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Abstract

Silicon microphotonics has emerged as the leading technology to overcome the in-
terconnect bottleneck that limits a further increase of computation power following
Moore’s law. Optical interconnects between different electronic microprocessors in an
electronic-photonic integrated circuit (EPIC) can provide a fast, low-loss and high-
bandwidth alternative to electrical interconnects, which suffer from issues such as re-
sistive heating, RC delays and channel crosstalk at an increasing device density.

A crucial device in such an electronic-photonic integrated circuit is a compact, high-
gain and low power optical amplifier to compensate for signal attenuation due to
propagation losses and to recover signal strength after subsequent 3dB splits during
fanout of the optical signal to different microprocessors. Erbium ions (Er3+) are an
excellent candidate to provide amplification around A = 1.54pm for optical telecom-
munications. Erbium-doped fiber amplifiers (EDFAs) have already enabled long-haul
optical data transmission through silica optical fibers, but scaling down a fiber ampli-
fier to an on-chip erbium-doped waveguide amplifier (EDWA) brings along significant
materials and device design challenges.

In this thesis, erbium-ytterbium oxide (Er,Yb,,O;) and erbium-ytterbium-yttrium
silicate (Er, Yb,Y,, Si,O;) compounds are investigated as novel materials systems
for the development of EDWAs. The high erbium and ytterbium solubility (>10%2
em™®) and refractive index (1.71 < n < 1.92) make these materials excellent candi-
dates for compact, low-power optical amplifiers. Er, Yb, O3 and Er,Yb, Si,0; thin
films were deposited on SiO, and analyzed structurally and optically. The role of
ytterbium in these compounds is twofold. First, ytterbium can be used as an alterna-
tive to yttrium for dilution of the erbium concentration in order to mitigate parasitic
concentration quenching effects. Second, ytterbium acts as a sensitizer for erbium
during optical pumping at A = 980nm. Comparison of the different oxide and silicate
thin films reveals that the o-disilicate phase is the best candidate for an EDWA gain
medium pumped at A = 980nm.



By means of rate and propagation equations, the composition of an Er, Yb Y, . Si,O;
gain medium was optimized for application as a 3dB EDWA. The optimal composition
was found to be Erg 495 Ybg 009 Y.77551,07, which provides a 1.5dB/cm gain at only
3mW of pump power. In terms of the figure of merit 3dB gain/(device area - pump
power), this material outperforms other EDWA materials reported in literature.
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Title: Thomas Lord Professor of Materials Science and Engineering
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Optical communications

The information revolution of the past decades has been driven by shrinkage of the
size of a single transistor, which allowed to pack more and more transistors on a
chip in order to increase its computation power. According to the International
Technology Roadmap for Semiconductors (ITRS), further progress at current device
densities (> 107 devices/chip) is now limited by the performance of interconnects

between devices rather than a further reduction in transistor size [1].

The increasing electrical interconnect density causes problems such as resistive heating
losses, crosstalk between channels and RC delays due to closer channel spacing. This
problem is called the interconnect bottleneck. Figure 1-1 shows that even with the
replacement of Al/SiO,-technology by Cu and low-k dielectrics, interconnect delays

start dominating transistor gate delays for gate lengths smaller than 180 nm [2].

Optical interconnections are currently the most promising solution to the RC prob-
lems of traditional metal interconnects [3,4]. In contrast to electrons in metals,

near-infrared (NIR) photons propagate through materials such as Si and SiO, with
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Figure 1-1: Signal transmission delay (over 1 cm) versus transistor technology generation
for Al/SiO,, Cu/low-k dielectric and optical interconnects. From [2].

1992

negligible heat dissipation and crosstalk. In addition, the high frequency of the opti-
cal carrier wave (v ~ 200 THz) provides a very high data bandwidth for wavelength-
division multiplexing (WDM).

The low loss and high information-carrying capacity of optical interconnects have
already revolutionized the ‘distance x data rate’ performance metric for long haul
telecommunications. Figure 1-2 shows that the transition from electrical to optical
communications caused both a discontinuous increase in information capacity and
in its rate of further growth. The success of long-haul optical communications was
ultimately due to the combination of two key technologies that allow propagation of

light at 1.5 pm over long distances:
1. silica optical fibers with ultra-low propagation loss (~0.2dB/km) at A = 1.5pm

2. erbium-doped fiber amplifiers (EDFAs) which provide broad, all-optical ampli-

fication exactly in the SiO, transparency window around A = 1.5pm

The overlap between the photoluminescence (PL) spectrum of the 4113 2 4115/2
transition in Er’" in silica and the loss minimum around A = 1.5um in silica optical

fibers is shown in Figure 1-3.

22



10 -

- Muttichannel

101 L (WDM)
T . Optical fibre J
z 1010 systems
£ B A_K Ssingle channel
& 108 (ETDM)
5 el :
g ..
g 100]

102 |- first constructed

wl N

Carrier telephony
. firstused 12

voice channels on
I~ one wire pair
102 | | l 1 | ] ]
1880 1900 1920 1940 1960 1980 2000 2020 2040
Year

Figure 1-2: Trend in the information-carrying capacity of a single line (electrical or op-
tical) with time and technology (WDM = wavelength-division multiplexing;
ETDM = electronic time-division multiplexing). Figure adopted from [5].

1.1.2 Electronic-photonic integrated circuits

The long haul optical communications model described above can be adapted to an
on-chip level thanks to the development of silicon microphotonics. Analogous to
electronic integrated circuits (EICs) known from silicon microelectronics, electronic-
photonic integrated circuits (EPICs) were developed in which all the microphotonic
components are integrated on a single substrate. In such an electronic-photonic in-
tegrated circuit, the processing work is still done by electronic components, but the
data transmission between different computation cores is performed optically, thereby
combining the high computing power per area of electrical processors with the low-
loss, high bandwidth data transmission of optical interconnects. In addition, silicon-
based EPICS can benefit from the mature complementary metal-oxide-semiconductor
(CMOS) technology already developed for silicon microelectronics processing, such

as deposition, implantation, etching techniques et cetera.

An example of such an electronic-photonic integrated circuit is shown in Figure 1-

4. The figure shows an EPIC for intra-chip optical clock signal distribution to the
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Figure 1-3: Photoluminescence spectrum of the 4113 /2 4115 /2 transition in Er3t overlaid
on the near-infrared loss spectrum of a silica optical fiber. Modified from [6].

electronic processing units, which is one of the most important functions of the inter-
connection. An optical layer that handles data transmission is overlaid on top of the
electrical layer containing the electronic processing units. In between the two layers is

a transcewver interface for the conversion between electrical and optical signals.

In conventional clocking, an electrical clocking signal is distributed through an electri-
cally conducting wire, providig a timing reference for the movement of data within a
system. Since clock signals operate at the highest speeds within the system, clocking
is often the first application that suffers from problems related to electrical intercon-
nects, such as prohibitive power consumption, crosstalk and RC delay, [4,7]. Optical

clock signal distribution would provide a solution to this problem.

The H-tree design shown in Figure 1-4 minimizes skew of the incoming clocking signal
by ensuring an equal path length to the underlying electronic computation units [8].

It is clear that the major source of signal attenuation in the H-tree architecture is
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the fanout, i.e. the subsequent Y-splits corresponding to a 50% = - 3dB loss in
signal strength. A 3 dB optical amplifier is therefore required after each Y-split
to compensate for these losses. A practical 3dB waveguide amplifier needs to be
compatible with 1 Gb/s data transmission and would provide a 3dB gain at a 1mW

pump power with a 1.75dB noise figure, within an areal footprint < 2mm? [4].

optical clocking source

- 3dB
amplifier

3dB
splitter

transceiver interface local electrical
H-tree distribution

Figure 1-4: H -tree network for intra-chip optical clock signal distribution. Modified from
(8] and [9).

1.1.3 Integrated optical amplifiers

Ultralow-loss (0.8dB/cm) Si/SiO, waveguides , optical filters, (de-)multiplexers, mod-
ulators, photodetectors and a Si-compatible Ge-laser have recently been demonstrated
on a silicon platform [10-15]. However, a 3dB on-chip optical amplifier that fulfills
the requirements described above remains a big challenge for the implementation of

electronic-photonic integrated circuits.

Whereas I1I-V semiconductors such as InGaAsP are excellent light emitters that can
provide a high gain around 1.5pm within a short distance, semiconductor optical am-

plifiers (SOAs) suffer from a number of issues that makes their use in a microphotonic

25



circuit problematic. Firstly, the short carrier lifetime in a SOA of about 100 ps to 1
ns, is of the order of the bit period in a 1 to 10Gb/s modulated signal. This leads
the gain to be modulated by the bit pattern of the input signal and signals in other
channels. This process, called cross-gain modulation (XGM) causes crosstalk in am-
plified WDM signals [16]. This limits the operation of a SOA to its linear regime,
which in turn limits the output power. Due to the ms-lifetime in Er®*, this prob-
lem does not occur in amplifiers based on erbium (so called erbium-doped waveguide
amplifiers or EDWAs). Figure 1-5 shows that in EDWAs the gain modulation is

negligible at frequencies larger than 10kHz, which makes WDM operation feasible at
high powers.

CHANNEL
A B
- o G* 285 258

1 b= G 298 276

CHANNEL B CROSSTALK (dB)

1’21311 ms
Tna‘l-To us

0 L i taead L1t Lot tragnl
10 100 1K 10K 100K
CHANNEL A MODULATION FREQUENCY (Hz)

Figure 1-5: Peak-to-peak gain modulation (i.e. crosstalk) in a probe channel B as a func-
tion of the frequency of a saturated signal in channel A in an EDFA. The
crosstalk disappears at frequencies higher than 10kHz. From [17,18].

Secondly, the short radiative lifetime in SOAs creates noise through amplified spon-
taneous emission. The rate of spontaneous emission is inversely proportional to the
radiative lifetime, and this spontaneous emission is amplified just like the signal. The

noise figure in EDWAs can therefore be several dB lower than in SOAs [19,20].

In this thesis, we investigate novel materials for the development of a compact high-

gain, low-threshold, erbium-based integrated optical amplifier for intra-chip or inter-

chip optical communications.
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1.2 Thesis outline

Chapter 2 introduces the background and theory used in Chapters 4 through 7, ex-
plaining the source of 1.54pm luminescence in Er** and the interactions between Erd*
and Yb3" ions. An overview is given of the material properties required for EDWAs.
The chapter ends with a review of the literature on traditional hosts for erbium in

EDWAs.

Chapter 3 gives an overview of the experimental methods used in this thesis, includ-
ing RF magnetron sputter deposition, X-ray diffractometry and photoluminescence

measurements.

The structural and luminescence properties of erbium-ytterbium oxides (Er, Yb, O3)
and erbium-ytterbium disilicates (Er, Yb,_,Si,O;) are studied in Chapter 4 and Chap-

ter 5, respectively.

Chapter 6 discusses the possibility of energy transfer from silicon to ytterbium as a

pathway to electrical excitation of erbium.

In Chapter 7, we engineer an erbium-ytterbium-yttrium silicate gain medium for
optimal gain, using a rate equation model with the parameters obtained in Chapters

4 and 5.
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Chapter 2

Background and Theory

2.1 Rare earths

This thesis investigates light emission at A = 1.54 pm from oxides and silicates of
the rare earth elements erbium (Er), ytterbium (Yb) and yttrium (Y). The term rare
earths refers to the 15 lanthanide elements - lanthanum (La) through lutetium (Lu) in
the periodic table - plus the transition metals yttrium and scandium (Sc), which are
often grouped together because of their chemical similarity. In fact, because of this
chemical similarity, pure rare earth minerals do not occur in nature but are always

found containing a mixture of different rare earth ions.

The chemical similarities of the rare earth (RE) elements are due to the fact that
their ions are found in the same oxidation states and have similar ionic radii. The
normal valence of rare earth ions is 3%, although 2% and 4% ions are also known [21].
The lanthanide ionic radius for sixfold coordination decreases gradually from 1.06A
for La3* to 0.88A for Lud*. This effect, known as the lanthanide contraction, is due

to poor shielding by the 4f electrons of the nuclear charge.

Table 2.1 shows the ionic radii for sixfold coordination for Y3+, Er3* and Yb?* and the
melting point and refractive index of their oxides RE,O5 and silicates RE,SiO; and

RE,Si,0;. The refractive index n, for the silicates is the index along the principal
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optical axis; the silicates are birefringent with An between 0.010 and 0.030. It is
clear that the chemical properties of the compounds with different rare earths are
very similar. In this work, we have fabricated and investigated erbium-ytterbium

oxides and silicates and we have modeled erbium-ytterbium-yttrium silicates.

Table 2.1: Ionic radii (IR) for Y3*, Er®* and Yb%* with sixfold coordination [22] and
melting point T;, and refractive index of their compounds. Z = atomic number,
nis50 = RE,O4 index at A = 1550nm, n, = index along the principal optical
axis for silicates. RE,SiOg and RE,Si, 0, data from [23], | from [24], # from [25].

RE,O, RE,SiO, RE,Si,0,
Tm (OC) n1550 Tm (OC) Np Tm (QC) np
Y3t 39 0900 2425 1.893Y 1980 1.807 1775  1.737

Er*t 68 0.890 2344 1.923% 1980 1.807 1800 1.740
Yb** 70 0.868 2355 1.910' 1950 1.807 1850  1.740

RE Z IR(A)

Despite their chemical similarities, the light emission properties of the different rare
earth ions can be very different. This is due to electronic transitions between the 4 f
orbitals in the lanthanide elements, which happen to lie in the UV, visible and infrared
wavelength range. Since the 4f electrons are shielded from their environment by the
552 and 5p°® electrons, they do not contribute significantly to chemical bonds and the

electronic transitions between them are largely independent of their host [26].

The electron configurations of Er, Yb and Y and their 3* ions are

Er = [Xe4f26s2 = Er’t = [Xe]4f!
Yb = [Xe]4f*6s> = Yb*' = [XeJ4f!3 (2.1)
Y = [Kr]4d'55* = Y = [Ki1]

The 4f electronic transitions in erbium and ytterbium will be discussed in the fol-
lowing sections. Yttrium, on the other hand, has no 4f electrons and therefore no
corresponding electronic transitions. This makes yttrium a very interesting rare earth
metal, since it can chemically substitute Er and Yb but it has no energy levels in the

visible or infrared wavelength range. In other words, it is a pure dilutant.
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2.2 Rare earth oxide and silicate phases

The erbium-ytterbium oxide (Er,Yb, O,) alloy system is the first compound that
will be investigated in this research. The oxides have the cubic crystal structure
known from yttria (Y,0O3), which has been studied extensively as a laser medium
doped with Yb3®* for lasers emitting around 1pm. The Er, Yb, O, alloy system will
be discussed in Chapter 4.

Co-deposition of rare earth oxides with SiO, gives rare earth silicates. Figure 2-
1 shows the phase diagram of Yb,O; and SiO,. Three different compounds are
distinguished: monosilicates RE,O; - Si0,, disilicates RE,O; - 25i0, and oxyapatites

with intermediate composition 7RE,O5 - 95i0,.

oc
$
2200

1600
1:1.Y b2°3

ot F % . 2 L
10001 11 1 T'?"Tg"TL t 1 T
Y 20 40 60 80 100

YbO, mol.% SiO;

Figure 2-1: Phase diagram of Yb,0O4 and SiO,, adopted from [27].

The silicates are highly polymorphic. In his 1973 review The Crystal Chemistry of
the Rare-Earth Silicates [21], J. Felsche describes two RE,SiO5 polymorphs, called A-
or X1-type (monoclinic symmetry, space group P2;/c) and B or X2-type (monoclinic
symmetry, space group B2/b). According to Felsche, only the X2-type monosilicate
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is stable for the smaller rare earth ions including Er, Yb and Y. However, more
recently the stability of the X1-phase has been demonstrated as a low-temperature

(T < 1050°C) phase for all rare earths including Er, Yb and Y [28].

As for the disilicates, Felsche describes seven RE,Si,O, polymorphs, four of which
(the o, B, 7 and é-phases) are stable in the Yb¥*-Er3+-Y3* ionic radius range [21].

The transition temperatures between the different phases for Y,Si,O, are [29)

a"Y2Si207 ﬁ"‘g—) 6—Y2Si207 M"} 7_Y28i207 2'35_50—) 6‘Y281207 (2.2)
Because of the smaller ionic radii of Yb and Er, the o — f transition temperature is
expected to be lower and the 8 — v and v — § transition temperatures to be higher
than for Y. In other words, at least for bulk disilicates, only the o and B disilicates

are stable in the temperature range studied in this thesis (T < 1200°C).

Additionally, one more low-temperature y-Y,Si,O, phase is known (not to be confused
with 4-Y,Si,0,), which has the same temperature stability range as the a-phase but
slower crystallization kinetics [30]- [32]. More recent research on Y,Si,O; has revealed

further disilicate polymorphs, such as {-Y,Si,0, [33] and 7-Y,Si,0, [34].

The relevant silicate phases will be discussed in Chapters 4 and 5.

2.3 Luminescence from erbium

The luminescence from rare earth ions is a result of electronic transitions between their
incompletely filled 4f energy levels [35]. Figure 2-2 shows the Er®" energy levels, as
determined by the subsequent effect of spin-orbit coupling of the 4f electrons and of
the Stark effect in the external crystal field. Photon emission at 1.54 pm comes from

the transition between the first excited state “I;3/2 and the ground level I/

In a free ion, the intra-4 f transitions in erbium are partly forbidden by parity selection

rules. However, in a low symmetry crystal site the degeneracy of the atomic levels is

32



24, E [eV]T Alnm]

2.54 + 488
2.38 4 520
2.28 + 545

1.87 4 660

1.55 4. 800

1.27 L 980

0.81 4 1535

4

— === 0001

Individual Spin—orbit Stark
terms splitting splitting

Figure 2-2: Er3" energy level diagram after subsequent spin-orbit and Stark splitting.
The energy levels are shown with their Russell-Saunders notation 25+1L
where S is the total spin of the ion, L is the total orbital angular momentum
and J is the total angular momentum. The letters F', H and I stand for
L =3, 5 and 6, respectively. After [26].

lifted due to Stark splitting in the crystal field of the host material. In the case of
cubic symmetry, the ‘I;5/, ground state is split into five different levels, whereas in
lower symmetry environments the ground state is split into eight sublevels [26]. The
Stark effect mixes odd- and even-parity wavefunctions and relaxes the parity selection
rules. The *I,3/» — “I;5> transition then becomes partly allowed, albeit with very

low absorption and emission cross sections (see Table 2.2).

Because of the shielding of the 4f orbitals from their environment by the larger 5s
and 5p orbitals, the Stark splitting due to the external crystal field is much weaker
than the spin-orbit coupling. It generates a series of energy levels close to the original

spin-orbit level, causing a broad room temperature luminescence spectrum around
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A = 1.54 pym which is relatively independent of the ion’s host material. Table 2.2
shows indeed that both the peak emission wavelength Ape.x and the absorption and
emission cross sections for Er** around A = 1.54pm are very similar in a wide variety

of materials.

Table 2.2: Er3* absorption and emission cross sections around A = 1.54pm, adopted from

[36].

Host material structure Apeak Cabs Oem ref.

(nm) (107#cm?) (107 cem?)
Al-P co-doped silica amorphous 1531 6.60 5.70 [37]
Silicate (L22) glass amorphous 1536 5.80 7.27 [37]
Fluorophosphate glass amorphous 1533 6.99 7.16 [37]
Germanosilicate glass amorphous 1530 79+03 67+03 [3§
Aluminosilicate glass amorphous 1530 79+03 79+03 [3§
Phosphate glass amorphous 1535 5.4 [39]
AL, O, amorphous 1532 5.7+ 0.7 5.7 [40]
Y,0, polycrystalline 1536 5.5 5.5 [41]
LiNbO4 monocrystalline 1534.6 24.4 24.4 [42]
Y,0, monocrystalline 1535.5 18 18 [43]

2.4 Material requirements for EDWAs

A practical optical amplifier needs to provide a high gain at a low pump power and
within a small areal footprint. Additionally, the amplifier should have a low noise
figure (NF), which is defined as the degradation of signal-to-noise ratio (SNR) due to

amplified spontaneous emission (ASE) in the amplifier:

SNR;
SNR,

NF = 1010g ( ) = SNRi,dB - SNRO,dB (2.3)

We can now define an amplifier figure of merit

gain efficiency s [dB/mW]

FOM = =
© device footprint - noise figure A [cm?] - NF [dB|

(2.4)
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An optimization of this figure of merit requires the following material properties:
1. high Er** concentration without erbium precipitation
2. low upconversion and energy migration
3. high Er®* excitation cross section (through sensitization)
4. long lifetime of Er®* first excited state
5. high maximum phonon energy
6. high refractive index

These different material requirements are discussed in sections 2.4.1 through 2.4.6

below.

2.4.1 High Er®* concentration without precipitation

In materials such as Si, SiO, or Si;N,, where Er®** is a dopant, limited erbium solu-
bility leads to precipitation of erbium clusters at high erbium concentrations. These
clustered erbium ions are not optically active and cannot contribute to luminescence

or gain.

Figure 2-3 shows the photoluminescence (PL) intensity and lifetime for Er-implanted
SiO, as a function of annealing temperature. For annealing temperatures up to 700°C
the PL lifetime and intensity increase together, consistent with repair of irradiation
damage [44]. The concurrent increase in PL intensity and lifetime is consistent with

an increase in quantum efficiency 7 = 7/7aq, since the PL intensity is given by

T

IpL < [Erac] (2.5)

rad
where 7 is the total (measured) erbium lifetime and 7,aq is the radiative lifetime.

At temperatures higher than 1050°C however, erbium clustering due to Ostwald ripen-

ing causes a drop in PL intensity while the PL lifetime stays constant [45]. This is
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Figure 2-3: Decrease of optically active erbium concentration due to precipitation at an-
nealing T > 1050°C in Er-implanted SiO, causes the PL intensity to drop
dramatically while the lifetime stays constant. Implanted [Er] = 0.1 at.%,
corresponding to ~ 8 x 10'% cm~3. Figure from [44].

consistent with a decrease in optically active erbium concentration in Equation 2.5.

The lifetime is not affected since it comes from the optically active erbium only.

