided

will be of value to researchers working on improving the materials system from

the materials stand point. Newer, more accurate Judd-Ofelt parameters are also

provided, these add to the extensive literature base for solid state laser materials

based on rare-earth elements.

Some temperature dependent studies have also been conducted. Multi-phonon

studies provide a good way to evaluate the temperature dependence of laser gain

media. The theory outlined above provides a simple evaluation methodology to

a metric to gauge how much energy has been converted from optical photons to

optical phonons. Some of the results of the multi-phonon study have been slated

as being slightly deviant from expectation, and clearly more experimental and

theoretical work needs to be done in this area.

Upconversion and energy-transfer was another topic studied. This data and
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analysis is of value to scientists who study the intricacies of improving per-

formance by carefully controlling doping levels or adding other dopants to im-

prove absorption at particular wavelengths. Also controlling energy distribution

amongst the many lasing levels that erbium provides is important to enhance the

generation of certain wavelengths over others. The analysis provided should be

useful in that we provide some pathways for transferring energy from one energy

level to another.

This thesis concludes a four year-long series of experiments and analysis and

is part of an effort to try to characterize ceramic hosts for solid-state lasers.
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CHAPTER 11

Future Work

The work presented in this thesis not only reached the conclusion signified by the

quantification of particular fundamental values such as absorption and emission

wavelengths and spectra, stress-optic behavior, refractive index, multiphonon

behavior, up-conversion behavior from certain energy-levels in erbium and to a

certain extent energy-transfer, but also opened avenues of further study. And

also the possibility of developing newer more sophisticated devices based around

particular phenomena that is observed not only in erbium-doped yttria ceramics,

but also other oxide hosts.

Chapter #9 details the pursuit of intra-ion energy-transfer pathways in a con-

centration dependent study of up-converted luminescence from erbium’s 4S3/2,

4F9/2 and 4I9/2 energy levels. Trends were noticed with the change in concentra-

tion of the active-ion in energy-levels not hitherto reported - 4F9/2 and 4I9/2.

But what we showed most prominently is that we could manipulate the

emission signals dramatically from particular energy-levels by changing minutely

(comparative power of the pump) the number of photons in one of the energy-

levels in the energy-transfer pathway using the dual-pump scheme.

This discovery could potentially revolutionize our ability to enhance or di-

minish the emission signal of particular - technologically important - wavelengths

using multiple pump wavelengths targeting different energy-levels in the path.
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Consider for instance the generation of green (4S3/2 →4 I15/2) from the sample

doped at 2% at. wt. The near-IR emission hardly changes - it is independent

of the ∼ 980nm pump. Red emission from the 4F9/2 energy-level also moves in

concert with the emission from the 4S3/2 level under direct, continuous pumping

of the 980nm pump and modulation of the 4I13/2 energy-level by the second pump

at 1550nm. (See figure 11.1). Or the relative increase in emission from the 4F9/2

when the doping is higher and the supresssion of emission from 4I9/2 and 4S3/2,

under the same conditions.(See 11.2). This proves that pathways, when modu-

lated by modulating populations in particular energy-levels, affect the feedback

mechanisms that drive the intra-ion energy transfer mechanisms.

Apart from upconverting lasers, erbium doped hosts can be used to make phos-

phors for multiple uses. The results of the experiment show that, the efficiency

of upconversion changes for different emission wavelengths as the concentration

changes. This by itself in not however a novel deduction, Pollnau, Huber, Hehlen,

etc. have shown such dependence before. We have shown that the emission of

certain wavelengths seem to move in concert as concentration changes. We be-

lieve this shows that some of the paths to upconverting low energy photons to

higher energy ones in erbium are linked. These results may be further used to

explain upconversion dynamics in erbium doped materials. The results help shed

light on some of the more curious behavior of the erbium ion, such as why cer-

tain wavelengths should have a higher intensities of emission than other, perhaps

preferred, ones.

11.1 “..we’ve now opened the can”-OMS

We’ve now proved a method to probe the intricacies of intra and inter-ion energy

transfer in erbium doped materials. The crux of the matter is the modulation of
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the feedback engine by using multiple pumps.

The method is just a applicable to the generation of technologically important

wavelengths such as the mid-IR emission around∼ 3µm or the telecommunication

bands of ∼ 1.3µm and ∼ 1.6µm, along with the industrially utilized ∼ 1µm

wavelength.

Consider the following scenario (See Figure 11.3) where the rare-earth ion sys-

tem is at the heart of a feedback pump scheme involving two pump wavelengths.

The external feedback loop can easily enhance or diminish the emission of

the desired wavelength - here λA by changing the amplitude of pump #2. The

schematic also attempts to show the in-built feedback energy-transfer mecha-

nisms. Here we consider only two inter-twined transitions - transitions A & B,

such that pump #1 causes inversion in both but transition B also feeds back into

transition A. The application of pump #2 would either enhance or diminish the

emission from transition A.

It is needless to point out that real-world systems are many times more com-

plicated than the above thought experiment, and that the above system could

be greater enhanced by multiple pump wavelengths affecting an equal or more

number of transitions. These transitions may then in turn feedback into desired

transitions providing the emission of wavelengths that are useful.

The engineering significance of such a system would parallel the existing and

well-studied methods of co-doping to enhance the inverted populations in tran-

sitions of technological importance. It is infinitely easier to precisely modulate

laser-pump diode bars separately affecting precise transitions to leverage this

discovery.
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