2.4.2 Concentration quenching in erbium compounds

In erbium oxides and silicates, clustering of Er** ions is prevented due to their rigid
position in the crystal lattice [46]. But even without clustering, different concentration
quenching effects limit the maximum erbium concentration. The two major processes,

cooperative upconversion and energy migration, are depicted in Figure 2-4.
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Figure 2-4: Two concentration quenching effects at high erbium concentrations: (a) co-
operative upconversion, (b) energy migration (to an oxygen vacancy).

Energy migration

In the process of energy migration, energy migrates between Er** ions whereby one
excited ion transfers its energy to another ion in the ground state. This energy
transfer by itself does not alter the populations of the erbium levels, since the net loss
of excitation is zero. However, when the excitation migrates to a quenching center,
the excitation is lost. Common quenching centers are hydroxyl (OH") groups (the
second harmonic of the OH -stretch mode is resonant with the 1.5um transition),

oxygen vacancies or grain boundary sites [47].

The rate Wy, for energy migration is proportional to the concentration N, of quench-

ing centers and the concentration of Er®t ions in the ground state [48]. We get

W = 87ComNe: N, = Ol Nix (2.6)
with the energy migration coefficients Cem in cm®.s7! and Cf, in cm®s™". In the rate
equation for the first excited state, this becomes

an,

=—-C' N, N 2.7
dt . emiYEr{V1 ( )
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which leads to a single exponential decay since there this term is directly proportional

to the population of the first excited state N;.

Cooperative upconversion

During cooperative upconversion, two Er ions in the first excited state 4113/2 combine
their excitation energy instead of both emitting a photon at 1.54pm. One ion transfers

its energy to the other one and excites it to the 4Ig /2 level:
4 4 4
2 113/2 — 19/2 + 115/2 (2.8)

The Er ion in the “Iy/; state is likely to decay back non-radiatively to the *I,3/3 level
via the ‘I, /2 level, since the rates for both decays are very fast (> 10%7!, [49])
41 ~ 4I

9/2 172 > 4113/2 (2.9)

Alternatively, the decay to the ground state can happen radiatively by emission of a

800nm photon. In either case, the net effect is the loss of one excitation.

In the rate equation for the first excited state 4113/2, the net loss of one excitation
due to upconversion adds a term equal to —C,,N?, where C,, is the upconversion

coefficient (in cm3.s71)
dN,

dt |,

= —CypN? (2.10)

Because the rate of upconversion is proportional to the square of the population Ny,

upconversion will cause a PL decay that is not a single exponential function.

Upconversion coefficient

Since the energy transfer between erbium ions involved in upconversion and energy
migration is a dipole-dipole interaction and the interaction strength of dipole-dipole

interactions scales as 1/d® with the distance d between ions, both the upconversion
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coefficient Cy;, and the energy migration coefficients Cen, and C;, depend strongly on

erbium concentration.
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Figure 2-5: Upconversion coefficient as a function of erbium concentration for different
host materials and fabrication technologies. Data from [50,51] (soda lime
silicate), [52-54] (Er, Y, SiO5 and Er, Y, Si,0;), [65-58] (Er:SiO, + exten-
sion), [59,60] (a-Al,03), [39,61-63] (phosphate glass), [64] (fluorozirconate)

Figure 2-5 shows the upconversion coefficient C,, as a function of erbium concen-
tration in different host materials. As expected, for a given materials system and
method of fabrication, the upconversion coefficient increases monotonically with er-

bium concentration. Two other aspects of this figure are striking:

(i) for a given erbium concentration, the upconversion coefficient can differ by several
orders of magnitude between different materials systems. The best properties are

found for phosphate and soda-lime silicate glass. Indeed, Table 2.6 shows that for
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these materials a very large gain per unit length has been demonstrated. This varia-
tion of upconversion coefficient among different materials systems is due to a variation
in the nearest-neighbor Er** spacing, the oscillator strengths and the spectral overlap

of the transitions involved [36].

(ii) even within a certain materials system, the upconversion coefficient is strongly
dependent on the fabrication technology. The large variation of the upconversion
coefficient within the same material but for different fabrication methods can be
explained by the homogeneity of the Er®* distribution in the host, which can depend

on the fabrication process.

For example, RF-sputtered soda-lime silicate thin films exhibit an upconversion co-
efficient that is 2.4 times higher than in bulk soda-lime silicate glasses. The upcon-
version coefficient of Er**-implanted soda-lime silicate is yet another 3 times larger,
indicating a higher level of clustering and a less homogeneous distribution of Er®* in
ion-implanted thin films than in RF sputtered films. The same effect is seen when

comparing ion-implanted and RF sputtered Er:Al,O,.

Lastly, it is interesting to note the close correspondence between upconversion coef-
ficients measured for erbium-yttrium disilicates Er, Y, ,Si,0, [52] and an extension
of Er:SiO, data calculated by assuming a dipole-dipole interaction model for upcon-
version. According to Federighi and Di Pasquale [55,57], the upconversion coefficient

can then be expressed as a linear function of erbium concentration

where dj is a critical distance and 7 is the lifetime of the Er®* first excited state.

Using this linear extension of the Er:SiO, data reported by Federighi [55], we see
a close match to the Er Y, Si,O, data. In other words, in terms of upconversion,
erbium-yttrium silicates can be regarded as Er:SiO, where clustering is prevented and
the upconversion coefficient increases linearly with erbium concentration according

to the well-understood dipole-dipole model.

40



PL saturation at high pump flux &

Now that we understand the dynamics of upconversion and energy migration, the
relationship of PL intensity vs. excitation pump flux ® can easily be derived using a
simple two-level model for erbium where we only consider the ground level 4115 /2 and
the first excited level 4113 /2 8t 1550nm. In the rate equation for the first excited state

we consider 3 processes:

1. Pump absorption: the rate of absorption of pump photons is c®, where o is the

absorption cross section (in cm?) and @ is the pump photon flux (in cm~2.571).

2. Single exponential decay with rate 1/7. For the sake of simplicity of notation
we can lump all the different processes that cause a single exponential decay in
one single term with an overall lifetime 7. These processes include spontaneous
radiative emission, non-radiative decay through phonon emission and energy

migration.
3. Upconversion as discussed above, the rate of upconversion equals —C\y, NZ.

With N7 = Ng: — N, the rate equation for the first excited level then becomes

dN,
dt

N
=g® (Ng; — Ny) — ;l —C! _Ng:Ny — CypN? (2.12)
0

with 1/7 = 1/79 + C.,Ng;, we can rewrite this as

dN- N,
d_tl =od (NEr - Np) — 71 - CupN12 (2'13)

In steady state (dN;/dt = 0), solving the quadratic equation on the right hand side

gives

N = ~1—0P7+ \/1 + 2097 + 4CpT20 P N, + 02D272
e 2CpT

(2.14)

41



Linear regime at low ®: At low flux densities, the above expression for N; can
be simplified using the taylor expansion V1 + a® = 1 + a®/2 + O(®?)
_ =X —7®e+ 1+ 0874 2C, T’ 0D NE;

N; = 2 = o®7 Ng, (2.15)

We see that at low pump flux @ there is a linear regime where the PL intensity varies
linearly with pump flux. At higher fluxes, the signal will saturate due to upconversion.
The PL intensity is now proportional to the population of the first excited state Ny
and we can write

N
Ipp(®) = —

o 6P Ng;, (2.16)
Trad

assuming Traq is constant. Given that 7,4 is proportional to the square of the re-
fractive index [65] and that the refractive index is constant throughout the entire
concentration range of erbium-ytterbium oxides and silicates (see Table 2.1), this is

a safe assumption.

2.4.3 Erbium and ytterbium

Just like yttrium, ytterbium can play the role of dilutant and substitute erbium ions
in the lattice. However, ytterbium can also increase the effective excitation cross-
section for erbium at 980nm optical excitation. As shown in Table 2.3, the optical
absorption cross section of Yb%" at 980nm is about an order of magnitude higher than

b3+

that for Er** ions. Furthermore, the 2F5 ol 2F., /2 transition in Y is resonant

with the 4111 /2 4115 /2 transition in Er®*. Therefore, upon 980nm pumping, Yb3*

can act as a sensitizer for Er**. This process is shown in Figure 2-6.

The rate of energy transfer W,, between Yb*" and Er®* can be described by an

expression similar to expression 2.6 for the energy transfer to a quenching center

Wtr = SWOtrNYbNEr = C':rNEr (217)
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Figure 2-6: Atomic energy levels of Er*t and Yb?' in the Russells-Saunders notation.
The *F;,, — °F,, transition in Yb** is resonant with the 10 = ispa
transition in Er®*. After [40].

Table 2.3: Er®t and Yb*t absorption and emission cross sections at A = 980nm.

Host Ion A Oabs Conii ref.
(nm) (10cm?) (10~*cm?)
Al,0, Er*" 9805 1.7+0.7 [40]
ALO, Yb*t 9745 11.7+0.7 11.6 [40]
phosphate glass Er*t 977 1.9 [66]
phosphate glass Yb*t 974 128+26 12.7+26 [66]
phosphate glass Yb** 977 10.4 11.9 [66]
phosphate glass Er*™ 980 22 (39]

In the rate equation this becomes

N,

| = ~CilNe:Ns (2.18)

tr

Analogously, backtransfer from Er*t to Yb®' can be described as

Ny

| =GN, (2.19)

btr

However, backtransfer can typically be neglected because of the fast transition from
the 4I11 /2 O the 4I13 /2 €nergy levels in erbium, which causes the population of the

“1,,, level to be very small [67].

43



In the absence of backtransfer, the rate equations for the levels N, and N, are

%]{2 = Uabq)pNYb - CTNbNEr - WbNb (2.20)
_(_i_gz UOQ‘I)pNEr -+ CTNbNEr - W2N2 (221)

In steady state (dNy/dt = 0) it follows from equation 2.20 that

O'ab(I)pNYb
Ny = ——— 2.22
i Wy + CrNg; ( )
And therefore
dN, CtNyy
—_ = 0w | P, NE; 2.23
7t ( o2 + Wb+OTNEra b) piVE ( )

It follows that because of energy transfer from Yb*t to Er**" the effective excitation

cross-section of erbium at 980nm will become

CrNyv

’
Ogp = 002 + 75— Ogq
02 T2 T W, 4 CrNe, @

(2.24)

2.4.4 Long lifetime of the Er** first excited state 4113 /2

A long lifetime of the Er** first excited state 4113 /2 has two beneficial effects on ampli-
fier performance. First, a longer first excited state lifetime increases the population
of the first excited state and therefore the gain coefficient v = o(N; — Np) for a given
pump power. Second, spontaneous emission from Er®* around A = 1.5pm is amplified
just like the signal, creating a noise background around A = 1.5pm at the EDWA out-
put. A longer radiative lifetime is equivalent to a lower rate of spontaneous emission

and therefore a better EDWA noise figure.

Table 2.4 shows the radiative lifetime of the Er®* first excited state 4113 /2 I different
materials. The lifetime of 14.7ms in silicate glasses is seen to be the longest of all the

common erbium hosts, and is twice as long as in rare earth oxides (7.2ms).
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Table 2.4: 4113 /2 lifetimes in different host materials, data from [49,68-70]

Host material ‘I, lifetime (ms)

13/2
Phosphate glass 10.7
Silicate glass 14.7
a-Al, O, 7.8
Tellurite glass 4.0
Fluoride glass 10.3
Y,0, 7.2

2.4.5 High phonon energy

While a long radiative lifetime is desired for the first Er** excited state, the lifetime of
the higher lying levels should be as short as possible, since any build-up of population
of these levels will be at the expense of the population of the first excited state. |
Therefore, it is important that these higher lying states decay to the first excited
state as fast as possible. In the case of pumping at 980nm into the second Er**
excited state, and especially when using Yb*" as a sensitizer, a fast 4111 2= 4113 /2
transition rate Wy, is of utmost importance. Indeed, the 4111 2 4113 /2 transition

competes with backtransfer from Er** to Yb*" and with excited state absorption.

The decay from high lying levels in Er*" to the first excited state happens non-
radiatively through the emission by multiple phonons. P.C. Becker [49] showed that
the transition rate for multiphonon decay decreases exponentially with the number
of phonons needed for the transition. In other words, the decay rate increases expo-
nentially with the phonon energy, since less phonons are required to bridge a certain
energy difference. The maximum phonon energy in different hosts for Er*t and the
corresponding multiphonon decay rates for different energy gaps are shown in Figure

1

2-7. Silicate glasses have a large maximum phonon energy of 1100cm™, correspond-

ing to a “I;;;, = ‘L3, (AE ~ 3500 cm™) transition rate of ~ 10° s™'. However,

1
3

in rare earths oxides such as Y,0Os3, with a maximum phonon energy of ~400 cm™

the 980nm emission lifetime is as high as 2.5ms [69,70]. This suggests that rare earth
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silicates are much better suited for pumping at 980nm and sensitization by Yb3* than

rare earth oxides.
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Figure 2-7: Non-radiative (multiphonon) decay of Er3* levels in various hosts. The decay
rate of the 4111 /2 level at 980nm in silicate hosts is around 10%s™. From [68]

2.4.6 High refractive index

A high refractive index contrast An between the waveguide core and its SiO, cladding
reduces the waveguide cross section and thereby increases the photon flux at a given
pump power. This, in turn, leads to a lower inversion threshold and a higher gain
at a given pump power. Furthermore, it is expected that because of size constraints
on an integrated chip, EDWAs will have to be arranged into a coil or serpentine
structure rather than as a straight waveguide (see Figure 2-8). A high refractive index
contrast reduces the radiative bending losses in waveguide bends, allowing sharper
turn radii for a given propagation loss constraint and therefore enabling smaller device

footprints.

The effect of the refractive index contrast An between amplifier core and cladding
on the ampliﬁer'ﬁgure of merit defined in Equation 2.4 was quantified by Saini et

al. [71]. The authors found that the gain efficiency 7.g increases as An'? in the
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Figure 2-8: EDWA arranged in a (A) serpentine structure, minimizing areal extent with
straight-line waveguide segments and a (B) coil structure, optimally packing
a planar area with curved waveguides. From [71].

0-93 with upconversion (see Figure 2-9). The device

absence of upconversion and as An
footprint is proportional to 1/An!4, due to a reduction of waveguide width and
turning radius for a fixed turning loss per unit length. The output signal-to-noise
(SNR) is independent of An. As a result, we get FOM o< An?® in the absence of

upconversion and FOM o An?3 with upconversion.
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Figure 2-9: Effect of refractive index contrast An between amplifier core and cladding on
gain efficiency (left) and device areal footprint for a serpentine EDWA design
with total length of 1em (right). From [71].
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Table 2.5 shows the refractive index of several common EDWA materials found in
literature and the indices for rare earth oxides and silicates measured by spectroscopic
ellipsometry. It is clear that while phosphate glass and soda-lime silicate glass have
excellent upconversion properties and can consequently provide a high gain per unit
length, their very low refractive index is prohibitive in the creation of an actual
EDWA. The rare earth oxides and silicates have a large index contrast between 0.26 <

An <0.47.

Table 2.5: Refractive indices for common host materials for erbium. t indicates own mea-
surement by spectroscopic ellipsometry.

Host material Refractive Refractive index Ref.
index n difference An
Phosphosilicate 1.46 0.01 [72]
Er/Yb silica 1.51 0.06 [73]
Soda-lime silicate glass 1.52 0.07 [74]
Phosphate glass 1.55 0.10 [39]
Aluminosilicate glass 1.61 0.16 [75]
ALO, 1.65 0.20 [76]
Er, Yb,_Si,O, 1.71 0.26 t
Er, Yb,_SiO; 1.80 0.35 t
Er,Yb,, O, 1.92 0.47 t
Si;N, 1.98 0.53 [77]
Bi,0, 2.03 0.58 [78]
TeO, 2.04 0.69 [79]
Si 347 2.02 [24]

2.5 Erbium-doped waveguide amplifiers

Since the invention of the erbium-doped fiber amplifier in 1987 by Desurvire et al.
and Mears et al. [80,81] and its success in long-haul telecommunications, significant
effort has gone into developing an efficient on-chip erbium-doped waveguide amplifier
[36,47]. However, scaling down EDFAs from erbium-doped silica fibers that are meters
long and contain very small amounts of Er** to microphotonic amplifiers that are over

two orders of magnitude smaller brings about significant material and device design
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challenges. Simply increasing the erbium concentration to get more gain per length is
not an option, since parasitic effects such as erbium precipitation, upconversion and
energy migration limit the gain at high erbium concentrations. It is clear that novel

materials solutions need to be found to develop a useful EDWA.

2.5.1 Traditional erbium-doped materials
Maximizing Er*t concentration and refractive index

Because of its low Er®* solubility, silica itself is not a very good material for ED-
WAs. Precipitation of erbium at concentrations larger than 0.1 at.% limits the gain
coeflicient (see section 2.4.1). Furthermore, the refractive index difference between
an Er:SiO, waveguide core and the SiO, cladding is so small that eventual EDWAs
would be prohibitively large.

Erbium-doped silicon is an obvious candidate and has been extensively investigated
in the 1990s [26,82,83]. Silicon has excellent optical properties: it is transparent at
1.54pm and it has a very high refractive index n = 3.5, which allows very compact
devices operating at low pump powers (see section 2.4.6). Additionally, as a semicon-
ductor, Si has the benefit that Er’* ions can be excited electrically via energy transfer
from electron-hole pairs. However, Er:Si suffers from strong temperature quenching
of the luminescence at room temperature due to energy backtransfer from the excited

Er3* ions to the carriers in the silicon.

Several glasses have turned out to be excellent hosts for erbium. Soda-lime silicate
(8105-Na,0-Ca0) and phosphate (P,0O5) glass are particularly succesful because of
their high erbium solubility and low upconversion coefficients. For example, soda-
lime silicate glass can accommodate up to 2 at.% erbium without precipitation while
maintaining an upconversion coefficient as low as 2 x 10718 cm®.s™!, compared to the
0.1% limit in silica. It is therefore not surprising that record gain coefficients were

reported for soda-lime silicate [50,51] and phosphate [39,61-63] EDWAs (see Table
2.6).
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Another useful host for erbium is Al,O4 [59, 67,84-86], since it combines a high
refractive index (n = 1.65) with a high Er®* solubility due to the valence matching
between Al** and Er®*. This has enabled a gain coefficient of 0.58dB/cm for a 4-cm

long spiral Er:Al,O; waveguide at a pump power of only 9ImW (87].

Increasing Er®t excitation cross section through sensitization

Until now, we have compared different materials with respect to erbium solubility
and refractive index. This approach relies on exciting Er®* through optical pumping
at a wavelength resonant with on one of the Er** ionic energy levels. An alternative
strategy is to increase the effective excitation cross section of erbium ions through
energy transfer from an intermediate (a so-called sensitizer) which has a large cross
section for the absorption of pump photons and subsequently transfers the absorbed

pump energy to Er®* [88,89].

An efficient sensitization mechanism at room temperature was achieved by doping
nanocrystalline Si (nc-Si) with rare earth ions, thanks to the enlarged bandgap of
silicon as a result of quantum confinement. Kenyon et al. and Fujii et al. [90]-
[92] demonstrated room temperature PL around 1.54pm in erbium-doped nc-Si and
Fujii et al. and Zhao et al. [93,94] reported room temperature PL around 1.0pm in
ytterbium-doped nc-Si. In both cases, the excitation occurs through recombination of
photogenerated carriers spatially confined in nc-Si and the subsequent energy transfer
to the rare earth ions. Recently, Yerci et al. showed electroluminescence in erbium-

doped silicon-rich silicon nitride (Er:SiN,) [95].

Silicon nanocrystals turn out to be excellent sensitizers for erbium luminescence. With
a broad absorption spectrum in the visible wavelength range, they can increase the
erbium excitation cross section by orders of magnitude [96]. However, just like other
erbium-doped materials, the silicon nanocrystals suffer from a low rare earth solubil-
ity. The high excitation cross section may result in a very low-inversion-threshold and

thus an energy efficient device, but the gain coefficient will still be limited by the total
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erbium concentration. As a result, amplifiers would still have to be prohibitively long.
Furthermore, free carriers in the silicon nanocrystals cause free carrier absorption of

signal light, which introduces significant losses.

2.5.2 Erbium and erbium-yttrium compounds
Pure erbium oxides and silicates

A novel approach to overcoming the problem of low erbium solubility is to work with
compounds where erbium is a constituent of the material rather than a dopant, such
as erbium oxide (Er,0;) or erbium silicates (Er,SiO5 and Er,Si,0,). Due to the fixed
position of Er*t ions in the (poly)crystalline lattice, these materials can accomodate

over 1 x 1022 cm™2 optically active Er** ions without clustering [46,97].

The earliest reports on erbium compounds focused on Er,O5 [98,99], which can easily
be deposited on Si or SiO, substrates by reactive sputtering of Er metal in an Ar/O,
plasma [100] or by direct RF-sputtering of Er,O, in Ar [101]. With a maximum er-
bium concentration of 40 at.% or 2.72 x 1022 cm~3, Er,0, could theoretically provide
a gain coefficient of ~150dB/cm. In addition, erbium oxide has a very high refractive
index of n = 1.92 (see Table 2.1), which allows the design of compact, low-pump
energy devices. Broad (FWHW ~ 45nm) room temperature photoluminescence (PL)
was reported around 1535nm, and it was found that post-deposition annealing at
1200°C increases the luminescence intensity by almost two orders of magnitude com-
pared to the as deposited films [102]. However, erbium oxides are known to suffer
from film deterioration due to chemical reactions with the Si and SiO, substrates,

resulting in erbium silicide or silicate formation [103)].

More recently, research focus has shifted from erbium oxides to erbium silicates. Not
only do the silicates exhibit lower chemical reactivity with the substrate, they also
have a larger maximum phonon energy (~ 1200 cm™). High phonon energies cause
fast non-radiative decay from higher excited Er®t states to the first excited state,

which increases the level of population inversion N; — Ny. As explained in section
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2.4.5, high phonon energies are especially important for pumping at A = 980nm,

where a fast decay from the level at 980nm to the first excited state at 1.54pm is

essential.
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Figure 2-10: PL intensity (left-hand scale) and lifetime (right-hand scale) at 1535 nm as
a function of the annealing temperature in the range 800-1250°C for erbium
silicate films. Adopted from [104].

Er,S5i05 and Er,Si,O; thin films have since been fabricated by a variety of tech-
niques, including sol-gel processing [105-107], metalorganic molecular beam epitaxy
(MOMBE) [108-110], pulsed laser deposition (PLD) [111] and RF magnetron co-
sputtering of Er,O, and SiO, [104,112,113]. Just like the case of erbium oxide, the
silicate photoluminescence intensity and lifetime were found to increase dramatically
with annealing temperature. Figure 2-10 shows that PL intensity and lifetime follow
the same trend, indicating that the increase in PL intensity is due to a reduction of
the non-radiative decay rate. A comparison of the photoluminescence properties of
Er,Si0;, ErySi, O, and a mixture of both revealed that the o-Er,Si, O, phase provides
the highest optical efficiency for Er** ions [114].

However, even though erbium precipitation can be prevented in pure erbium oxides

and silicates, concentration quenching effects such as upconversion and energy mi-
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gration limit practical applications. For example, the longest room temperature PL
lifetime measured in the erbium oxide was 63ps, compared to a radiative lifetime in
the order of milliseconds. This indicates a very large amount of non-radiative de-
cay through concentration quenching and therefore a very low luminescence quantum

efficiency (see section 2.4.2).

Erbium-yttrium oxides and silicates

The concentration quenching effects in pure erbium oxides and silicates can be di-
minished by diluting the erbium concentration through alloying with other rare earth
compounds. Because of their nearly identical ionic radii and valence states (see Table
2.1), different rare earth ions readily substitute for each other in a crystal lattice. In
fact, yttria (Y,0;) and YAG (Y,Al;0,,) are already very well known hosts for e.g.
Nd** and Er** in solid-state lasers [115].

Lo Savio et al. investigated the PL properties as a function of erbium concentration
in the erbia-yttria (Er,Y,,0;) alloy system [116]. Figure 2-11 shows the PL inten-
sity and lifetime at 1.54pm as a function of x in Er, Y, ,03. The lifetime increases
monotonically with decreasing erbium concentration, from 31ps at x = 0.72 to 5.6
ms at x = 0.01. This can be explained as a pure increase in PL quantum efficiency
due to concentration quenching effects. The PL intensity, on the other hand, reaches
a maximum at x = 0.17. This is in line with expectations, since the PL intensity is

the product of erbium concentration and PL quantum efficiency.

In 2008, Suh et al. were the first to report on the optical properties of erbium-
yttrium monosilicates Er, Y, SiO; [53]. Er,Y, ,SiOy nanocrystals were fabricated
by spin coating an ethanol solution containing YCl; - 6H,0 and ErCl; - 6H,0 onto
a two-dimensional array of Si nanowires, in order to form a so-called nano-bush of
Er, Y, ,SiO5 nanocrystals. This technique allows to grow very high quality crystallites
with a very narrow PL spectrum (FWHM<5nm, due to the absence of inhomogeneous

broadening) and a very low upconversion coefficient of (2.2 £1.1) x 107¥cm3.s™! at
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Figure 2-11: Integrated 1.5um PL intensity and lifetime 7 (top) and PL decay rate 1/7
(bottom) as a function of x in Er, Y, O thin films on Si. The PL is pumped
at A = 488nm and is collected at room temperature. Adapted from [116].

an Er concentration of 1.2 x 10*'¢cm~3. However, the same authors also reported
ion-beam sputter-deposited Er,Ys_,;SiO5 thin films, where they measured an upcon-
version coefficient of (843) x 10'7cm®.s™! at an Er concentration of 1.7 x 10%%cm™3 [54].
This suggests that the low upconversion coefficient measured for the nanocrystallites

is not an inherent silicate quality but rather a consequence of the deposition tech-
nique.
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2.5.3 Erbium-ytterbium compounds

In this thesis, we investigate the properties of erbium-ytterbium oxides (Er, Yb, ,O,)
and erbium-ytterbium silicates (Er, Yb, SiOy and Er,Yb, Si,O;) as novel materials
systems for an EDWA waveguide core. Just like yttrium ions, ytterbium ions (Yb3+)
have an ionic radius that is very close to the ionic radius of Er** and they can be

used as an alternative dilutant.

Additionally, whereas Y37 is optically inactive due to the lack of 4f electrons, Yb**
has an energy level at 980nm which is resonant with the Er** energy level at 980nm.
The excitation cross section of Yb*" at 980nm is about an order of magnitude larger
than the one for Er*" (see section 2.4.3). As a result, ytterbium can absorb 980nm
pump light very efficiently and then transfer the absorbed energy to erbium, thereby
increasing the effective Er** excitation cross section and decreasing the pump en-
ergy required to achieve population inversion. Furthermore, as opposed to silicon
nanocrystals, Yb* does not cause free carrier absorption and does not limit the

solubility of Er**.

In other words, the role of Yb®* in erbium-ytterbium compounds is expected to be
twofold: (i) as a dilutant it will diminish concentration quenching effects and increase
PL quantum efficiency and (ii) as a sensitizer it will increase the effective excitation

cross section of Er*t at 980nm, allowing a more energy-efficient amplifier.

2.6 The state of the art

Before starting our study on erbium-ytterbium compounds, it is useful to give an
overview of the gain reported in ‘competing’ materials systems. This can serve as a

benchmark for our study.

When comparing the gain coefficients reported in literature for different materials, it is

important to clarify the nomenclature used to describe signal gain in an EDWA:
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Signal enhancement refers to a reduction in absorption by Er** ions when these
are pumped from the ground state to the first excited state. This results in a

decrease in waveguide transmission losses when the pump is turned on.

Relative gain, or simply gain, occurs when the stimulated emission becomes larger
than the absorption caused by the Er®*-ions. The gain coefficient -y in cm™! or

dB.cm™! is given by
¥ = O'ele — Ua.bsNO ~ O’(Nl — No) (225)

where we used Oem = 0aps (see Table 2.3) and Ny and N; are the populations of
the ground and first excited state in Er*t, respectively [117]. Gain occurs when
~ > 0. The equation shows that this happens when N; > Ny. This condition is

called population inversion.

Net gain occurs when the gain coeflicient ~ is large enough to overcome the sum «
of all waveguide propagation losses not related to Er**, such as scattering loss,
bending loss and absorption by e.g. hydroxyl groups. In other words, net gain

occurs when v > a.

Values for gain and net gain reported in literature are usually internal (net) gain
figures. This is the gain excluding any coupling losses to fibers or waveguides that
deliver the pump and input signal to the EDWA and collect the amplified signal at
the output. Of course, coupling losses determine the performance of an actual 3dB
amplifier, but since they depend on the eventual device design, internal (net) gain

figures are the best way to compare different EDWA materials.

Table 2.6 on page 58 shows the record internal net gain figures reported in literature
for EDWASs made out of different erbium-doped host materials. The results are ranked
from highest gain coefficient in dB/cm to lowest. The highest gain coefficients were
obtained in phosphate and soda-lime silicate glasses. This is due to a combination of

their high erbium solubility and low upconversion coefficients.
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Reports of internal gain in Er Y,  SiOy and Er,Yb, ,SiOy

The first internal gain in erbium-yttrium silicates was reported in 2010 by Suh et al.
[54]. The authors fabricated a 9.3mm long 175nm X 2pm strip-loaded SiO, waveguide
on top of a 275nm thick blanket Er,Y, SiOy film. They achieved an internal gain
of 0.40dB at 60mW of bidirectional pumping at 1480nm. However, no net gain was
achieved, since the gain of 0.43dB/cm was much smaller than the background loss
of 3.4 £ 0.6 dB/cm. The large background loss compared to the values reported
in Table 2.6 is explained by scattering at grain boundaries in this polycrystalline

material.

A similar strip-loaded SiO, waveguide on erbium-ytterbium silicate (Ery,Yb, ¢SiO;)
was reported by Guo et al. [135]. The authors reported a signal enhancement of
7.05dB/cm by pumping with 372mW of 1480nm light, but were not able to achieve
population inversion. Again, the structure suffers from a very large propagation loss
of 8.1dB/cm. The same authors also reported a 1.7 dB signal enhancement for a 6
mm-long ¢-Si/Er, ;;Yb, 535105 /a-Si slot waveguide, but again no population inversion

was achieved and the propagation loss amounted to 14.7dB/cm [136].

Wang et al. [137] were able to reduce the background loss to 3.2 & 0.3 dB/cm by
using a 250nm x 2.4pm SizN, strip waveguide on thermal SiO, with a Ery,Yb, ¢SiOy
overcladding. They achieved a 3.1dB signal enhancement for 5.9mm long waveguide
(5.25dB/cm) under 1476nm pumping at 372mW. Very recently, the authors also
demonstrated 1.25dB/cm internal gain (but no net gain), for a similar hybrid SizN,-

Erg.05Ybg 005 Y1.9555105 and with the same pumping conditions [138].

It is interesting to note that in the papers by Guo et al. and Wang et al., the erbium-
ytterbium waveguides are pumped at 1480nm instead of 980nm, which defeats the
purpose of using ytterbium. Indeed, Yb** has no sensitization effect at 1480nm and
can only cause a parasitic decay path through energy transfer from Er** to Yb**. In

this case, it is better to use erbium-yttrium silicate instead.
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Table 2.6: Record internal gain figures reported in literature.

Host material Er conc. Yb cone. Sample Background Pump Pump Peak internal Ref.
%1020 ¢cm—3 %x10%° ¢cm—3 length loss wavelength power net gain
or as indicated or as indicated (cm) (dB/cm) (nm) (mW) (dB/cm)

Phosphate glass 7.5 (8 wt% Er) 11 (12 wt% YD) 0.3 0.5 980 150 13.7 [118]
2.3 wt% Er,0; 3.6 wt% Yb,03 3.1 0.4 975 460 5.3 [119]
5.33 (0.75 at%) - 3.1 0.9 980 21 4.1 [39]

Soda-lime silicate glass 4.3 - 24 1 980 120 4.2 [120,121]
14600 ppm ; 4.5 1 980 280 3.3 [122]
Bismuthate glass 0.63 wt% Er - 8.7 0.2 980 1050 2.3 (78]
Borosilicate glass 3 wt% Er,0O4 5 wt% Yb,04 3.9 0.15 980 130 2.3 [123]
ALO, 2.12 - 2.1 0.14 977 80 2.0 [76]
2.7 . 4.0 0.35 1480 9 0.58 [87]
Ti:LiNbO4 not reported - 5.7 0.1 1484 170 2.0 [124]
Aluminosilicate glass not reported - 5 0.2 980 130 1.9 [75]
Oxyfluoride silicate glass 1 wt% Er,O4 2 wt% Yb,0,4 1 0.34 980+1480 342 1.9 [125]
Y,0, 1.3 - 43 0.9 1480 10 1.3 [126]
Fluoride glass not reported - 1.9 0.6 1480 340 1.3 [127]
Aluminophopho-silicate  0.25 mol% Er,O3 0.25 mol% Yb,0,4 5 < 0.2 980 175 11 [128]
Polymer 0.357 (1 wt%) - 1.6 <1 980 70 0.84 [129]
Phosphosilicate 0.48 wt% - 7.5 0.17 980 420 0.67 [130]
Phosphotellurite 0.7 - 2.5 1.35 980 220 0.5 (131]

Er-doped silica 3800 ppm - 23 0.90 980 99 0.41 [132,133]
7x0, 0.88 - 6.5 0.45 980 36 0.005 [134]
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Chapter 3

Experimental Methods

This chapter discusses the methods for film deposition and for structural and optical
analysis used in this thesis. In the first section, we explain how erbium-ytterbium
oxide and silicate thin films are deposited by means of RF magnetron sputtering.
The composition of the oxide and silicate alloys is controlled by varying the RF
power applied to Er,O5, Yb,O5 and SiO, sputtering targets. Secondly, we review the
X-ray diffraction (XRD) analysis performed for structural characterization. Finally,
we discuss the photoluminescence and lifetime measurements used to study the light
emission properties of the deposited films. We explain how to measure the beam
radius of the pump lasers in order to calculate the photon flux corresponding to a
certain pump power. Additionally, we discuss the non-linearities of the measurement

setup in order to be able to correctly measure PL saturation curves.

3.1 Deposition

3.1.1 RF magnetron sputtering

Erbium-ytterbium oxides and silicates were deposited by means of RF magnetron

co-sputtering of Er,O;, Yb,O4 and SiO,. RF magnetron sputtering is a CMOS com-
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patible deposition technique that allows for accurate and reproducible stoichiometry
control of the deposited films. A schematic of the sputtering system used in this thesis
is shown in Fig. 3-1. The system consists of a main chamber connected to a cryogenic
pump that pumps the chamber down to a base pressure of 108 Torr < p < 10~7 Torr.
A load lock pumped by a separate turbo pump allows to load substrates without vent-

ing the entire processing chamber.

turbopump
p < 1e-5 Torr

Ar/O, I

Figure 3-1: Schematic of Kurt J. Lesker RF magnetron sputter system used for thin film
deposition.

The sputtering system supports three 3" targets that can be sputtered simultane-
ously (so-called co-sputtering). All sputtering targets were purchases from the Kurt
J. Lesker Company, which is also the manufacturer of the sputtering system. The
sputtering targets consists of either 0.125” thick SiO, glass or 0.125” thick pressed
rare oxide powder bonded onto a 0.125” thick copper backing plate with an indium
bonding. The three sputtering guns are directed confocally towards the center of the

substrate, at a working distance of 30cm. During deposition the substrate is rotated
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at 60rpm to achieve radial uniformity of the sputtered films.

Three gas lines deliver Ar gas directly below each target for sputtering with an inert
Ar plasma. As discussed in section 3.1.2, the use of Er,O3, Yb,0, and SiO, targets
allows for easy stoichiometry control of the deposited erbium-ytterbium oxide and
silicate alloys. However, whereas metals and semiconductors can be sputtered using
a DC power supply, dielectric insulators such as oxides suffer from charge build-up due
to collisions with Ar* ions during sputtering. As a consequence, RF power supplies
and corresponding impedance matching networks need to be used for each sputtering
target. The RF power supplies change the sign of the electric bias applied to the
sputtering targets at a rate of 13.56 MHz, hence preventing charge build-up.

The argon pressure during sputtering was set at 3mTorr. It was found early on that
higher Ar pressures can cause thin film blistering during annealing (see Figure 3-2).
This effect disappears at lower Ar pressures, suggesting it may be due to Ar being
trapped in the films during deposition. Inclusion of Ar in the sputtered films was also

confirmed by RBS measurements (see Table 3.2 in section 3.1.3).

Figure 3-2: SEM picture of blistering of Er,O4 film on Si sputtered at p(Ar) = 20mTorr
after 800°C anneal.

The substrate was not heated or temperature controlled during deposition, but es-
timated thermocouple measurements suggest substrate temperatures in the range of

200-250°C by the end of a typical 1 h deposition [9)].
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3.1.2 Deposition rates

The deposition of erbium-ytterbium oxides and silicates can be done by directly sput-
tering oxide targets in a non-reactive Ar plasma. Alternatively, reactive sputtering
of Er and Yb metal and Si using a reactive Ar/O, gas mixture can also be used.
As mentioned above, sputtering of oxides requires the use of expensive RF power
supplies and impedance matching networks, but also allows for easy stoichiometry
control of the complicated ternary (Er,Yb,,Oz) or quaternary (Er,Yb, SiOy and
Er, Yb, ,Si,O;) compounds deposited in this research.

Once the deposition rate of each target can be controlled individually, erbium-ytterbium
oxides (Er,Yb, 0;), monosilicates (Er,Yb, SiOz) and disilicates (Er,Yb, ,Si,O,)
can be deposited from Er,04, Yb,O; and SiO, sputtering targets by simply combin-

ing the deposition rates according to the following chemical equations

T EI2O3 -+ (2 - :I:) Yb203 + 2 Si02 — 2 Eerb2_xSi05 (3.2)
z Ery03 + (2 — ) Yb,O4 + 4510, — 2Er, Yb,_,Si,0; (3.3)

Figure 3-3 below shows the deposition rates of the rare earth oxides Er,O3, Yb,O5
and Y,0; as a function of the applied RF power. The yttrium oxide target (Y,03)
is included for the deposition of ytterbium-yttrium silicates in Chapter 6. Figure 3-4
shows the deposition rates of Si and SiO,. The Si target was used for the deposition of
oxide/Si or silicate/Si multilayers in Chapter 6. The deposition rates are monitored
by means of a quartz crystal monitor (QCM) during sputtering and film thicknesses

are measured with a KLA Tencor P-16+ profilometer.

The concentration of a particular compound (in units/cm?®) in a sputtering target (for

example Er,O3) can be calculated with the expression

[EryO4) = MM-—&%?‘;O;—) (34)
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Figure 3-3: Deposition rate vs. RF power applied to rare earth oxide sputtering targets.

where p is the density in g/cm3, M is the molar mass in g/mol and N4 = 6.022 x 10?3

mol~! is the Avogadro number. The results are shown in Table 3.1.

Table 3.1: Density, molar mass and concentration for each of the sputtering targets.

compound density molar mass concentration

(g/cm®)  (g/mol) (#/cm®)

Er,0, 8.64 382.56 1.36% 1022
Yb,0, 9.17 394.08 1.40%10%2
Y,0, 5.01 225.81 1.34x10%
Si0, 2.65 60.08 2.65x 1022

Si 2.33 28.09 4.99x10%2

In order to deposit a specific stoichiometry, the deposition rates need to be matched to
the composition. To convert between deposition rates measured in nm/h to deposition

rates in atoms/h, the concentrations in Table 3.1 are used.

For example, to sputter a particular erbia-ytterbia alloy Er,Yb, O, the relative
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Figure 3-4: Deposition rate vs. RF power applied to Si and SiO, sputtering targets.

deposition rates of erbia and ytterbia are

Er,O T rEr, O 1.40 x 10?2 T T

[ 2Y3 - 23 1 03

Yb,O 2—zx rYb,O 1.36 x 1022 2—z ’ 2—z
23 23

(3.5)

Similarly, to deposit the silicates Yb,SiO; and Yb,Si,O,, the relative rates of rare

earth oxide and silicon oxide are found by the following calculations

[YbyOg] _ | ., rYb,Oy _ 265107

Yb,SiO; — o228l = = =1 .
225105 = 50, 50, ~Tdoxom - 8L (39)
_ [Yb,0 1  rYbO; 1 2.65x 102
Yb = e = . 4 1 .
251207 = g5 = 7510, ~ 2 1dox10% 0%t ()

3.1.3 Concentration analysis

RBS and PIXE

To confirm that the linear combination of deposition rates described above results

in the targeted composition, a film with nominal concentration Ery;Yb, ;SiOy was
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sent out to Evans Analytical Group (EAG) for a concentration measurement. RBS
(Rutherford Backscattering Spectroscopy) was used to determine the concentrations
of Si and O and the total concentration of rare earths (Er+Yb). Since the masses of
Er and Yb are too similar to resolve by means of RBS, the PIXE (Particle-Induced
X-ray Emission) spectrum was used to distinguish between Er and Yb. The RBS and
PIXE spectra are shown in Figure 3-5(a) and Figure 3-5(b). The concentrations can
be determined from the area underneath the respective peaks. The results are shown

in Table 3.2.
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Figure 3-5: RBS and PIXE spectra of Er; 5 Yb, 5SiO;
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Table 3.2: RBS-PIXE results of Er 5 Yb, sSiO;

element target at. % measured at. %

Er 6.25 54 £ 1.5
Yb 18.75 154 £ 2.5
Si 12.5 125 £ 1.0
O 62.5 66.2 & 4.0
Ar 0.0 0.5%0.2

SIMS

In addition to the RBS and PIXE measurements discussed above, the erbium-ytterbium
ratio in three different silicate samples was determined using Secondary Ion Mass
Spectrometry (SIMS). During SIMS, the film is sputtered with an oxygen ion beam
and the sputtered atoms are identified using mass spectroscopy. To account for dif-
ferent etching rates of Er and Yb and for different natural abundances of different
Er and Yb isotopes, the PIXE result discussed previously was used as a standard to

calibrate the Er and Yb rates. The results are shown in Table 3.3.

Table 3.3: SIMS results of Er, Yb,  SiOg

nominal x(Er) measured x(Er) A (x™e — x"om)

0.20 0.17 £ 0.01 -15%
0.50 0.52 £ 0.03 +4%
1.00 1.00 £ 0.03 0%

A good correspondence is found between target (nominal) Er and Yb concentrations
and the SIMS results. Ounly the low Er concentration is 15% lower than targeted.
This can be explained as follows: during the deposition rate measurement of Er,O4
at low powers, the mean free path between the Er,O, sputtering target and the
substrate is Jonger than during sputtering at higher powers or during co-sputtering
with Yb,O3 and SiO,. In the latter case, the mean free path decreases due to the
presence of additional particles in the vacuum and the deposition rate will be lower
than what was measured during the deposition rate measurement. This problem is

less important for Yb,O3 and SiO, sputtering, since the deposition rates are always
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higher than for Er,O5. As seen in the chapter on erbium-ytterbium silicates, the

erbium concentration is indeed lower than what was nominally expected.

3.2 X-Ray Diffractometry

3.2.1 Phase identification

X-ray diffractograms were collected at room temperature using a PANalytical X’Pert
PRO diffractometer set up in the Bragg-Brentano geometry. A copper anode oper-
ating at 45kV and 40mA was used as X-ray source emitting a Ka; spectral line at
)\ = 1.540598A and a Kas line at A = 1.544426A. A 20pm nickel filter was used to
filter out the Cu Kf lines.

An automatic programmable divergence slit in the incident beam path keeps the
irradiated length on the sample constant at 6mm during the scan by increasing its
aperture from 0.12° to 0.75° for 20 going from 10° to 65°. 6mm corresponds to
the average sample size; a larger beam length gives more intensity but less angular
resolution (broader peaks) and more background noise. The diffracted beam anti-
scatter slit is matched to the incident beam automatic programmable divergence slit
(i.e. 6mm irradiated length). An incident beam fixed 2° anti-scatter slit is used to

limit incident beam divergence.

Phase identification is achieved by comparing the collected X-ray diffraction patterns
with the Powder Diffraction File (PDF) database by the International Centre for
Diffraction Data (ICDD). Database files in this thesis are referenced by their PDF

number.

3.2.2 Rietveld refinement for phase quantification

Rietveld refinement was used to determine the mole fraction of different phases in

multiphase XRD patterns. Using the position, height and width of the measured

67



peaks, this technique matches a theoretical profile to the data by means of the least
squares method. The position of the peaks is used for phase identification when the
peaks are matched to a database file. If certain crystal orientations are preferred (so-
called texture), the peaks corresponding to these orientations will be stronger than
in a powder with random orientation. By comparing the relative intensities of the
peaks corresponding to a particular phase with a powder diffraction file, the texture

of the film can be determined [139].

3.2.3 Estimating grain size and microstrain

The grain size and microstrain in a certain phase can be determined from an XRD
spectrum by analysis of the broadening of the XRD peaks associated to that partic-
ular phase in the X-ray diffractogram. For a perfect single crystal, the XRD peaks
would be infinitely narrow. However, the finite crystallite size in nano- or poly-
crystalline materials and microstrain (i.e. line and plane defects in the lattice, such

as dislocations) cause broadening of the peaks.

Crystallite size broadening depends on the crystallite size L as

B(20) = Lfo 2 - (3.8)
where A = 1.540598A and K =~ 1 is the Scherrer constant [140)].
Broadening due to a microstrain (%] = Ad/d is given by the term [141]
B(26) = )¢ =22 (3.9)
cosf

Adding the expressions for broadening due to crystallite size and microstrain, we

derive the expression for total broadening

K\ sin @
B(20) = 4
(26) LcosQ+ IEICOSH

(3.10)
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and therefore

Breadth x cosf = KT\ — + 4 X Microstrain x sin (3.11)
Crystallite size

In other words, by plotting B x cos @ versus sin @ for the different XRD peaks corre-
sponding to a certain phase and by fitting the data with a linear regression, we can
derive the crystallite size and the microstrain from the y-intercept and the slope of
the linear regression, respectively. Such a plot is called a Williamson-Hall plot. Note
that smaller grains cause a larger y-intercept and infinitely large grains would cause

a regression through the origin.

Any peak broadening introduced by the X-ray diffractometer itself is deconvoluted
from specimen broadening before the analysis. However, even after this deconvolution,
the maximum grain size (i.e. narrowest peaks) that can be resolved remains limited
by the peak broadening introduced by the diffractometer. In our case, the maximum

crystallite size that can be resolved is ~ 1000 A.

3.3 Photoluminescence measurements

3.3.1 Measurement setup

The erbium photoluminescence spectrum, intensity and lifetime around 1.5pm were
analyzed using a SPEX monochromator and a Hamamatsu liquid-nitrogen cooled
photomultiplier tube connected to a lock-in amplifier and an oscilloscope. The PL is
excited by either an Ar-ion pump laser (A, = 488nm) for direct excitation of erbium
or by a diode laser with A, = 980nm for mediated excitation through ytterbium.
Two lenses collect the PL emitted from the sample and subsequently focus it into
the monochromator. A long wavelength pass filter is used at the input slit of the
monochromator to filter out any scattered pump laser light that may otherwise be

collected and cause artifacts in the PL spectrum. A schematic of the PL measurement
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setup is shown in Figure 3-6.

mirror lens
@ { 488nm Ar-ion laser |

lock-in
chopper oscilloscope amplifier
filter owmes D | B
ND filter
lens <= (optional)

monochromator

long-A filter

Figure 3-6: Schematic of the PL setup using the Ar-ion pump laser at 488 nm. The laser
beam reflected off the sample is directed away from the collection optics and
is not shown.

The Ar-ion laser operates continuously and is modulated by an external chopper
generating a square-wave pump pattern, whereas the laser at 980nm is driven elec-
trically and can be modulated directly. The modulation frequency is chosen so that
f~! > 107, where 7 is the decay lifetime of the PL signal. If f is too high, the PL
signal will not rise and decay completely during one half modulation period and the
lock-in amplifier will underestimate the PL intensity. At f~! = 107, the PL intensity

5

reaches 1 —e™® = 99.3% of its maximum/minimum value within one half modulation

period.

Filters were used to scale down the pump intensity to the linear PL regime. This gives
us a range of powers as low as 349pW and as high as 417mW for 488nm pumping
and between 41pW and 271mW for 980nm pumping.
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3.3.2 Pump beam profile and spot size

In order to calculate the photon flux ® (in photons/cm?.s) corresponding to a certain
pump power, the spot size of the pump laser beam at the sample needs to be deter-
mined. This can be done by measuring the fraction of the total beam transmitted as
the beam is partially blocked by a sharp edge. In this case, a razor blade mounted on
a micro translation stage was moved across the laser beam in one direction and the
transmitted power was measured with a Si detector. Assuming that the laser beam
has a Gaussian shape and is radially symmetric, the beam profile can be described

by means of the expression

x2+y2)

2

where w is the beam radius defined as the distance from the beam axis where the
electric field strength drops to 1/e and the optical intensity drops to 1/e? =~ 13.5% of
its maximum value [142]. The power P(z) measured by the Si detector as the razor

blade is moved across the beam in the x-direction will then be

P ~ z o0 ~ L 1 \/Ex
(z) = / / ®(x,y)dydx = 5+ §erf — (3.13)

The beam radius w can now be determined by taking the derivative of P(z) and by

fitting a Gaussian function to the result

4 pg) = ‘/iw exp (—2—"”2) (3.14)

The measured cross-section of the 488nm and the 980nm laser beams is shown on
Figure 3-7. The red data (right y-axis) on the plots show the normalized measured
laser power P(z) and the black data (left y-axis) show its derivative. The blue line
is a Gaussian fit to dP(z)/dz according to Eq. 3.14. The proportionality constant A

accounts for the arbitrary units.
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Figure 3-7: Beam profiles of 488nm and 980nm laser beam. Red data (right axis) shows

the (normalized) laser intensity measured with the razor blade method. Black
data (left axis) is the derivative of the laser intensity, with a Gaussian fit (blue
line).
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The 488nm beam radius at the sample is found to be wagg = 258.9 +15.0 pm and the

980nm beam radius is wggg = 72.0 £ 3.1 pm.

With A expressed in pm, the pump power P in W and beam radius w in c¢m, the

photon flux ® can now be calculated as

& [photons] A [photons} g P2 - cos(58%) I:
Tw

cm?-s

= 3.15
cm?.s 1.24-1.602 x 10-1° J ] (3:15)

where the factor cos(58°) is included to account for the incidence angle of 58°.

3.3.3 Measuring PL saturation

As explained in Chapter 5, it is crucial to measure the upconversion coefficient ac-
curately. Upconversion causes the photoluminescence intensity to saturate at high
pump powers, whereas it increases linearly with pump power at low pump powers.
The upconversion coeflicient can therefore be determined by measuring the saturation

of PL intensity at high pump powers.

In order to accurately measure the PL saturation, any potential non-linearities that
may be introduced by either the pump lasers, mirrors, lenses, the spectrometer or
the detector need to be accounted for. First, the linearity will be examined of all the
components on the excitation side of the setup, meaning the lasers, ﬁlters,.mirrors
and lenses in the optical path before the sample. Secondly, the collection side will
be examined, consisting of the collection optics, the monochromator, photomultiplier

and lock-in amplifier.

Excitation side

Figure 3-8 shows the incident power at the sample (green data) measured by a Si
detector for both the 488nm laser and the 980nm laser as a function of the laser
power setting and the laser drive voltage respectively, which are used to control the

laser output power for each laser. It is seen that the output powers for both lasers
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are linear with the control setting. Both figures also show the power measured at
the sample when different filters are used to scale down the pump flux (blue and red

data). Again, the filters used for both the 488nm and 980nm light are linear.
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Figure 3-8: Linearity of excitation side. For the sake of visibility, the powers measured
with the different filters are scaled by a factor 10 for A =488nm and by a
factor 20 for A =980nm.

Collection side

Saturation of the collection side is determined by comparing the PL saturation of
different samples with and without a filter positioned between the sample and the
detector. A neutral density (ND) filter with transmission T = 10.25% is placed in
the middle of the two lenses of the collection optics in Figure 3-6. By comparing the
lock-in amplifier reading with and without the ND filter, the saturation introduced

by the spectrometer, detector and lock-in amplifier can be measured.

Figure 3-9 shows the PL saturation (i.e. lock-in amplifier reading) with and without
the ND filter. The data with filter were scaled by a factor 71 = 9.7553. At low
pump powers, the PL in both cases increases linearly with pump power. At higher

pump powers however, it is seen that the PL saturates more without the filter than
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with the filter.
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Figure 3-9: PL saturation measured with (green data, scaled x9.7553) and without (blue
data) ND filter. The straight line shows an extrapolation of the linear regime.

Figure 3-10 shows the PL without filter plotted versus the PL with filter. If the satu-
ration were the same, these data would follow the straight line (dashed) on the figure.
This measurement was done for three different samples with different Er compositions.

As the figure shows, the saturation is the same for all three samples.

3.3.4 Measuring PL lifetime

For the PL decay time measurements, Er was pumped directly using the 488nm laser
to avoid possible effects of Yb-Er energy transfer rates on the measured lifetime. Two
characteristic times limit the shortest PL decay time that can be resolved. First of all,
the response time of the photomultiplier tube (PMT) is limited by its RC constant.
Decreasing the PMT resistance will decrease the RC constant, but will also decrease
sensitivity. We found that the 100k(2 setting was the lowest resistance with acceptable
signal-to-noise ratios. Secondly, the finite time taken by the mechanical chopper to

completely cut through the laser beam will also limit the shortest lifetime that can
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Figure 3-10: Detector saturation for three different samples.

be measured. However, when measuring very short decay times, this chopping time
can be made arbitrarily short by increasing the modulation frequency f and thus
the speed of the chopping blade. As shown in Figure 3-11, already at f = 46Hz the

response time of the PMT becomes the dominant effect.

To determine the PMT response time, scattered 488nm argon laser light was directly
collected from different scattering sources. Any long-\ pass filters normally used in
front of the monochromator to filter out laser light were removed first. 488nm lies out-
side the operating range (800nm < A < 1700nm) of the grating in the monochromator,
however, any diffraction angle 6, that fulfills the Bragg condition 2dsin@,, = mA for
a certain wavelength A will also fulfill it for A/2 with diffraction order 2m. Therefore,

the monochromator was set at 976nm to measure the 488nm laser light.
Figure 3-11 shows the decay curves for scattered laser light modulated at 46Hz (blue
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curve) and 92Hz (red curve). The decay is the same, indicating that it is due to the
PMT response rather than the finite chopping time. The figure shows a 90%-10%

response time of 65ps. Since for a PL signal with exponential decay exp(—t/7)

tw - tg() = - 111(01)1" -+ 111(09)7’ =227 (316)

this means that photoluminescence decay lifetimes close to or shorter than 7 = 30ps

cannot be resolved.
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Figure 3-11: Response time of the Hamamatsu PMT at the 100k2 setting
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Chapter 4

Erbium-Ytterbium Oxides

In this chapter, we study the erbium-ytterbium oxide (Er,Yb, ,O,) alloy system.
With a maximum erbium concentration of 40 at.% or Ng, = 2.72x 10?2 cm ™3, erbium-
ytterbium oxide is the compound with the highest achievable erbium concentration

studied in this thesis.

By means of XRD analysis, we investigate the structural properties of Er,Yb, ,O,
thin films deposited on SiO,. Studying the XRD peak shifts as a function of erbium
concentration (i.e. x in Er,Yb, O,) allows us to demonstrate full alloying across the
entire erbium concentration range. Moreover, we found that at annealing tempera-
tures above 1000°C, interaction of the oxide films with the SiO, substrate can lead to

crystallization of erbium-ytterbium silicates.

Secondly, we discuss the photoluminescence properties as a function of erbium con-
centration and annealing temperature. We show a successful increase of PL quantum
efficiency with increasing annealing temperature and decreasing erbium concentra-
tion. The latter is explained by a reduction of parasitic energy migration through
dilution of erbium with ytterbium, consistent with yttrium dilution known from liter-
ature. Moreover, we provide direct evidence for ytterbium to erbium energy transfer
in Er, Yb, O, by studying the effective erbium excitation cross section at 980nm and

its dependence of ytterbium concentration.
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4.1 Deposition

The Er, Yb, Oy thin films were deposited by means of RF magnetron co-sputtering
of Er,0; and Yb,O4. Seven different alloy concentrations with different erbium-
ytterbium ratio (i.e. x in Er,Yb, 0O3) were deposited by controlling the RF power
applied to the two sputtering targets, using the method described in Chapter 3. The
different alloy concentrations are shown in Table 4.1. The table shows the nominal
erbium concentration (x-values as well as concentration in cm™3), the RF power
applied to the Er,O4 and Yb,Oj3 sputtering targets, deposition time and film thickness
measured by profilometry. The targeted thickness for each film was 200nm. The
concentrations in cm™? are calculated from the densities of Er,0; and Yb,O, found

in the ICDD database (resp. pdf references 00-008-0050 and 00-041-1106).

Table 4.1: Parameters for sputter deposition of Er, Yb, O,

x(Er) [Er] P(Er,O3) P(Yb,O3;) Time Thickness

(cm™?) (W) (W) (min)  (nm)
0.07 9.80 x10%° 16 113 42 207 + 4
0.19 266 x10% 26 108 42 211 + 3
0.30 4.19 x10% 38 103 42 207+ 5
050 6.96 x10% 54 88 42 180 + 3
1.00 1.38 x10% 96 58 42 191 + 3
141 1.93 x10% 96 29 60 194 + 3
2.00 2.72 x10% 96 0 86 182 + 4

As shown in the table, deposition of a 200nm Er, Yb, O, film on SiO, takes 42min
for compositions where 0.07 < z < 1.00. Because of the slower deposition rate of
Er,O; compared to Yb,O3 (see Figure 3-3), the depositions of Er; 4, Ybg 5,03 and

pure Er,O; are slower and take 60 min and 86 min, respectively.

The films were deposited on 4” Si substrates coated with 3pm of thermal silicon
oxide. Because of its low refractive index of n = 1.45 compared to rare earth oxides
(n ~ 1.92) and silicates (1.74 < n < 1.81), SiO, is the substrate of choice to achieve

strong optical confinement in the gain media studied in this thesis.
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4.2 Structural properties

4.2.1 Crystallinity as a function of annealing temperature

Figure 4-1 shows the XRD spectra of the Erj 5,Yb, 7,05 film deposited on SiO,, mea-
sured after deposition and after annealing for 30min in O, at different temperatures.
For the sake of visibility of the smaller peaks, particularly in the pattern for the
film annealed at 1200°C, a logarithmic scale was used and the spectra were offset for

clarity.

10 i | 1 1 i 1 i 1

log, (counts) (offset)

20

Figure 4-1: XRD patterns (logarithmic scale) of Erj 3,Yb; ;003 on SiO, for different an-
nealing temperatures. The spectra are offset for clarity. The (hkl) peaks
corresponding to the cubic Yb,O4 phase (pdf 00-041-1106) are indictated.

After deposition, the film already shows onset of the crystalline peaks that appear

after annealing. Note that the substrate was not heated during deposition, but the
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substrate temperature reaches up to 250°C after 1h of deposition [9]. The peaks in the
XRD patterns for the annealed films can be matched to the crystal structure of cubic
Yb,0; (see section 4.2.2). The (hkl) numbers corresponding to the strongest peaks are
indicated in the plot. The prominence of the (222) and (444) peaks compared to their
intensities in the pdf database entry for Yb,O; powder indicate that the film exhibits

a preferred orientation (i.e. tezture) in the (111) direction upon crystallization.

Grain size and microstrain

Figure 4-1 also shows that increasing the annealing temperature causes the XRD
peaks to become sharper, which is in line with increasing grain sizes and decreasing
microstrain at higher annealing temperatures. Figure 4-2 shows the Williamson-Hall
plot (see section 3.2.3) for the Erg 5,Yb, 7,04 thin film on SiO, annealed at different
temperatures. The crystallite size and microstrain calculated from the slope and the

intercept of the linear regressions are summarized in Table 4.2.
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Figure 4-2: Williamson-Hall plot for the cubic oxide phase crystallized at different anneal-
ing temperatures in the Erj 5,Yb; 7,03 thin film on SiO,.
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Table 4.2 shows that the microstrain decreases monotonically with annealing tem-
perature, which indicates that annealing reduces lattice defects. This is confirmed
by the observation in section 4.3 that the PL lifetime increases monotonically with
annealing temperature as well, due to a reduction of the rate of non-radiative decay

to lattice defects.

Table 4.2: Crystallite size and microstrain in Erj 3Yb, 7005 thin films on SiO, annealed
at different temperatures, derived from the Williamson-Hall plots.

annealing T (°C) crystallite size (A) microstrain (%)

400 242 £+ 151 1+1
600 364 + 193 0.9 +£0.3
800 545 + 383 0.7£ 05
1000 >1000 0.52 £+ 0.05
1100 454 + 194 0.3+0.2
1200 468 £ 150 0.1 +0.1

The oxide grain size in Table 4.2 increases with annealing temperature up to T =
1000°C, when grain size broadening becomes smaller than the instrument broadening
introduced by the X-ray diffractometer. As a result, we conclude that the grain
size for the film annealed at 1000°C is larger than our detection limit of 1000A. The
increase of grain size with annealing temperature in this regime is consistent with

thermally activated grain growth.

These results are fully consistent with literature reports on the structural properties
of Er,O, thin films deposited on Si and SiO,. Mikhelashvili et al. {143] deposited
100nm Er,O; thin films on (100) Si by e-beam evaporation and subsequent annealing
in O, for 1h at 750°C. The films crystallized into the cubic phase with a <111> texture
and with grain sizes between 20 and 50 nm. Singh et al. [144] deposited Er,O4 thin
films on (100) Si by metalorganic chemical vapor deposition (MOCVD), followed by
a post-deposition anneal at temperatures up to 700°C in O,. The grain sizes after

annealing are in the range 18-35nm.

However, at temperatures above 1000°C, the oxide grain size decreases with a further

increase of annealing temperature. T = 1000°C corresponds to the crystallization

83



temperature of rare earth silicates, which can be formed due to chemical reactions of
the oxide thin films with the SiO, substrate. Indeed, Figure 4-1 shows that at T >
1000°C, XRD peaks corresponding to rare earth silicate phases appear. The reduction
in oxide grain size at these temperatures can be explained by the formation of silicate
phases at the expense of the oxide phase, leading to a reduction in oxide grain size.
The formation of silicates due to interaction of the rare earth oxide films with the

510, substrate is discussed in more detail in section 4.2.4

4.2.2 Er,Yb, Oj crystal structure

Figure 4-3 shows the unit cell of the crystal structure of Yb,O5 (pdf 00-041-1106)
that was matched to the XRD patterns in Figure 4-1. The phase has a body centered
cubic (bcc) lattice with symmetry group Ia-3 and a lattice parameter a = 10.4347A.
The same phase is also known for Er,Og (pdf 00-008-0050), with a lattice parameter
a = 10.5480A that is only 1% different from the Yb,0; lattice parameter. This allows

for good alloying of the two oxides, as discussed in section 4.2.3.

The cubic rare oxide phase is well-known from research on yttrium oxide (Y,O,).
The unit cell contains 32 rare earth ions in 2 non-equivalent crystal sites, indicated
by Ybl (magenta spheres) and Yb2 (yellow spheres) in Figure 4-3. The ratio of
Yb2:Ybl sites equals 3:1, meaning that per unit cell there are 24 rare earth ions
in site 2 and 8 rare earth ions in site 1. Both the Ybl aﬁd the Yb2 crystal sites
have sixfold coordination with oxygen ions, but the Ybl sites is an inversion center,
which makes electric dipole transitions in Ybl forbidden. The erbium luminescence

in Er,Yb, O5 therefore mainly originates from ions in site 2.

4.2.3 Er,0;-Yb,0, alloying

Figure 4-4 shows the (222) peak for the Er,Yb, ,O; films annealed at 1000°C. The
data show a clear shift of the (222) peak towards lower angles, i.e. larger d-spacing,

for increasing Er concentration. Since Er is the larger ion compared to Yb, this agrees
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Figure 4-3: Unit cell of cubic Yb, O, crystal structure, space group Ia-3 (pdf 00-041-1106).
Magenta spheres = Ybl, yellow spheres = Yb2, cyan spheres = O.

with an expected increase in unit cell as the Er:Yb ratio increases. The observation
of one shifting XRD peak rather than two separate peaks with varying intensities

indicates alloying of Er,O; and Yb,0O4 rather than phase separation.

The exact peak position was determined by means of the peak profile fitting function
in the XRD analysis software Highscore Plus, which fits a combination of a Gaussian
and Lorentzian peak to the XRD data. The results are shown in Figure 4-5. From
the 26-position we can now calculate the corresponding d-spacing between the (222)

lattice planes using Bragg’s law

2dsinf = nA (4.1)

85



12 1 1 L 1 N 1 A 1

XEr =0.07
xEr =0.16
xEr = 0.25
104 ——xEr=0.50

xEr = 1.00
——xEr =1.40
xEr = 2.00

counts (log)

27 28 29 30 31 32
2 theta

Figure 4-4: Shift of (222) peak with x in Er,Yb, O5. Note that the y-axis shows the
logarithm of the XRD data, offset per data set for clarity.

Given that the spacing between (hkl) planes in a cubic crystal is given by

a
i 4.2
S/~ By~ (4.2
the lattice parameter a can now be calculated as
3\
a=2V3d= ¥8 (4.3)

sin @

With A = 1.540598A, we calculate the blue data set on Figure 4-5. A linear regression
fit to the data shows almost the exact slope that would be obtained from the bulk
Er,0, and Yb,O; entries in the pdf database, shown as the green line in the plot.
The overall lattice parameter in the thin films, however, is smaller by about 0.38%
than the bulk data from the database entries. This may be due to compressive strain

as a consequence of processing.
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Figure 4-5: 20 shift of (222) peak (red data set, left y-axis) and lattice parameter a (blue
data set, right y-axis) as a function of x(Er). The green lines correspond to
the database entries for bulk Yb,O, and Er,0s,.

4.2.4 Rare earth silicate formation at annealing T > 1000°C

As discussed above, silicate peaks appear in the XRD patterns of the oxide films
annealed at temperatures above 1000°C. This is due to an interfacial reaction of
the sputtered rare earth oxide film with the SiO, substrate. The silicate peaks in the
XRD patterns are identified as B-monosilicate and S-disilicate phases. Using Rietveld
refinement to fit the measured XRD profile to the database entries for the different

phases identified, the amount of each phase in the film can be quantified.

Rietveld refinement was performed on the XRD pattern of Erj 3,Yb; 7,05 annealed
at 1200°C. Figure 4-6 shows a part (13° < 26 < 33°) of the XRD data (black dotted
line) with the theoretical fit obtained by Rietveld analysis (grey line). A square-root
scaled y-axis (y = \/c_c_)m) is used to resolve the smaller peaks; on a linear y-axis the

small peaks would be obscured by the very intense peak Yb,Oj (222)-peak around
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30°. The blue, red and green peaks correspond to ytterbium oxide, B-monosilicate
and f-disilicate phases in the pdf database, respectively. Phase quantification shows
that the film consists of 35.9% Yb,0;, 40.8% B-type Yb,SiO5 and 23.3% p-type

Yb,Si,0,, with an error in the mole fractions of 1%.

Counts

22500 - |l Yb,0, 35.9+ 1%
[l B-Yb,SiO; 40.8 + 1%
B B-Yb,Si,0,233 £ 1%
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Figure 4-6: XRD pattern of Erjs,Yb; ;O3 sputtered on SiO, after a 30min post-
deposition anneal at 1200°C in O,. A square-root y-axis (y = +/counts) is
used to make the smaller peaks visible. Black dotted line = XRD data, grey
line = Rietveld fit. Blue, red and green peaks are peaks from the database.

Grain size and microstrain revisited

We saw in section 4.2.1 that the oxide grain size decreases beyond T > 1000°C,

which corresponds to the crystallization temperature of rare earth silicates. We can
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now analyze the silicate grain growth at these temperatures. Figure 4-7 compares
the Williamson-Hall plots corresponding to the three different phases identified in
the Rietveld section. The crystallite size and microstrain numbers derived from this

figure are summarized in Table 4.3.
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Figure 4-7: Williamson-Hall plot corresponding to the three different phases (oxide, B-
monosilicate and S-disilicate) crystallized in the Erg 3,Yb, 7,O5 thin film an-
nealed at 1200°C.

Table 4.3: Crystallite size and microstrain derived from the Williamson-Hall plot for dif-
ferent phases crystallized in Erg 35Yb; 7703 thin film annealed at 1200°C.

phase crystallite size (A) microstrain (%)

Yb,0, 468 £ 150 0.1+ 0.1
B-Yb,SiO4 678 £+ 80 0.05 £ 0.03
B-Yb,Si,0, 539 + 56 -

It is seen that all three phases exhibit negligible microstrain. In fact, the best fit for
the 5-Yb,Si,O, was obtained by assuming crystallite size broadening only (i.e. no
microstrain, or a linear regression with slope zero). This observation is consistent

with the explanation that annealing reduces lattice defects. The grain sizes of the
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silicates phases are 53.9nm and 67.8nm, slightly larger than the oxide grain size of
46.8nm and comparable to the disilicate grain size at 1100 and 1200°C measured in
Chapter 5. These observations are consistent with the reduction in oxide grain size

due to formation of silicates at the expense of the oxide.

4.3 Photoluminescence properties

4.3.1 PL dependence on annealing temperature

Figure 4-8 shows the PL spectrum of the Erj4,Yb, ;,0; film annealed at different
temperatures. The spectra are offset by 0.1 per increasing annealing temperature for
clarity. Two trends are noteworthy. First of all, it is clear that the photoluminescence
increases dramatically with annealing temperature. Note that for the sake of visibility,
the spectra at lower annealing temperatures are multiplied by factors of 20, 20 and
5, respectively. As shown in Figure 4-9, the increase in PL intensity goes along with
an increase in PL lifetime, indicating that it is due to an increasing PL quantum

efficiency because of reduction of non-radiative decay paths.

Secondly, the spectral shape of the PL spectrum can clearly be related to the phases
present. At annealing temperatures below the crystallization temperature for silicates
(T ~ 1000°C), the films crystallize as rare earth oxides. The spectra of the films
annealed at 600°C, 800°C and 900°C (not shown) differ in intensity, but the spectral
shape remains the same. As soon as the annealing temperature exceeds 1000°C,

silicate phases crystallize and a change in spectral shape is noticed.

Figure 4-9 shows the integrated PL intensity and measured decay lifetimes for the
spectra measured above. It is seen that the lifetime and PL intensity increase together.
The only outlier is the sample annealed at 1000°C, where the PL intensity is lower than
expected from the lifetime measurement. This film suffers from upconversion that
suppressed the measured PL intensity. The lifetime shown in Figure 4-9 is the lifetime

fit to the single exponential tail after the initial fast decay due to upconversion.
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Figure 4-8: Er; 3,Yb, ;003 PL (Aex = 488nm) for different annealing temperatures. For
the sake of clarity, the spectra are offset by 0.1 a.u. for each measurement at
higher annealing temperature and the spectra at low annealing temperatures
are scaled for visibility. The scaling factors are indicated in the figure.

The observed concurrent increase in PL intensity and lifetime indicates that the
excitation cross section at A =488 nm is not significantly different for rare earth

oxides and silicates, as the PL intensity is given by the expression

N-
Ipp (D) = T; o 0®7 Ng; (4.4)

Since the photoluminescence is significantly more intense for the samples annealed at
1200°C than for other annealing temperatures, these films are the easiest and most
interesting to investigate further. We will look more closely into these films and

compare the dependence of their optical properties on erbium concentration.
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Figure 4-9: Erj 3,Yb, O3 decay time and integrated PL intensity (A\ex = 488nm) as a
function of annealing temperature. The integrated PL intensity and lifetime
follow the same trend, except for the sample annealed at 1000°C (see text).

4.3.2 PL spectra for Er, Yb, , O, films annealed at 1200°C

Figure 4-10 shows the spectra of the different Er, Yb, , O, films on SiO,, annealed at
1200°C. The spectra have been normalized and offset to allow for comparison of their
spectral shapes. As the figure shows, three different PL spectra can be distinguished:
the three films with lowest erbium concentration have the same spectrum, as do the
three films with the highest erbium concentration. The film with x(Er) = 0.50 has a

spectrum that is a mixture of the other two PL spectra.

The spectral shape can be related to the phases present in the film. As explained
in the Rietveld analysis section, the films with low erbium concentration consist of
a mixture of rare earth oxide, monosilicate and disilicate due to interaction with the

Si0, substrate. No quantitative analysis was performed on the films with higher er-
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Figure 4-10: Room temperature PL spectra of Er, Yb, O, films annealed at 1200°C.

bium concentration, but the A-monosilicate phase was identified in the XRD pattern.
The PL spectra at high and low erbium concentrations can thus be related to the

A-monosilicate phase for high x(Er) and the B-monosilicate and S-disilicate phase for

low x(Er), respectively.

4.3.3 PL intensity as a function of erbium concentration

Figure 4-11 shows the integrated PL intensity between 1450nm and 1650nm as a

function of pump power, in the low-power, linear regime described in Chapter 2,
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where the PL intensity is given by the expression

T

Ipp(®) xx 0O Ng, = 0D Ngn (4.5)
rad
where 1) = 7 /Tiaq is the PL quantum efficiency.
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Figure 4-11: Integrated room temperature PL spectra of Er,Yb, O; films annealed at

1200°Cin the linear regime excited at A = 488nm pumping.

Apart from experimentally demonstrating the linear dependence between PL inten-

sity and photon flux at low pump powers, Figure 4-11 also shows that different erbium

concentrations result in different PL intensities. Between the three erbium concen-

trations shown in Figure 4-11, the film with intermediate concentration x(Er) = 0.50

has a higher PL intensity than the films at lower (x(Er) = 0.07) and higher (x(Er) =

1.00) erbium concentrations.
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Figure 4-12 shows the slopes of the integrated PL intensity in the linear regime as
a function of erbium fraction x excited at A =488 nm (blue data, right y-axis) and
A =980 nm (red data, left y-axis). Both data sets are normalized so that the integrated
PL intensity for pure Er,O5 (x=2.0) equals 1. Note that the y-scale for the 980nm

data is 6 times larger than the scale for the 488nm data.
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Figure 4-12: Integrated PL intensity between 1450nm and 1650nm excited at 488nm and
980nm light, respectively. Both data sets are normalized to PL(Er,03) = 1.

Three different trends are noteworthy in the data in Figure 4-12. First of all, the data
are a good demonstration of the effect of energy migration at high erbium concen-
trations. In the absence of concentration quenching effects, the PL intensity would
increase monotonically with the concentration of erbium luminescence centers. How-
ever, after an initial increase of PL intensity with erbium concentration, it is seen

that the PL intensity reaches a maximum and subsequently decreases with erbium
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concentration. This indicates a decrease in PL quantum efficiency (see Equation 4.5)

due to energy migration. This will be discussed in more detail in section 4.4.

Secondly, the erbium concentration at which the PL reaches a maximum is different
for 488nm excitation and 980nm excitation. In the case of 980nm excitation, the PL
intensity peaks at lower x (i.e. lower Er and higher Yb concentration in Er, Yb,  Oj)
than in the case of 488nm excitation. Thirdly, the peak intensity for 980nm excitation
is a factor 52 stronger than the intensity at x = 2.0 (normalized to 1), whereas the
peak intensity for 488nm excitation is onlyr 7.5 times stronger than the intensity at
x = 2.0. The second and third observation clearly indicate that ytterbium plays an
important role as a sensitizer for erbium at 980nm, increasing its effective excitation
cross section. This effect is absent in the case of direct excitation of Er3* at 488nm,
since Yb*" has no energy levels at 488nm and Er** is thus excited directly (see
section 2.4.3). The role of Yb?t as a sensitizer is investigated in more detail in

section 4.5.

4.4 Quantum efliciency enhancement through di-

lution of Er®™

Figure 4-13 shows the PL decay curves in the linear regime (low pump flux) for the
three oxide films also shown earlier in Figure 4-11 (x=0.07, 0.50 and 1.00). Two
aspects of the decay curves are noteworthy. First of all, the decay for all three
concentrations follows a single exponential decay in the linear regime, as illustrated
by the straight lines in the semilog plot. Secondly, the decay lifetime decreases sharply

with increasing erbium concentration.

The strong dependence of decay rate with erbium concentration can be attributed
to the concentration quenching effects discussed in section 2.4.2. Since upconversion
in negligible in the linear pump regime (moreover, upconversion causes a decay that

is not a single exponential), the variation of decay rates with erbium concentration

96



1 n 1 " 1 L 1
1 Er...¥b..0

19373

Er,,Yb, O

1503

——Er, b, O

1.0073

o)
[0
N
©
E 1= 6.781ms
£ 0.1
= ]
o
(8]
~ T =2.458ms
-
o
t=0.187ms hL
0.01 15 . . L L : ; 'l
0 10 20 30
time (ms)

Figure 4-13: Decay curves of Er, Yb, O, annealed at 1200°C for different x, showing single
exponential decay with different decay rate as a result of energy migration.

can be attributed to energy migration: at increasing erbium concentration, dipole-
dipole interactions between the different Er** ions can cause their excitation energy .
to migrate to quenching centers. At high erbium concentrations, the rate for this
non-radiative decay mechanism can completely dominate the radiative decay rate,
thereby decreasing the luminescence quantum efficiency dramatically. In terms of

radiative and non-radiative decay rates, we arrive at

T Wrad .
= =—— 1 f Weg << Wor 4.6
g Trad Wrad =} Wn-rad d “d ( )

The decay times in the linear flux regime for all Er, Yb, O, films annealed at 1200°C
were fit by a single exponential decay curve. The lifetimes obtained from the fits are
shown in Table 4.4. According to Equation 4.6, the increase in lifetime from 7 = 40ps
at x = 2.0 to 7 = 6.781ms at x = 0.07 corresponds to a 170x increase in quantum

efficiency due to dilution.
The decay rate W = 1/7 calculated from the lifetime values in Table 4.4 is shown in
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Table 4.4: Lifetimes of Er, Yb, O,

x(Er) [Er] (cm™3) lifetime (ms)

0.07 9.80 x10%° 6.781
0.19 2.66 x10% 5.461
0.30 4.19 x10% 4.551
0.50 6.96 x10% 2.458
1.00 1.38 x10% 0.187
1.41  1.93 x10* 0.080
2.00 2.72 x10% 0.040

Figure 4-14 as a function of erbium concentration. Two regimes are apparent: one
regime at low erbium concentration and another regime at high erbium concentration.
The rates in the low concentration regime can be fit by a linear regression function

according to the expression
1 !
W = Wig + Woraa = ;— + CemNEr (47)
0

The intercept with the y-axis now determines the radiative decay rate W, = 1/79 in
the absence of energy migration. We find a value of 7y = 8.0ms, which is consistent
with literature on erbium-yttrium oxides [116]. The slope of the linear fit is deter-
mined by the energy migration coeflicient C. discussed in section 2.4.2. From the
slope of 0.3139, we find C., = 2.31 x 1072 s~1.cm® for low x. Note that the coeffi-
cient C7,, is not a fundamental material property, but depends on the concentration

of quenching centers N, as shown in Equation 2.6.

In conclusion, we have shown that ytterbium can act as a dilutant of erbium, yield-
ing similar results as erbium dilution by yttrium. A 170X increase in luminescence
quantum efficiency 7 is achieved through reduction of the non-radiative decay rate

related to energy migration.
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Figure 4-14: Decay rate of Er, Yb,  Os annealed at 1200°C as a function of xEr.

4.5 Sensitization of Er®" by Yb**

A clear picture about the role of ytterbium other than as a dilutant is obtained by
studying ratio of the PL intensities of Er,Yb, O4 excited at 980nm and 488nm.
The dependence of PL intensity on erbium concentration for the two excitation wave-
lengths was already discussed in section 4.3.3 and displayed in Figure 4-12. According

to Equation 4.5, the ratio between the two curves on Figure 4-12 should equal

1'980 0.980

The ratio of excitation cross sections 0%°/¢c%®® in Equation 4.8 is shown in Figure
4-15 as a function of erbium concentration. The blue data points are calculated as
the ratio of the integrated PL intensities I%%°/I4® from Figure 4-12, normalized so
that the ratio at x = 2.00 (pure Er,O3) equals 1. The blue line serves as a guide to
the eye. A clear monotonic increase of 0%°/04®8 with decreasing x (i.e. decreasing Er

and increasing Yb concentrations in Er, Yb,  O;) is observed. Since the excitation
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Figure 4-15: Ratio of excitation cross section o(A = 980)/c (A = 488), normalized so that

the ratio for pure Er,O5 equals 1. The dotted line serves as a guide to the
eye.

cross section 04® for direct excitation of erbium at A = 488nm does not depend on
the erbium or ytterbium concentration, this means that the excitation cross section
%80 at X\ = 980nm increases monotonically with increasing ytterbium concentration.

In other words, ytterbium increases the effective erbium excitation cross-section at

A = 980nm.

As an additional argument, rather than looking at the ratio of the excitation cross sec-

tions 0980 /0488 we can calculate the excitation cross sections directly from Equation

4.5 as
. Ip (D)

=K
? NEr'T

(4.9)

where K is a proportionality constant related to the PL collection efficiency of the
measurement system and the radiative lifetime 7,,4. Since both the collection effi-
ciency and the radiative lifetime are independent of erbium concentration, we can
plot the trend of the excitation cross sections ¢%° and ¢*3 as a function of erbium

concentration using the right hand side of Equation 4.9. The results are shown in

Figure 4-16.
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Figure 4-16: Erbium excitation cross sections at 488nm (direct excitation) and 980nm
(excitation mediated by Yb) in Er, Yb, , O3 films annealed at 1200°C.
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It is clear that the excitation cross section 048 for direct erbium excitation at A =
488nm is indeed independent of erbium concentration. Only for pure Er,O; we see
that the excitation cross section is about twice the cross section observed at lower
erbium concentations. This can be explained by a phenomenon called photon cutting,
where one 488nm photon excites two single erbium ions. This is an effect known
to occur at very high erbium concentrations [52] and is unrelated to the presence
of ytterbium. On the other hand, the excitation cross section ¢% at A = 980nm
increases monotonically with increasing ytterbium concentration. An 4.8x increase
in effective erbium excitation cross section is obtained in the Ergy,Yb, 305 film

compared to the pure Er,O; film.

4.6 Conclusion

In this chapter we studied the erbium-ytterbium oxide alloy system Er, Yb, ,O5;. We
demonstrated that because of their nearly identical ionic radii, Er®* and Yb%** ions
can substitute each other in the Er, Yb, O crystal lattice, allowing solid solutions
across the entire concentration spectrum between pure erbium oxide and pure ytter-
bium oxide. PL intensity and lifetime increase with annealing temperature, consistent
with an increase in Er,Yb, O, grain size and PL quantum efficiency. At annealing
temperatures above 1000°C, rare earth silicates crystallize due to interfacial reactions
between the sputtered Er, Yb, O, films and the SiO, substrate. However, we found
that the PL emission cross section for the rare earth silicates does not differ signifi-

cantly from the emission cross section for rare earth oxides.

Intense photoluminescence around A = 1.54pm was measured for the films annealed
at 1200°C. Comparison of the PL intensity as a function of erbium concentration (x
in Er,Yb, O;) for the excitation wavelengths A = 488nm and A = 980nm showed

that the role of ytterbium is twofold.

First of all, dilution of erbium by substitution with ytterbium increases the PL quan-

tum efficiency through a decrease of concentration quenching. This dilution effect is
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consistent with the results for yttrium dilution described in literature. We demon-
strated an increase in PL lifetime from 7 = 40ps in pure Er,O3 to 7 = 6.781ms in
Erg g7 Yb; 9305 due to a reduction of the non-radiative decay rate, corresponding to a

170 increase in PL quantum efficiency.

Secondly, it was shown that the effective excitation cross section of Er3* at A =980nm
increases monotonically with Yb®" concentration, indicating sensitization of Er** by
Yb** through resonant energy transfer at 980nm. An increase in excitation cross

section in Erg 5, Yb, 305 by a factor 4.8 was observed compared to pure Er,0;.
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Chapter 5

Erbium-Ytterbium Silicates

In this chapter, we investigate erbium-ytterbium silicates. As already discussed in
section 2.2 and as illustrated in the Yb,03-SiO, phase diagram in Figure 2-1, there
are three different rare earth silicate compounds: rare earth monosilicates (RE,SiOy),
rare earth disilicates (RE,Si,O,) and rare earth oxyapatites with intermediate stoi-
chiometry 7TRE,O5 - 9Si0,, corresponding to the chemical formula REg 538i50,5. The
monosilicate and the disilicate each have different polymorphic phases, i.e. different

crystal structures with the same stoichiometry.

We will focus on the erbium-ytterbium disilicates (Er,Yb, ,Si,0;) for two reasons.
Firstly, the fact that the disilicates are the compound with the highest SiO, content of
all the silicates should limit any interfacial reactions with the SiO, substrate, as was
the case for the rare earth oxides discussed in Chapter 4. Secondly, literature com-
paring the luminescence properties of the pure erbium silicates Er,SiOj, y-Er,5i,0,
and a-Er,Si,0, (i.e. not diluted with Yb or Y) concluded that the highest optical

efficiency was found in the a-Er,Si,O, phase [114].

As in Chapter 4, we begin this chapter with a study of the structural properties of the
Er, Yb, Si,O, thin films by means of XRD analysis. We identify and discuss the dif-
ferent silicate polymorphs that crystallize at different erbium-ytterbium compositions

and at different annealing temperatures. Secondly, we discuss the photoluminescence
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properties and relate the PL spectra to the silicate phases identified by XRD. We also
measure the upconversion coefficient, which is a crucial parameter for modeling and

optimizing a gain medium in Chapter 7.

5.1 Deposition

Er, Yb, ,Si,O; thin films were deposited on Si substrates coated with 3pm thermal
Si0, by RF magnetron co-sputtering of Er,O4, Yb,O4 and SiO,. The same seven
erbium-ytterbium concentrations (i.e. x in Er, Yb,_Si,0,) were deposited as for the
rare earth oxides studied in Chapter 4. In fact, the RF power applied to the Er,Oq
and Yb,O, sputtering targets and the deposition times are the same as for the rare
earth oxides. The RF power applied to the SiO, sputtering target in order to deposit

stoichiometric disilicate is determined by Equation 3.7 for the deposition rates:

[Eerb2—xO3] — 1 T(EerbZ—xO3)

Er, Yb,  S5i, 0, — [Si0,] 3® +(S10,)

=0.9471 (5.1)

This means that the deposition rate for SiO, should be 1.0559 (=1/0.9471) times
larger than the Er, Yb, O, deposition rate. Given that the rare earth oxide films
were 200nm thick, the total film thickness for the sputtered disilicates is therefore

expected to be 411nm.

A summary of the deposition parameters for the different Er, Yb, Si,O, films is
shown in Table 5.1. It is seen that the film thicknesses measured by profilometry
are thinner by about 30% than the expected thickness of 411nm. It is also seen
that the two films with the highest Er concentrations and longest deposition times
(i.e. lowest deposition rates) are thicker than the films with lower Er concentrations
by about 13% and 18%, respectively. This is in line with the observation made in
Chapter 3 that co-sputtering at high deposition rates decreases the overall deposition
rate due to a decrease of the mean free path between the sputtering targets and the

substrate.
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Table 5.1: Parameters for sputter deposition of Er, Yb, ,5i5O,. Film thicknesses are mea-
sured by profilometry.

x(Er) [Er] (em™3) P(Er,0,) P(Yb,0;) P(SiO,) Time Thickness
(nominal)  (nominal) (W) (W) (W)  (min) (nm)
0.07 4.90 x10%° 16 113 224 42 302 + 11
0.19 1.33 x10% 26 108 224 42 273 £ 7
0.30 2.10 x10% 38 103 224 42 307 £ 6
0.50 3.50 x10% o4 88 224 42 321+ 4
1.00 7.00 x10% 96 58 224 42 202+ 7
1.41 9.80 x10%2 96 29 158 60 339 £ 3
2.00 1.40 x10% 96 0 114 86 354 £ 5

After deposition, the Er, Yb, Si,O, thin films were annealed for 30min in O, at

different temperatures. The effect of anncaling on the structural and luminescence

properties of the films are discussed in the following sections.

5.2 Structural properties

The X-ray diffraction patterns were analyzed of the Er, Yb, ,Si,O, thin films annealed
at 1000°C, 1100°C and 1200°C. All the films annealed at temperatures below 1000°C
are amorphous. The XRD patterns for the films annealed at 1000°C, 1100°C and

1200°C are discussed in sections 5.2.1, 5.2.2 and 5.2.3, resi)ectively. A summary of

the phases identified in each film is shown in Table 5.2.

Table 5.2: Phases crystallized for Er, Yb, Si,O, thin films on SiO, for different compo-
sitions and at different annealing temperatures.

x(Er) T <1000°C T =1000°C T = 1100°C T = 1200°C
0.07 amorphous amorphous a-RE,Si,O, B-RE,Si,0,
0.19 amorphous amorphous «@-RE,Si,0; B-RE,Si,0,
0.30 amorphous amorphous a-RE,Si,0, B-RE,Si1,0,
0.50 amorphous amorphous a-RE,Si,0, B + a-RE,Si,0,
1.00 amorphous amorphous a-RE,S5i,0; a-RE,5i,0,
1.41 amorphous «-RE,Si,0; «a-RE,Si,0, a-RE,Si,0,
2.00 amorphous amorphous REg338i50 REg 335150494
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5.2.1 Er Yb, Si,O, thin films annealed at 1000°C

Figure 5-1 shows the X-ray diffraction patterns of the Er, Yb, Si,O; thin films an-
nealed at 1000°C. All films are still amorphous, except for the film with composition
Er, 4;Ybg 5051,0,, which crystallizes into the a-disilicate phase, a triclinic phase with
space group P1 (pdf 00-030-1439). As shown in the next section, the a-disilicate is
the phase that crystallizes for all the films annealed at 1100°C, except for the pure er-
bium disilicate film. The a-phase remains the dominant phase in the films with high
erbium concentration (x > 1.00 in Er, Yb, Si,O;) after annealing at T = 1200°C.

The a-disilicate phase is discussed in detail in section 5.2.5.
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Figure 5-1: XRD patterns of Er,Yb, Si,O, on SiO, annealed at 1000°C. The patterns
are offset by 1000 counts for each film with increasing erbium concentration.
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5.2.2 Er,Yb, Si,O, thin films annealed at 1100°C

Figure 5-2 shows the X-ray diffraction patterns of the Er, Yb,  Si,O; thin films an-
nealed at 1100°C. All the films except for pure Er,Si, O, crystallize in the a-disilicate
phase. The XRD pattern for the Er,Si,O; film can be matched to the hexagonal
erbium oxyapatite (REg 335i50,4) phase with space group P63/m (pdf 04-007-9171).
The extraordinarily sharp (210)-peak at 20 = 29.2° (the entire peak is not shown
in the figure but is 120000 counts high) and the intense (420)-peak at 26 = 60.6°
indicate a film with very strong texture (i.e. preferred grain growth) in the [210]-

direction.
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Figure 5-2: XRD patterns of Er,Yb,  Si,O, on SiO, annealed at 1100°C. The patterns
are offset by 10000 counts for each film with increasing erbium concentration.
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5.2.3 Er, Yb, Si,O, thin films annealed at 1200°C

Figure 5-3 shows the X-ray diffraction patterns of Er, Yb, Si,O; on SiO, (x > 0.50)
annealed at 1200°C. The film with composition Er,Si,O, crystallizes in the same
hexagonal erbium oxyapatite phase as at 1100°C. The films with compositions x(Er)
= 1.00 and x(Er) = 1.41 also crystallize to the same phase as the samples annealed
at 1100°C, i.e. a-disilicate. The film with composition Erj5,Yb, 5,51,0; crystallizes
into a mixture of the a-disilicate phase identified at higher Er concentrations and the

B-disilicate. As discussed below, the S-disilicate phase is the phase stable at lower Er

concentrations.
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Figure 5-3: XRD patterns of Er, Yb,  Si,O; on SiO, (x > 0.50) annealed at 1200°C. The

patterns are offset by 10000 counts for each film with increasing erbium con-
centration.
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Figure 5-4 shows the X-ray diffraction patterns of Er, Yb, ,Si,O, on SiO, (x < 0.50)
annealed at 1200°C. The phase crystallized at low erbium concentration is the (-
disilicate, a monoclinic phase with space group C2/m (pdf 04-007-8967). The film
with intermediate composition Ergs,Yb, 5,51,0, which was already discussed above
and crystallizes into a mixture of the a- and [-disilicate phase, is reprinted in this
figure as a reference to compare the XRD spectra with the films with lower erbium

concentration. The 3-disilicate phase is discussed in detail in section 5.2.6.
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Figure 5-4: XRD patterns of Er, Yb,  5i,0; on SiO, (x < 0.50) annealed at 1200°C. The
patterns are offset by 7000 counts for each film with increasing erbium con-
centration.
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5.2.4 Polymorphic disilicate compounds

Figure 5-5 shows the seven different rare-earth disilicate polymorphs as a function of
temperature and rare earth ionic radius, as identified by J. Felsche in The Crystal
Chemistry of the Rare-Earth Silicates [21]. Yttrium (Y) is not included in the graph,
but with an ionic radius of 0.90A it would be close to holmium (Ho) on the horizontal
axis. According to the plot, types B and C would be stable for the temperatures (T
< 1200°C) and ionic radii (0.86A < r < 0.90A) studied in this research. These types
correspond to the a-disilicate and -disilicate discussed in the XRD sections. Type
B (aka a-disilicate) should be favored at high Er (low Yb) concentrations and lower
annealing temperatures, whereas type C (aka [(-disilicate) should be stable at low Er

(high Yb) concentrations and high annealing temperatures.
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Figure 5-5: Polymorphic disilicate compounds, adopted from [145]. Type B, C and D are

also known as a, [ and ~y-disilicate, respectively.
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This is indeed what is observed in the XRD patterns discussed in sections 5.2.2 and
5.2.3: for the alloys with low x(Er), we observe crystallization of the o phase at 1100°C
and crystallization of the # phase at 1200°C. For the intermediate concentration of
x(Er) = 0.50, we observe both o and 8 phases at 1200°C. For high x(Er), we obtain
the a phase at both 1100°C and 1200°C.

Table 5.3 shows an overview of the unit cell parameters for the different phases iden-

tified above. Each phase is discussed in detail in the sections below.

Table 5.3: Unit cell dimensions for « and 8 - Er,Yb, Si,O, and the oxyapatite phase
Erg 335i609¢- Z = formula units per unit cell, V = unit cell volume, from {21)].

crystal system  triclinic monoclinic  hexagonal

space group P1 C2/m P63/m
a (A) 6.583 6.789 9.324
b (A) 6.609 9.067 9.324
c (A) 12.000 4.681 6.686

a(®) 94.50 90 90

B (°) 90.57 101.86 90

v (°) 91.79 90 120
V(A3) 520.3 282.1 503.4

Z 4 2 1
p (g/cm®) 6.28 6.01 7.08

5.2.5 a - RE,Si,0, (Type B)

The unit cell for a - Y,Si,0, (pdf 04-016-5897) is depicted in Figure 5-6. It contains
8 rare earth ions, which are evenly distributed over 4 non-equivalent lattice sites RE1,
RE2, RE3 and RE4. These different sites are shown in the figure as yellow, cyan, red

and magenta spheres, respectively.

Determining the coordination of the different RE sites by oxygen ions is not trivial.
There are no pdf database entries for a-Yb,Si, O or a-Er,Si, O, containing structural
information that allows to calculate bond lengths. However, coordination numbers

and RE-O bond lengths were calculated for a-Y,Si,O, (pdf 01-078-2543) and o-
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Tm,Si,0; (pdf 04-011-2465). Considering only RE-O distances shorter than 3.00A,
we find that all four Tm sites in a-Tm,Si,0O, are eightfold coordinated by oxygen,
whereas in a-Y,Si,0,, the sites the Y1, Y2 and Y4 are eightfold coordinated and
site Y3 is sixfold coordinated by oxygen. Table 5.4»also shows that the minimum,
maximum and average bond distances vary significantly for the four different RE

sites.

Table 5.4: RE coordination number (CN) and maximum, minimum and average RE-
O bond lengths (drg_0) calculated for a-Y,Si,O; (pdf 01-078-2543) and a-
Tm,Si,0, (pdf 04-011-2465), only considering drg—o < 3.00A.

Y1 Y2 Y3 Y4 Tm1 ng ng Tm4

CN 8 8 6 8 8 8 8 8
avg drg—_o (A) 242 242 231 243 239 239 247 2.40
min dgg_o (A) 222 223 212 229 222 220 217 2.26
max dge_o (A)  2.81 272 245 271 287 274 236 2.71

The shape of the (RE-Og) polyhedra varies between a highly distorted cube and
a distorted type of dodecahedron. As seen in Figure 5-7, these rare earth-oxygen
polyhedra form chains in the [101] direction by edge sharing [21].

Another interesting feature is the presence of Si;O,, groups consisting of three neigh-
boring SiO, tetrahedra, as well as isolated SiO, tetrahedra. All other rare earth disil-
icate phases feature 5i,O, double-tetrahedra groups. Just like the rare earth-oxygen
polyhedra, the (Si;O,,)-chains line up along the [101] direction, as shown clearly in
Figure 5-7. The SiO,-tetrahedra also exhibit a high degree of distortion, with the
largest Si-O bond length variation found in all silicate structures (0.14A) [21].

In conclusion, the triclinic @ - RE,Si,O, phase is a very low symmetry phase with 4
different rare earth sites, each having a large variation in bond distances with the sur-
rounding oxygen ions. As discussed in section 5.3, this strongly non-uniform environ-
ment for the rare earth ions can be related to a broad and intense photoluminescence

spectrum around 1.54pum.
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Figure 5-6: The a - Y,Si,0; unit cell (pdf 04-016-5897). Eight rare earth ions per unit
cell are distributed evenly over four non-equivalent lattice sites (yellow, cyan,
red and magenta spheres). Blue and green spheres = Si, white spheres = O.

Figure 5-7: 4 neighboring o - Y,Si,O, unit cells seen along the [010] direction clearly
show the Si;O,,-chains and the (RE-Og)-chains along the [101] direction.
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5.2.6 (- RE,Si,O, (Type C)

The unit cell for 8 - Yb,Si,O; is shown in Figure 5-8. As opposed to the very low-
symmetry triclinic a-phase discussed above, the S-phase is monoclinic with space
group C2/m. The unit cell contains 4 (YbOg)-octahedra and 4 (SiO,)-tetrahedra. As
opposed to the a-phase, all the rare earth sites and all silicon sites are equivalent.
Additionally, the Yb-O and Si-O bonds exhibit a very low degree of distortion, with
an average Si-O bond length of 1.63 + 0.01A and an average Yb-O bond length of
2.24 + 0.04A [21].
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Figure 5-8: f - Yb,Si, O, unit cell (pdf 04-007-8967).
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5.2.7 Oxyapatite - REg 3,5i;0,,

As discussed in sections 5.2.2 and 5.2.3, the film consisting of pure Er,Si,O; crystal-
lizes into the oxyapatite phase Erg,4SigO,6. This phase has a composition interme-

diate between the monosilicate and disilicate, corresponding to
7 RE,O; + 9 Si0, — 1.5 REq 330,67(Si0,)0, (5.2)

where Felsche’s notation Erg 530056,(Si0,)sO, was used, indicating the presence of

rare earth vacancies represented by “0” (see below) [21].

The Erg 335i50,4 oxyapatite has a hexagonal unit cell with space group P63 /m, shown
in Figure 5-9. It contains erbium ions in two non-equivalent lattice sites: Erl and
Er2. There are six Erl sites (yellow) per unit cell: two near the center and 4 on
the (100) and (010) planes shared with the neighboring unit cells. The Erl ions are
7-fold coordinated by 6 oxygen ions that are part of SiO, tetrahedra and one isolated
O?% ion (grey spheres in Figure 5-9). Additionally, there are four Er2 ions (cyan) per
unit cell, two close to the center and 2 on the (001) lattice planes. The Er2 ions are

ninefold coordinated by oxygen ions that are all part of SiO, tetrahedra.

Note that the total number of Er sites per unit cell equals 10 (= 6Erl + 4Er2),
whereas according to the formula unit there are only 9.33 Er tons per unit cell. In
other words, per unit cell there are 0.67 erbium vacancies (i.e. there are two vacancies
per three unit cells). According to Felsche [21], these erbium vacancies are on the

Er2 sites.

The oxyapatite silicates are known for all rare earth ions ranging from La to Lu.
In fact, this is the only rare earth silicate structure to include all the rare earths.
However, the oxyapatite phase is only metastable for the smaller rare earths and
decomposes into B-type monosilicate and S+ disilicate [21]. Since Er®* is slightly
larger than Yb3*, this may explain why in our case the oxyapatite phase only crys-

tallizes for pure Er silicate Er,Si,05.
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Figure 5-9: Oxyapatite Erg 33515045 (pdf 04-007-9171). Erl = yellow, Er2 = cyan, SiO,4
= blue tetrahedra, isolated 0% ions = grey.

5.2.8 Grain size and microstrain

Figure 5-10 shows the Williamson-Hall plot for the a-disilicate phase crystallized
in the Er; ;Yb, ,Si,O; thin film annealed at 1100°C and 1200°C. A linear regression
assuming 0% microstrain® results in grain sizes of 479 + 96A and 554 & 103A for the
films annealed at 1100°C and 1200°C. Note that these values are consistent with the
0% microstrain and the grain size of 539 4+ 56A determined for the B-disilicate phase
in the Erj 30Yb, 7005 film annealed at 1200°C (see Table 4.3).

la linear regression including microstrain gives a small negative slope, which is unphysical. This
situation indicates 0% microstrain, where the small negative slope in the regression is due to the
error bar on the data.
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Figure 5-10: Williamson-Hall plot for the o-disilicate phase crystallized in the
Er, 4Yb,; ¢Si,O; thin film annealed at 1100°C and 1200°C.

5.3 Photoluminescence properties

5.3.1 PL spectra for crystalline silicates

The photoluminescence spectra measured at room temperature for the Er, Yb, , Si, O,
films annealed at 1200°C are shown in Figure 5-11. All spectra are normalized to make
the integrated PL intensity between 1450nm and 1650nm equal to 1, so that the
spectral shapes can be compared. The figure shows four different spectra, each corre-
sponding to a particular range of erbium concentrations. All samples with the same

spectrum are grouped together in the figure and each group is offset for clarity.

The first group of spectra (offset by 0.015 on Fig. 5-11) corresponds to the three
Er,Yb,,Si,O, films with the lowest erbium concentrations (x = 0.07, x = 0.16 and x

= 0.30). Even though homogeneous broadening increases the spectral linewidths for
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Figure 5-11: Room temperature PL spectra of Er,Yb, Si,O, annealed at 1200°C. The
spectra are grouped into four sets of samples that have the same spectrum,
each set is offset differently for clarity.

the transitions between the different Stark-split energy levels, seven clear peaks can
be distinguished in the PL spectrum, even at room temperature (at 1480nm, 1498nm,
1532nm, 1540nm, 1547nm, 1567nm and 1611nm). The full width at half maximum
(FWHM) is 28nm. As discussed in section 5.2 on the structural analysis of these
films, the dominant phase crystallized at 1200°C for these compositions was identified
as 3-Yb,Si,0,, suggesting that this PL spectrum is characteristic for the 5-Yb,S5i,0,

phase.

Secondly, the figure shows that the silicates with intermediate erbium concentrations
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(x = 1.00 and x = 1.50, offset by 0.005 in Fig. 5-11) also share the same PL spec-
trum. At room temperature, this spectrum has 4 peaks (at 1507nm, 1532nm, 1546nm
and 1558nm) and a FWHM = 47nm, which is 68% broader than the PL spectrum
discussed previously. The phase crystallized for these compositions was identified as
a-Yb,Si,0,, suggesting that this PL spectrum is characteristic for the a-YbySi,O,
phase.

Thirdly, the crystal structure for the film with composition x = 2.00 (pure Er,Si,O,)
was identified in section 5.2 as the oxyapatite Erg435150,4. The PL spectrum re-
lated to this phase shows two peaks at 1534nm and 1554nm and a FWHM = 48nm,
comparable to the a-Yb,Si,0;.

Lastly, the PL spectrum for the film with composition x = 0.50 looks like a combi-
nation of the spectrum at low Er concentrations and the spectrum at intermediate
concentrations. In fact, in section 5.2 we concluded that this film was a mixture of

the a- and - disilicate phases. This is now confirmed by the PL spectrum.

Figure 5-12 shows the spectral shape at x = 0.50 decomposed into a linear combination
of the a- and S-disilicate PL spectra. The best fit is obtained with a 86.52% - 13.48%
contribution of the a- and S-spectra, respectively. However, since the a-phase turns
out to be a stronger emitter than the S-phase (see further), these values cannot be
translated into quantitative information about the amount o- and S-disilicate in the
Erg 50Yb; 5051,0; film. Rietveld analysis was used to quantify the amounts of a-
and B-disilicate, but due to strong texture in the film we could not obtain accurate

information with the available XRD data.

5.3.2 PL spectra for amorphous silicates

Figure 5-13 shows the room temperature PL spectra of the Er, Yb, Si,O, films an-
nealed at 1000°C. As discussed in section 5.2, all these films are still amorphous, except
for the film with concentration Er; 4, Ybg 595i,0,, which crystallizes as a-disilicate.

As a consequence of inhomogeneous broadening, the PL spectra corresponding to
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Figure 5-12: PL spectrum of Er;, ;(Yb; 5,5i,O; as a linear combination of the PL spectra

of Ery g7 Yb; ¢35i,07 and Er; o Yb, (oSi; O, corresponding to the S-disilicate
the a-disilicate phase, respectively.

the amorphous films are broad (FWHM = 45nm) and show no individual peaks.

The spectrum for the Er; 4, Ybg 5,5i,0; film corresponds to the a-disilicate spectrum

identified in section 5.3.2.

5.3.3 PL lifetime for amorphous and crystalline silicates

Figure 5-14 shows the decay rates of Er, Yb,, Si,O; vs x(Er) annealed at 1000°C (blue
data) and 1200°C (red data). The inset shows a magnification of the low x(Er) decay
rates. We notice two trends: firstly, the lifetime at 1000°C is always shorter than
at 1200°C, consistent with lower non-radiative decay to defects at higher annealing
temperatures. Secondly, the lifetime decreases with increasing erbium concentration,

consistent with the increase in concentration quenching effects (see section 4.4).
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Figure 5-13: PL spectra (at room T) of Er, Yb, ,Si,O; annealed at 1000°C.

5.3.4 PL as a function of annealing temperature

Figure 5-15 shows the PL spectra of the film with composition Erg,4Yb, ¢,5i,0;,

annealed at different temperatures for 30min in O,.

The figure shows that the sample annealed at 1100°C has a spectrum corresponding
to the ytterbium o-disilicate phase. This corresponds to the a-disilicate phase being
present in all the 1100°C samples in the XRD spectrum. The film annealed at 1200°C
has a disilicate phase. The samples annealed at 900°C and 1000°C are amorphous. In

other words, the peaks in the PL spectra are due to crystallization, and their precise
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Figure 5-14: Decay rate of Er,Yb, Si,O, vs x annealed at 1000°C (blue data) and
1200°C(red data). The dotted lines serve as guides to the eye.

location is related to which phase exactly is crystallized.

It is also apparent from the picture that the PL decreases for the annealing temper-
ature of 1200°C, while the lifetime keeps increasing. The S-phase clearly has a lower
emission cross-section than the a-phase. The increase of lifetime in this case is not
only due to a decrease in non-radiative decay rate due to the reduction of defects,
but also due to a decrease in radiative decay rate because of a reduction in emission

cross section. The relation between cross section ¢ and radiative lifetime 7;,4 is given

by the relation
/\2

a(v) 9(v) (5.3)

8T Trad

where g(v) is the lineshape function which determines the frequency dependence of

the cross section.
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Figure 5-15: PL spectra of Er;,4Yb, ¢,Si,0, for annealing temperatures.
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Figure 5-16: Integrated PL intensity (blue data, left y-axis) and decay lifetime (red data,

right y-axis) of Er,Yb, Si,O; vs annealing temperature. The dashed lines
are shown to guide the eye.
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5.4 Upconversion coefficient

As discussed in section 2.4.2, the photoluminescence intensity as a function of pump

flux ® is given by Equation 2.14 (reproduced here)

—1—0®7+ \/ 142097 + 4Cy, 7?20 P NE, + 020272

I
PL & 2CypT

(5.4)

By fitting the PL saturation curve with Equation 5.4, we can derive the upconver-
sion coeflicient C,. Figure 5-17 shows the PL saturation curve (blue data) mea-
sured for the film with concentration Erj ,5Yb, 4,Si,O; annealed at 1200°C, fit (green

line) by Equation 5.4. An upconversion coefficient Cy, = 1.50 x 1071¢ cm3s! is

obtained.
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Figure 5-17: PL saturation curve for Erj5Yb, 4,5i,0; (blue data) fit with Equation 5.4
(green line). The red dotted line shows a fit to the linear regime.

126



Figure 5-18 shows the upconversion coefficient measured for the Er, Yb,  Si,O, films
as a function of Er concentration (blue data, the dotted line serves as a guide to
the eye). The figure also includes literature values measured for erbium-yttrium
disilicates Er, Y, Si,O, [52] and the extension of the Er-doped SiO, data by the
dipole-dipole model (see Eq. 2.11, [55-58]) discussed in section 2.4.2. The figure also
includes the upconversion coefficient for the Erg14Yb; §451,0; annealed at different
temperatures. We see that the upconversion coefficient decreases with increasing

annealing temperature.
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Figure 5-18: Upconversion coefficient determined for Er,Yb, Si,O, films annealed
at 1200°C (blue data) as a function of Er concentration and for the
Erg 16Yby 451,07 film as a function of annealing temperature (red data).
The green data are literature values for erbium-yttrium a-disilicate [52].
The dotted lines serve as guides to the eye.

We see that both the magnitude of the upconversion coefficient measured in the

Er,Yb, Si,O, films and the increase with erbium concentration are consistent with
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the upconversion coefficients predicted by the Er:SiO, dipole-dipole model and the
literature values measured for Er, Y, Si,O;. The slightly larger values may be due to
an overestimation of the upconversion coeflicient in our measurement due to possible
energy transfer from Er** to Yb** at 980nm. In the PL saturation model developed
in section 2.4.2, it was assumed that all ions upconverted to the level 419 /o decay
immediately to the 4111 /2 level at 980nm and then back to the first excited state,
leading to a net loss of one excitation during the process of upconversion. If a
fraction of the upconverted ions that end up in the 4I11 /2 level transfer their energy
to the °F, /2 level in Yb** instead of decaying back to the first excited state in Er*t,
this would lead to a net loss of more than one excitations. Since we did not account

for this process in our model, this would appear as a larger upconversion coefficient.
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Figure 5-19: Ratio of excitation cross section o(A = 980)/a(A = 488) for Er, Yb,  Si, O,
(red data), compared to the data for Er,Yb, O; (blue data) as discussed
in section 4.5. The ratios are normalized so that the ratio for pure Er,O4
equals 1. The dotted lines serve as a guide to the eye.
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5.5 Sensitization

In order to investigate semsitization of Er3* by Yb** in Er,Yb, Si,O;, we use the
apply the same technique as discussed for the erbium-ytterbium oxides in section 4.5

and Figure 4-15. The result for the silicates is shown in Figure 5-19.

Again, we observe a monotonic increase of the ratio of excitation cross sections with
increasing ytterbium concentration, showing sensitization of Er3* by Yb3*. The effect

is seems about 25% larger here than for the oxides.

5.6 Conclusion

This chapter investigates the structural and optical properties of Er, Yb, Si,O, thin
films deposited on thermal SiO,. We found that the crystallization temperature of
the silicate thin films lies between 1000°C and 1100°C and we identified the different
silicate phases that crystallize for different erbium-ytterbium concentrations and at
different annealing temperatures. Pure Er,Si,O, was found to crystallize into the
oxyapatite phase Erg 435i50,6. For the other compositions, we distinguish a low and
a high erbium concentration regime. At low erbium concentrations, the a-disilicate
phase crystallizes at 1100°C and the S-disilicate phase crystallizes at 1200°C. At high
erbium concentrations, the a-disilicate crystallizes at both temperatures. These find-

ings are consistent with the literature on bulk rare earth silicates.

We were able to correlate the photoluminescence spectra of the different films to the
phases identified during XRD. The S-disilicate corresponds to a narrow PL spectrum
(FWHW = 28nm) with several peaks apparent even at room temperature. The
a-disilicate and the oxyapatite, like the amorphous silicates, have a broad spectrum
(FWHW = 45nm). This difference can be explained by the fact that there are several
non-equivalent rare earth sites in the a-disilicate and the oxyapatite, whereas the g-
disilicate has only one type of rare earth site. The rare earth ions in different sites

each cause a different spectrum, giving rise to a bandwidth similar to the one for
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amorphous materials.

Concerning the role of ytterbium in Er, Yb, ,Si,O,, we demonstrated the same twofold
role as in the Er, Yb, O, films studied in Chapter 4. Dilution of erbium by ytterbium
decreases concentration quenching effects and ytterbium increases the effective erbium
excitation cross section at A = 980nm. The sensitization effect is of similar magnitude

as the effect observed in Chapter 4.

The upconversion coeflicient Cy;, of Er, Yb, ,Si,O; was determined by fitting the PL
saturation curves as a function of photon flux. C,, increases from 6.00 x 10~!7 cm3s™!
at Ng, = 1.564 x 10%%m™3 t0 1.70 x 10715 cm?®s~! at Ng, = 3.50 x 102'cm ™3, consistent
with the upconversion coeflicients predicted by the Er:SiO, dipole-dipole model and

the literature values measured for Er, Y, Si,O,.
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Chapter 6 |

Pathways to electrical pumping

In the previous chapters we have studied energy transfer from Yb3t to Er*t, where
the rare earth ions were excited optically at A = 488nm or 980nm. Optical excitation
of erbium is the current pumping mechanism in erbium-doped fiber and waveguide
amplifiers, but it requires an additional light source to generate the pump light. An
efficient electrical excitation mechanism could skip this step. In this chapter, we
investigate a potential role of ytterbium in the electrical excitation of erbium by
examining possible energy transfer mechanisms between silicon and ytterbium. In
that case, ytterbium could serve as an intermediate for energy transfer from silicon

to erbium.

Electrical excitation of rare earth ions has been investigated since the first report of
1.54 ym photoluminescence at T = 77K in Er-implanted silicon by Ennen et al. [146)].
Two years after the demonstration of PL, Ennen et al. achieved electrolumines-
cence (EL) at 77K through carrier injection in an Er-doped Si light-emitting diode
(LED) [147]. Around the same time, Haydl et al. demonstrated ytterbium electrolu-
minescence around 1.0 pm in Yb-doped InP [148]. In both cases, the bandgap of the
semiconductor at 77K is slightly larger than the energy difference between the rare
earth ground state and first excited state (1.18eV for Si vs. 0.81eV in Er*t and 1.38eV

for InP vs. 1.27eV in Yb3+), allowing for energy transfer from exciton recombination
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in the semiconductor to the rare earth ions. However, in both cases the luminescence
suffers from strong thermal quenching due to Auger recombination and energy back
flow from the excited rare earth ions to carriers in the semiconductors, resulting in

very weak luminescence at room temperature.

As explained in section 2.5, an efficient electrical excitation mechanism for rare earth
ions at room temperature was achieved by doping the ions in nanocrystalline Si (nc-
Si). Due to the enlarged bandgap of silicon as a result of quantum confinement,
the energy transfer from nc-Si to the rare earth ions is very effective. However, the
silicon nanocrystals still suffer from a low rare earth solubility and cause free carrier

absorption of signal light, which introduces significant propagation losses.

6.1 Proposed energy transfer mechanism

In this chapter, we wish to explore possible energy transfer from single or polycrys-
talline Si to Yb** ions across a Si/Er,Yb,,Si,O, or Si/Er, Yb, O, interface. The
bandgap of crystalline silicon at room temperature (1.12eV) is close to the 1.27¢V
energy gap between the ground and first excited state in Yb3*. This energy differ-
ence of 160meV corresponds to the phonon energy (1100cm~! ~ 136meV) of a Si-O
bond, plus kT at room temperature (26meV), and could therefore be bridged by the
absorption of one single phonon. A schematic of this energy transfer mechanism is

shown in Figure 6-1,

An eventual device design for electrical excitation using energy transfer from Si to
Yb** across an interface could look like the multilayer structure shown in Figure 6-2.
The structure consists of a series of alternating Er, Yb,,Si,O, and Si layers deposited
on Si0,, with two electrodes and a p- and n- region implanted vertically by means of
ion implantation. This design was originally developed by Krzyzanowska et al. [149]
for electrical excitation of Er:Si0,. The multilayer stack avoids the problem of free
carrier absorption in silicon, since it acts as a horizontal multislot structure that

confines the light into the lower-index silicate layers, away from the free carriers in
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Figure 6-1: Schematic of hypothetical energy transfer from Si to Yb.

Si [150]. As opposed to rare earth ions doped directly in silicon, this structure also
benefits from the high erbium concentration in Er, Yb, Si,O,. Furthermore, in the
case of electrical excitation, the lateral p-i-n structure allows easy carrier injection
into the Si layers compared to a vertical structure, i.e. with the electrodes on the top
and bottom of the multilayer stack, where the current density would be limited by

the high resistivity of the silicate layers.

Figure 6-2: Proposed Er,Yb,  Si,0;/Si multilayer structure with a lateral p-i-n configu-
ration, originally from [149].
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To test our hypothesis of energy transfer from Si to Yb*' across an interface, we have
studied the photoluminescence around 980nm of Si/Yb,O; and Si/Yb,Si,O, multi-
layers pumped at A = 532nm. This wavelength is non-resonant with any absorption
bands in Yb%", but is readily absorbed by polycrystalline Si. Any Yb**-related PL
observed around 980nm should therefore be the result of energy transferred from Si

to Yb3+,

6.2 Yb,0,/Si and Yb—Si—O/Si multilayers

We deposited Si/Yb,O; and Si/Yb-—Si—O multilayer stacks with the same total
amount of Si and Yb,O3 or Yb—Si—O, but in pairs of varying layer thickness. Com-
parison of the PL of the different structures allows to investigate energy transfer

across the interfaces. For this analysis we fabricated

1. four different Yb,0O4/Si multilayer stacks, each containing a total of 150nm Si
and 150nm of Yb,Oj: 20 pairs of 7.5nm thick layers, 10 pairs of 15nm thick
layers, 6 pairs of 25nm thick layers and finally 3 pairs of 50nm thick layers.

2. four different Yb—Si—O/Si multilayer stacks, each containing a total of 150nm
Si and 150nm of Yb—Si—O: 30 pairs of 5nm thick layers, 10 pairs of 15nm thick
layers, 6 pairs of 25nm thick layers, 3 pairs of 50nm thick layers.

6.2.1 Structural properties
Yb,0;/Si multilayers

Figure 6-3 shows the XRD patterns of Yb,0,/Si multilayers deposited on quartz and
annealed at 1000°C for 1h in Ar. Each spectrum is offset by an additional 30000
counts. Even though 1000°C is below the crystallization temperature of silicate thin
films (see Chapter 5), the XRD spectra for the 15nm and 7.5nm thick layers exhibit

clear silicate peaks. In contrast, the thicker layers crystallize into the cubic Yb,O4
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oxide phase discussed in Chapter 4. This behavior incidates that crystallization is

facilitated by nucleation sites at the Yb,0,/Si interfaces.

150000 4b——>t—o 0 3.0 .01 ) )
— 3 x50 nm Si-Yb?_O:i
125000 - 6 x 25 nm Si-Yb203
——10x 15 nm Si-Yb203
——20x 7.5nm Si-szo3
100000 - A_
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O
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— o .08
0 ] I ] ] ] ] ] L ] ]

Figure 6-3: XRD patterns Yb,04/Si multilayers on quartz, annealed at 1000°C for 1h in
Ar.

The interaction between the different Yb,04/Si layers resulting in silicate formation,
especially in the case of very thin layers, is problematic if we want to fabricate a
multilayer structure. Therefore, we choose to work with Yb—Si—O/Si multilayers
instead, since chemical reactions between the Si and silicate layers should be less

detrimental than in the case of oxide layers.

Yb-Si—0/Si multilayers

Figure 6-4 shows the XRD patterns of Yb—Si—O/Si multilayers annealed for 1h in Ar
at 1000°C. As a reference, the XRD patterns of a blanket 150nm thick Yb-Si-O film

and of 150nm sputtered silicon annealed in the same conditions are also shown.
Again, comparing the multilayer films with the blanket Yb—Si—O-film annealed under
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Figure 6-4: XRD patterns Yb—Si—O/Si multilayers on quartz, annealed at 1000°C for 1h
in Ar.

the same conditions, it is seen that Yb—Si—O/Si interfaces can act as nucleation
sites for crystallization. It is clear that the strongest crystallization occurs for the
multilayer with 5nm thick layers. The XRD peaks can be matched to the oxyapatite
phase discussed in Chapter 5.

6.2.2 Photoluminescence excited at A\ = 532nm

Figure 6-5 shows Yb—Si—0/Si multilayer PL around 980nm pumped at 532nm. It

is clear that no Yb®" photoluminescence is observed.

The failure to observe any PL may be due to ytterbium concentration quenching.
Indeed, the ytterbium concentration in both the Yb,05/Si and Yb—Si—O/Si multi-
layers is of the order of 10*'cm™. A second experiment to investigate the possibility

of silicon to ytterbium energy transfer is discussed in section 6.3.
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Figure 6-5: Multilayer PL around 980nm. The spectra are offset for clarity.
6.3 Yb,Y, Si,O, thin films

Since we were not able to demonstrate silicon to ytterbium energy transfer with PL
measurements on the Yb,O,/Si and Yb—Si—O/Si multilayers, a second experiment
was designed. To solve the problem of ytterbium concentration quenching due to high
ytterbium concentrations, ytterbium was diluted by co-sputtering ytterbium oxide
with yttrium oxide Y,0;. In order to miminize interfacial interactions between the
sputtered film and the Si or SiO, substrates, we deposited the disilicate Yb, Y, ,Si;O5.
Since there is no stable compound with higher Si concentration than the disilicate,

surface interactions with the Si or SiO, substrates are limited.
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The Yb, Y, ;Si, O, films were deposited simultaneously on three different substrates

1. crystalline Si treated with buffered oxide etch (BOE) before sputtering to re-
move native oxide. The deposition on the Si substrate was done within 1h of

the BOE treatment, to prevent regrowth of the native oxide.
2. Si coated with 3pm of thermal SiO,
3. quartz

Upon excitation with A = 532nm laser light, comparison between the PL around 1pm
should teach us the following. The film on the quartz substrate should exhibit no
photoluminescence, since ytterbium is not able to absorb A = 532nm laser light and
there are no other known excitation mechanisms. Comparison of the PL of the fillm
deposited on Si and the film deposited on thermal SiO, should tell us whether there
is energy transfer between silicon and ytterbium and whether this is a short range
interaction (at the interface) or a long range interaction (for example due to photon

emission from Si and subsequent absorption by Yb).

6.3.1 Structural properties

Figure 6-6 shows the XRD spectra for the Yb, Y, Si;O; thin films on the three
different substrates, annealed for 30min at 1200°C in O,. The broad peak centered at
20 = 22° is due to amorphous SiO, from either the thermal or quartz substrate. As
expected, the amorphous peak is completely absent in the case of the Si substrate,

and it is larger for the quartz substrate than for the substrate with 3 pm thermal

SiO0,.

The XRD peaks of the film on quartz can all be matched to the anorthic a-Y,Si, O,
phase (pdf 04-016-5897). For the films deposited on Si and thermal SiO,, a mix-
ture between a-Y,Si,O;, B-Y,Si,0, (pdf 04-012-4410) and oxyapatite is found. It
is unclear why the phase structure of the two films on quartz and thermal SiO, is

different.
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Figure 6-6: The XRD spectrum from Yb,Y, Si;,O; on quartz annealed for 30min at
1200°C in O, matches with a-Y,Si, O, (pdf 04-011-2465). The films deposited
on Si and SiO, show peaks matching 3-Y,Si,0, (pdf 04-012-4410).

6.3.2 Photoluminescence excited at A = 532nm

Two different PL spectra are present in the films annealed at 1200°C. In the films on
Si and SiO,, both spectra appear, whereas on the film on quartz, only one spectrum
is present. This can be correlated to the existence of only one phase (the a disilicate)
in the film deposited on quartz, whereas multiple phases are present in the films

deposited on Si and SiO,.

Figure 6-7 shows three different PL spectra. First of all, we notice a difference in
background between the Si and SiO, substrates and quartz. The onset around 900nm

is due to silicon bandgap PL from the substrate. The decrease beyond A = 1000nm is
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due to detector sensitivity of the silicon CCD detector. The same spectra are present
on the thermal SiO, substrate. Spectrum 1 is very narrow peak around 973.4nm
(FWHM = 1.6nm) with a smaller shoulder around 977.3nm. Spectrum 2 shows two
broader peaks at 962.9nm and 974.6nm.
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Figure 6-7: Room temperature PL excited at A = 532nm from Yb,Y,  Si;O thin films
deposited on silicon and quartz substrates.

Secondly, the fact that there is PL at all for the film deposited on quartz is remarkable
since there is no known excitation mechanism for ytterbium at this wavelength. The
photoluminescence around 1pm of the Yb, Y, Si,O; thin films deposited on quartz
must occur through indirect excitation of Yb3t at A = 532nm through a currently
unidentified mechanism. Similar PL intensities are measured for the YbyY2_y8i207
thin films deposited on silicon and deposited on quartz, indicating no additional
energy transfer from crystalline silicon to the Yb, Y, Si;O; thin film across the in-

terface.
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6.4 Conclusion

Two different experiments were performed to investigate the possibility of energy
transfer from silicon to ytterbium across an interface. First of all, Yb,03/Si and
Yb—Si—0/Si multilayers were deposited with varying layer thicknesses, to investigate
the influence of the interface between Si and ytterbium compounds. It was found
that the interfaces drive crystallization by increasing nucleation sites, but no PL was

observed.

Secondly, Yb, Y,  Si,O, thin films were deposited on quartz, silicon and thermal SiO,
in order to compare the influence of possible energy transfer from the crystalline sil-
icon substrate. Similar PL intensities were observed for the Yb, Y,  Si;O; thin films
deposited on silicon and deposited on quartz, indicating photoluminescence of ytter-
bium excited by an unidentified mechanism, but showing no additional energy transfer

from crystalline silicon to the Yb Y,  Si,O; thin film across the interface.
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Chapter 7

Engineering gain in erbium-

ytterbium-yttrium disilicates

In Chapters 4 and 5, we demonstrated the twofold role of Yb** in erbium-ytterbium
oxides and silicates. Firstly, dilution of erbium by ytterbium reduces concentration
quenching effects such as energy migration and upconversion, thereby increasing lu-
minescence quantum efficiency. Secondly, because of its large absorption cross section
and its resonance with erbium at A = 980nm, Yb3* increases the effective excitation
cross section of Er¥t for optical pumping at A = 980nm. From the perspective of
an amplifier, an increased luminescence quantum efficiency will increase the level of
population inversion and therefore the magnitude of the gain coefficient v at a given
pump power. An increased excitation cross section will decrease the inversion thresh-
old, i.e. the pump power where the population of the Er3* first excited state exceeds
the population of the ground level. This twofold effect makes erbium-ytterbium oxides

and disilicates excellent candidates for an on-chip amplifier.

In this chapter, we apply our knowledge about the role of ytterbium to engineer a
waveguide amplifier. Using the rate equations and propagation equations discussed
in sections 7.1 and 7.3, we model a single-mode waveguide with a co-propagating

pump at A =980nm and signal at A =1540nm, as depicted in Figure 7-1. For the gain
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medium we use Er,Yb,Y
third rare earth element besides erbium (Er**) and ytterbium (Yb®"). As discussed
in Chapter 2, yttrium has no 4f electrons and therefore has no energy levels in the
visible or infrared. As opposed to ytterbium, it acts as a pure dilutant and does not

absorb or transfer 980nm photons. Adding yttrium allows to vary the Er** and YB3t

2-x-y

concentrations independently.

pump at
A =980nm

input signal at
A =1540nm

Figure 7-1: Er,Yb,Y

2-x-y

Si, O, waveguide amplifier with co-propagating pump and signal.

Er,Yb,Y,,,Si,0; gain medium

=)

— — - >
0 position along waveguide L

7.1 Rate equation model

Siy0y, in other words, we include yttrium (Y*) as a

amplified
signalatA =
1540nm

Figure 7-2 shows the energy levels of Er** and Yb*" and their interactions.
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Figure 7-2: Energy level diagram of Er3* and Yb®* used in the rate equation model.
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Ytterbium has only two energy levels in the energy range of interest: the ground
level and the first excited level at 980nm. We write the populations as IV, and N,
respectively. In erbium, we only consider the ground state (population Np) and the
levels at 1550nm, 980nm and 488nm (populations N;, N, and N3, respectively). The
other levels decay very quickly (rates > 10° s!) through either radiative ‘or non-

radiative relaxation and are not relevant for our model [49].

The decay rate of a particular level i) is given by W;. This rate includes decay by
spontaneous emission and non-radiative transitions by phonon decay. Given its single

exponential decay, we can also include decay by energy migration in W;.

Energy transfer between ytterbium and erbium was described in detail in section
2.4.3. The energy transfer rates are of the type Cy NyN,, where (. is the energy
transfer coefficient in cm®.s™, N, is the population of the level giving its energy away
and N, is the population of the level receiving the energy. For example, the rate for
the resonant energy transfer from Yb*' to Er*t at 980nm is given by —dNy/dt =
dNy/dt = CypNpNp, where Cy is the transfer coefficient. Analogously, the rate of
backtransfer is dNy/dt = —dNs/dt = Cy,NaN,. Ytterbium can also transfer its
energy to the 4111 /2 level of erbium exciting it to the 4F7 /2 level at 488nm. The rate

of this transfer process would then be Cipa NpNa.

Upconversion can be modeled by a similar term as energy transfer. After all,
upconversion is an energy transfer process between to erbium ions in the same state
|#). The rate of upconversion is dN;/dt = —2C;N?, where Cj; is the upconversion

coefficient in cm3.s71.

In the upconversion process, two Er ions in state |i) will
combine their energy, exciting one Er®* ion to state |k) (where |k) has twice the
energy of |i)) and one Er** ion to the ground state. This causes a term +C13N? in

the rate equations for level |k) and for the ground state.

Absorption and stimulated emission: the transition rate from an initial state |4}
to a final state |k} by absorption of a photon of wavelength X is given by o ®\N;,

2

where o;; is the absorption cross section in cm™. The rate of the reverse process,

stimulated emission, is given by o;®, N, where oy; is the emission cross section.
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The population of each level in Er®* and Yb%* at given photon fluxes at 980nm and

1550nm can now be calculated by means of the rate equations

N
dt
dN;
dt
dN,
dt

dN3

dt
Nyy

NEr

(GabNa — 05 Np) Pogo — WelNy, — CooNpNp + Coq Ny Ny — Chpa Ny N, (7.1)
(001 No — 010N1) P1ss0 — 012P1550 N1 + Way No — Wi Ny — 20, N7 (7.2)

002Pos0No — 020Pos0 N2 + 012P1550 N1 — 023Pog0 N2 — Wao N2
+C1y N — 2Cp N2 (upconversion)
+Cpo Ny Ny — Caa Ny Ny — Cia Ny Ny (transfer Yb** & Er*t) (7.3)

023Pes0 N2 — W3 N3 + C2o N3 + CpoNu N, (7.4)
N+ N, (7.5)
No+ N1+ N2+ N3 (7.6)

where ®ggp and Py550 are the flux densities (in photons/cm?.s) at 980nm and 1550nm,

respectively, which include both pump, signal and amplified spontaneous emission

from Er and Yb.

The choice of parameters is discussed in the next section.

Numerical Solution After substitution of Eq.7.5 and 7.6 into Eq.7.1-7.4, we obtain

a system of 4 ordinary differential equations which can be solved numerically using

the Runge-Kutta method. We found that the standard Matlab Runge-Kutta solver

ode45 is rather slow since the system is stiff, i.e. the step size needs to be chosen

very small lest the numerical solution become unstable. Therefore we used Matlab

function ode15s, which is the solver for a stiff system of equations. We found that

odel1bs can solve the system of rate equations up to 2.5 times faster than ode45,

while maintaining good accuracy.
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7.2 Choice of parameters for the model

Decay rates W;

W1 has three different contributions: radiative decay through spontaneous emission
of a photon at A = 1.5nm, non-radiative decay through the emission of one or more
phonons, and energy migration to quenching centers. Measurement of the decay rate
W, including all these effects was discussed in section 5.3.3. We use the data reported

in Figure 5-14.

As discussed in Chapter 2, the decay (with rate Wa;) from the 980nm level in Erdt
to the first excited state occurs through the emission by multiple phonons. For the
4111 2 4113 /2 transition in silicates we saw that Wa; = 10° s~1. Given the very fast
multiphonon decay to the first excited state, we can safely assume that the branching

ratio is 100% in favor of the transition to the 4113 /2 level (W = Wa).

In the absence of concentration quenching, different values for the Yb3+

decay rate
W, have been reported in literature [151], {152]. We choose a lifetime of 1.5ms. For
the concentration quenching contribution, there are no values available in literature.
However, we can approximate the concentration quenching distribution for Yb3t by

the contribution for Er¥* at the equivalent concentration.

According to Figure 2-7, Wj is about 10% s™1. The branching ratio to the ground state
is not known accurately for silicates, but since population N3 will generally be low,

knowledge of the exact rate and branching ratio is not crucial for our model.

Energy transfer coefficients Cy, C2, and Cj;

As discussed in section 2.4.3, energy transfer from Yb%*" to Er** can be modeled with
a similar expression as energy migration to a quenching center. In this analogy, Er*t
ions can be regarded as quenching centers for the excitations in Yb3t. According to

Equation 2.17, the energy transfer rate Cho (in cm3.s™!) is therefore proportional to
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the ytterbium concentration Ny,

dNy

— = —CooNeNer = —(CioNyn) Ny Ng, (7.7)

The proportionality constant was recently determined to be Cj, = 3.0 x 10~*cm®.s~*

[153]. We assume that the rate constant Ciy = Cio.

The rate for backtransfer Cj, can now be determined using the known rate for forward
transfer and the measured increase in effective excitation cross section shown in Figure
5-19. The result is shown in Figure 7-3. We find that the backtransfer coefficient can

also be written as Ca, = (C},Ng,), where Cj, = 8.89 x 10738cm®.s71 .

Upconversion coefficients C;; and Cop

The upconversion coefficient C;; was determined in section 5.4. Since the interaction
between the 4111 /2 levels in two neighboring Er** ions is of the same dipole-dipole

type as the interactions between two 4113 /2 levels, we can assume Coy = C1;.
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Figure 7-3: Backtransfer coeflicient for Er, Yb, Si,O,.
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Amplified spontaneous emission linewidth Av at 980nm and at 1550nm

Since we found in Chapter 5 that the a-disilicate phase has the best light emission
properties, we choose the linewidths measured for this phase in our model. For the
spontaneous emission linewidth at A = 1550nm, we found in section 5.3.1 that AX;sso
= 47nm and for the linewidth at A =980nm we found in secion 6.3.2 that Alggy =

1.6nm. The linewidth Av in Hz can now be calculated as

C
Ay = AN (7.8)

We find Avyss0 = 5.868 x 10'2 Hz and Avggy = 0.500 x 102 Hz.

Absorption and emission cross sections o and oy;

There are many different values for the absorption and emission cross sections of Erd*
and Yb**, but these are relatively independent of the host material. We choose the
values used by Strohhéfer et al. for Er**-Yb*t co-doped Al,O; [67]. The different

values are shown in Table 7.3.
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Table 7.1: Parameters for Er, Yb,Y

Si,0, rate equation model

2-x-y
Parameter Symbol Value
Total rare earth concentration Nrg  1.40 x 102 ¢m™3
Ngr + Ny, + Ny
Decay rate of Er** level 4113 /2 W, see Figure 5-14
Decay rate of Er3* level 2111 /2 Wa 10°% g1
Decay rate of Er3* level S, /2 W3 105 571
Decay rate of Yb** level °F, /o W, see text, p.147
Transition rate of Er¥* [ | /2—>4113 /2 Woy 10°% s~1
Signal absorption cross section oo 5.7 x 1072 ¢cm?
Signal emission cross section O10 5.7 x 1072 c¢m?
Yb3+ absorption cross section at 980nm Tab 1.2 x 10720 ¢m?
Yb3*+ emission cross section at 980nm Tba 1.2 x 10720 cm?
Er3* absorption cross section at 980nm 002 1.7 x 102 cm?
Er®t emission cross section at 980nm 0% 1.7 x 10~ cm?
Er3* ESA absorption cross section at 1550nm 012 1 x 1072 cm?
Er3* ESA absorption cross section at 980nm Oa3 0 x 1072 cm?
Energy transfer coefficient Yb3+ — Er3t Cro see text, p.147
2 4 2 4
Fejot L5 Frppt iy
Energy transfer coefficient Er3t — Yb3t Caa see text, p.147
2 4 2 4
Frjot o= Fyppt 150
Energy transfer coefficient Yb3* — Er3+ Che see text, p.147
2 4 2 4
Fy /ot 10> Frp ot Fag
Cooperative upconversion coefficient Cu see Figure 5-18
4 4 4 4
Ligjat Tig/0 = Lis ot 1o
Cooperative upconversion coefficient Co2 see Figure 5-18
4 4 4 4
Liyjot e st Frp
Waveguide loss coefficient at A\, = 1550nm Q1550 0cm™
Waveguide loss coefficient at A, = 980nm Olo80 0cm™?
Spontaneous emission width at 980nm Avggy  0.500 x 10'? Hz
Spontaneous emission width at 1550nm Avissp 5.868 x 1012 Hz
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7.3 Propagation equations

Propagation of pump and signal in the waveguide are described by

W = B@BE) - apPy() (79)
dP;

" = vs(2)Ps(2) — asPs(2) (7.10)
dP; + +
- = +7:e(2) PE(2) £ 2hvAvyse(2) F a5 Pio(2) (7.11)

where the gain coefficient v is defined as

1p(2) = // Yo (08 No — TapNo + 020 N2 — 002 Ng) dzdy (7.12)
A

Ys(2) = / /A ¥s(010N1 — 001 Np) dzdy (7.13)

In the above equations, ¥,(z,y) and ¥,(z,y) are the normalized pump and sig-
nal intensities respectively, which can be calculated with a mode solver such as
FIMMWAVE (see section 7.5). All level populations N; are functions of (z,y,z)

and the integrals are evaluated across the Er,Yb Y, Si,O, waveguide core. The

2-x-y
form of the noise term 2hrAv associated with spontaneous emission in Equation 7.11

is discussed in section 7.4.

Waveguide losses such as scattering are incorporated in the loss coefficient o, which
depends on the specific design and fabrication conditions and is constant along the

length of the waveguide. Net gain is achieved when

G= /L v(2)dz > aL (7.14)

However, the exact value of a does not affect the results of this model. Therefore

we will choose a5 = @, = 0 ecm™.

The coefficients v, and a, in the propagation
equation for amplified spontaneous emission can be chosen equal to the coefficients v

and «a at their respective wavelengths (1550nm or 980nm).
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Implementation

The propagation equations can be discretized by applying the Taylor expansion

Pz +dz) = P(2) + -‘f-g(z)dz + O(d=2) (7.15)

Substitution of dP/dz by equations 7.9-7.11 gives us
P(z+dz) = P(z) + dz(v(2)P(2) — aP(2)) + O(d2?) (7.16)
or in terms of indices in an array
P(k +1) = P(k) + dz(v(k)P(k) — aP(k)) (7.17)
Note that the error due to discretization is of the order of dz? and can be made

arbitrarily small by reducing the step size dz.

The solution is obtained iteratively by moving back and forth throughout the waveg-
uide until a stable solution is reached. We use the boundary conditions P;(0) = 0,

Ps;(L) = O, PP(O) = PpO and PS(O) = PsO-

The forward and backward propagation equations for amplified spontaneous emission

(ASE) become

PE(k £ 1) = PE(k) & dz( & v (k) PE(k) £ 2hvAvyee(k) F e PE(K))  (7.18)

Overlap Integral Approximation

To evaluate the integrals in expressions 7.12 and 7.13, we need to know the mode
intensities ¥s(z, y) and ¥,(x, y) at each point across the waveguide core, as well as the
populations N;(z,y) at each position, which in turn depend on the mode intensities
through the rate equations. In other words, at each point z along the waveguide

length, we need to solve the rate equations n, x n, times, where n, and n, are the
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number of discretization steps in the z and y directions. For a step size of 50nm in a
500x 500nm? waveguide, this would be 100 times. This can be a very time-consuming

calculation.

Fortunately, the problem is significantly simplified if we assume that the populations

N; are uniform across the waveguide core. Then, the integrals become

’YP(Z) = (UbaNb - UabNa + 0’20N2 - O’ogNo)Fp (719)
75(2) = (010N — 001 No)T's (7.20)
7se(z) = o0190N1Tse (721)

where ') ; s is the so-called overlap integral or confinement factor.
Fp,s,se = // 1//'p,s,se($; y)d:vdy (722)
A

The pump and signal fluxes can now be calculated as

Ty (P + Pyt os0 + Picgso)

(I)ggo = A (723)
core
Uy (Ps + Py 1550 + Pre
@1550 - 14 ( s/i1550 E ,1550) (724)
core

It has been shown that this so-called overlap integral approximation is accurate for
erbium-doped fiber amplifiers if the integration is done across the region containing

erbium [49].

Using the symmetric square waveguide design described in section 7.5, we can ap-
proximate the modes in a cylindrical fiber amplifier and use the overlap integral
approximation accurately. The benefit of using the approximation is obvious: the
most time-consuming part of the calculation is the solution of the rate equations.
The number of these calculations can typically be decreased by two orders of magni-

tude.
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7.4 Amplified spontaneous emission

Spontaneous emission from erbium ions in a waveguide amplifier can be coupled into
the guided modes and will be amplifed just like the signal. The spontaneous emission
will be coupled into both forward and backward propagating modes and amplified in

both directions.

Amplified spontaneous emission (ASE) must be considered in waveguide amplifiers as
it has two detrimental effects. Since spontaneous emission is not part of the signal, but
occupies the same wavelength range, forward ASE will be a significant source of noise
at the amplifier output. In addition, ASE will depopulate the erbium first excited
level 4113 /2 through stimulated emission, hence decreasing population inversion and
thus amplifier gain. Backward propagating ASE diminishes gain to an even greater
extent. It is strongest at the input of the waveguide, where the pump is also strongest

and therefore most of the gain occurs.

In a typical erbium-doped waveguide amplifier, ASE will only occur at the signal
wavelength A, = 1.5pm. In materials containing ytterbium, the ytterbium excited
state 2F5 /2 can emit 980nm photons, which can then be amplified by stimulated
emission between the ytterbium 2F5 /2 and %F 772 levels. ASE at the waveguide output
would not affect the noise figure since it is outside of the signal wavelength range,
but it can depopulate the ytterbium 2F5 /2 level and thus make pumping more in-
efficient. Amplified spontaneous emission at 980nm can therefore not a prior:i be
disregarded. In the model we use, we will compare amplifier gain with and without

980nm ASE.

Equivalent noise power

In order to include ASE in our model, we need to find an expression for the power
corresponding to the spontaneous emission, called the equivalent noise power. P.C.
Becker et al. [49] derive the expression from the following simple consideration: ac-

cording to the quantum electrodynamical description of photon emission from an
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excited state, the rate of spontaneous emission into a given mode is equal to the rate
of stimulated emission into that mode with one single photon already present in the

mode.

Assuming a mode with length L, the power associated with a photon propagating
in this mode will be equal to hrve/L. Multiplying this power with the number of
modes 2LAv/c within a certain bandwidth Av, we get for the total noise power in
one direction

Pssg = hvAv (7.25)

In the case of a fiber or a square waveguide with symmetric cladding, there will be
two degenerate TE/TM modes and we have to mulitply the power in Equation 7.25

with a factor 2.

In our model, we will consider only one frequency slot Av equal to the FWHM of our
photoluminescence spectrum. A more accurate noise figure at a certain wavelength

can be obtained by using a set of smaller frequency slots.

7.5 Waveguide design

As a waveguide design, we choose a square, single-mode Er,Yb, Yb, 5i,0; waveg-
uide core with a symmetric cladding of SiO,. As discussed before, this design allows us
to use the overlap integral approximation. Furthermore, since the optimum erbium-
ytterbium-yttrium concentration is independent of the exact waveguide design, the
results in this chapter will remain valid for more complicated waveguide geometries.
A waveguide cross section is shown in Figure 7-4(a), with the modes at A = 980nm

and A = 1550nm calculated using the mode-solver FIMMWAVE.
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Figure 7-4: 700x700nm? square waveguide with Er,Yb, Y, ,Si,0; (n = 1.73) core and
Si0, (n = 1.45) cladding. The waveguide is single mode for both 1550nm and
980nm, with degenerate TE/TM modes. The confinement factor I, effective
index neg and effective mode area Aeg for each wavelength are in the captions
of the individual figures.

Waveguide dimensions

When choosing the dimensions of the square waveguide, we need to optimize both
the signal confinement factor I'y and the pump flux ®, for a given pump power.
The pump flux will be proportional to the confinement factor divided by the area
of the core. Since the confinement factor will decrease with a decreasing core area,
it is not immediately clear which dimension will be optimal. For optimal amplifier
performance, we should therefore maximize the figure of merit

LT,
A

FOM = &,T, = (7.26)

This figure of merit is shown in Figure 7-5. For dimensions larger than 700 x 700
nm?, the waveguide becomes multimode at A = 980nm. It is clear that the figure of

merit in Equation 7.26 is maximized for waveguide dimensions of 700x700nm?.
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Figure 7-5: Waveguide design figure of merit (Eq. 7.26). For dimensions larger than 700
x 700 nm?, the waveguide becomes multimode at A = 980nm.

7.6 Results and Discussion

In Chapters 4 and 5, it was shown that the effective erbium excitation cross sec-
tion increases monotonically with ytterbium concentration, suggesting that for a low-
threshold EDWA the ytterbium concentration should be as high as possible. However,
concentration quenching in Yb*t and backtransfer from Er** to Yb®* will reduce the
quantum efficiency for sensitization at high ytterbium concentrations. This is dis-

cussed in sections 7.6.1 and 7.6.2.

Furthermore, high ytterbium concentrations will cause very strong absorption of the
980nm pump light along the length of the amplifier, until the 980nm pump intensity
eventually falls below the erbium inversion threshold. Indeed, the high absorption
cross section at A = 980nm that makes Yb3* such a good sensitizer for Er®* will at the
same time cause very short absorption lengths for the pump power. Given that the low
Er*t concentrations required to achieve low Er®* concentration quenching can only
provide a moderate gain coeflicient, the pump power at high ytterbium concentrations

might be completely absorbed before a reasonable gain can be attained.

In other words, for increasing Yb3* concentrations, there will be a trade-off be-
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tween sensitization of Er** on the one hand and decreasing pump efficiency and
increased pump absorption on the other hand. It is therefore necessary to dilute
both the Er®*t and the Yb%* concentrations independently with Y3* ions. The opti-
mal Er, Yb, Y, Si,0, composition and the maximum gain that can be achieved are

determined in section 7.6.4 using the full rate equation model developed above.

7.6.1 Branching ratio of the Yb**— Er®t energy transfer

The first excited state 2F5 /2 in Yb*' can decay in two different ways: the energy
can be transferred resonantly to Er®* or, alternatively, Yb** can lose its excitation
without energy transfer to Er®*, for example via spontaneous emission or via energy
migration to a quenching center. With the rate for the latter process equal to W
and the rate for energy transfer to Er** equal to CyNy (see Eq. 7.7), we can define

a quantum efficiency nypg: for the Yb®* — Er®* energy transfer

C’bO N, Er

N —_ 7.27
CwoNE: + W, (7.27)

TYbEr

where we assume that all Er is in the ground state and therefore Ny &~ Ng, (this
assumption will overestimate the quantum efficiency at higher pump powers). A
quantum efficiency nype: = 1 implies that all excited Yb3" transfers its energy to

Er*t; nype: = 0 implies that no energy is transferred from Yb*t to Er®t.

Figure 7-6 shows the two competing decay rates W, (blue) and CioNg; (red) for the
case of Erg10Yb, Y g0,5i,0;. Note that the erbium concentration is constant (xEr
= 0.10) in this alloy system and Yb*" ions subsitute Y3* ions as we go from left to

right on the x-axis.

The figure shows that both decay rates increase with increasing ytterbium concen-
tration, but the rate for energy migration increases faster than the rate for energy
transfer to erbium. As a consequence, the quantum efficiency 7ypgr decreases from

48.36% at Nyp, = 4.2 x 10cm™3 to 20.67% at Nyp = 1.4 x 1022cm 3.
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Figure 7-6: Rate of energy transfer from Yb3t to Er®* (red line) vs. rate of Yb3*
decay through energy migration or spontaneous emission (blue line) for
Erg 19 Yby Y 99., 51,07

7.6.2 Branching ratio of the I, , —*I transition

11/2 13/2

After energy transfer from Yb®* to Er’*, the erbium I, ,, level at 980nm decays
very fast (W = 10%s7, see Fig. 2-7) to the 4I13 /2 level at 1550nm. This decay is so
fast that in most Er**-Yb* -doped materials, energy backtransfer from Er®* to Yb**
is completely ignored. Indeed, at low erbium and ytterbium concentrations, the rate

1

of backtransfer is negligible compared to Wa; = 10° s~!. However, as discussed in

section 7.2 and shown in Figure 7-3, we observe significant backtransfer at the erbium

and ytterbium concentrations in erbium-ytterbium silicates.

Again, we can define a quantum efficiency 7o

Wa

= 7.28
i Wai + Caa Ny, (7

where 72; — 1 if there is no backtransfer and 72; — 0 is all energy is transferred back
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from Er*t to Yb3*. The rate W, and the rate for energy backtransfer as a function

of ytterbium concentration in Ery,,Yb, Y, go.,Si,O; (fixed erbium concentration) are

shown in Figure 7-7.

1500
Erp10Y1909,07; € > Erg10Ybi.065L07
constant xEr = 0.10
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g —Er 980nm -> 1550nm transition
S~
% —Er to Yb backtransfer
w
o
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Figure 7-7: Rate of energy backtransfer from Er** to Yb3* (red line) vs. rate Wa of

4 4
Lo Lz

transition in Er** (blue line) for Erj19YbyY; o, SisOy.

In this case, the rate of energy backtransfer increases with increasing ytterbium

concentration (as expected), whereas the rate Ws; stays constant.

quence, the quantum efficiency 72

Ny, = 1.4 x 10%2cm™3.

As a conse-

decreases from 100% at low Ny, to only 8.28% at
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7.6.3 Inversion threshold of Er,Yb, Y,  Si,O,

Figures 7-8 and 7-9 show the population inversion Ny — Np (in cm™?) vs. 980nm pump
flux (in mW/pm?) for different compositions (i.e. yYb) of Ero5Yb, Y g5 ,Si,07 and
Erg10Yb, Y g9.,5i,07, respectively. The results are calculated using the rate equation
model from section 7.1 using the parameters described in section 7.2. Any silicates

with xEr > 0.10 could not be pumped to inversion.

20 Er. _YbY Si, 0

005" Py ¥ 1.85-y 27

x 10
2-

Er0.05Yb1.95Y0.00
Er0.05Yb1.70Y0.25
Er0.05Yb1.40Y0.55
- Er0.05Yb1.00Y0.95
Er0.05Yb0.70Y1.25
Er0.05Yb0.40Y1.55
_15} Er0.05Yb0.00Y1.95

'_2 L 1 1 J
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980nm pump flux (MW/um?)

Figure 7-8: Population inversion vs. 980nm pump flux for xEr = 0.05 with Cla = 3%
10~39¢mS.s~! and Ch, = 8.89 x 10~38cm®.s71.

It is seen that for the case xEr = 0.05 (Fig. 7-8), the inversion threshold (pump
flux at which AN = 0) generally decreases with increasing ytterbium concentra-
tion. This is consistent with the idea that sensitization by ytterbium lowers the
erbium inversion threshold. However, unexpectedly, the inversion threshold for pure
erbium-yttrium disilicate Erg5Y; ¢551,0; lies between the inversion thresholds of
Erg 05 YD 00 Y0.9551207 and Erg g5Ybg 70 Y, 2551,07. In addition, for the case xEr = 0.10
(Fig. 7-9), the inversion threshold for pure erbium-yttrium disilicate Erg g5 551,07

is lower than any disilicate containing ytterbium.
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Figure 7-9: Population inversion vs. 980nm pump flux for xEr = 0.10 with C}; = 3 x
10~39cmb.s~! and C}, = 8.89 x 10~ 3¥cm®.s71.

These observations suggest that the magnitude of the backtransfer coefficient C5, =
8.89 x 10~38¥¢m®.s~! used in our model, which is almost 30 times larger than the for-

! causes ytterbium to have a

ward energy transfer coefficient Cjy = 3 x 107*cm®.s~
detrimental effect on amplifier performance. The reason for this unrealistic behav-
ior is that the values for forward energy transfer reported in literature are obtained
assuming that backtransfer can be neglected. However, as discussed above, at high
erbium and ytterbium concentrations, backtransfer can significantly reduce sensiti-

zation quantum efficiency. As a consequence, the values for forward energy transfer

reported in literature are really net energy transfer coefficients.

To test this hypothesis, we repeated the calculations with the same values for forward

6 1

and backward energy transfer: Cj, = Cj, = 8.89 x 10738c¢m®.s~!. The results are
shown in Figures 7-10 and 7-11. In this case, we clearly see a monotonic decrease in
inversion threshold with increasing ytterbium concentration. In what follows, we will

use Cpy = Ch, = 8.89 x 10738cm® s~ for the amplifier gain medium design.
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Figure 7-10: Population inversion vs. 980nm pump flux for x(Er) = 0.05 with C}y =
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Figure 7-11: Population inversion vs. 980nm pump flux for x(Er) = 0.10 with Cj, =
C, = 8.89 x 10738¢mb 51
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7.6.4 3dB Eerbsz_x_ySi207 waveguide amplifier

Using the rate and propagation equation model discussed in sections 7.1-7.3, we can

now model the gain in a Er, Yb Y, . Si,O; waveguide amplifier. As a case study, we

x-y
design a 3dB waveguide amplifier, which is used in a photonic circuit to amplify a
signal back to its original strength after a 50/50 split. For the design we optimize the
figure of merit

3dB

FOM = oo (7.29)

2

where A is the total amplifier areal footprint in mm* and Py is the input 980nm

pump power in mW.

The highest FOM is obtained for a Erj g5 Ybg 290 Y 177551207 gain medium pumped

at A = 980nm with a pump flux of 5mW/um?, corresponding to a pump power of

2.95mW for our 700 x 700 nm? waveguide cross section and confinement factor of

83.11%. A gain coefficient of 1.5dB/cm is achieved. Assuming a propagation loss of

0.5dB/cm, this implies a net gain coefficient of 1.0dB/cm or a 3dB amplifier length

of 3cm. According to Saini et al. [71], using a coil design for the EDWA, the disilicate
2

refractive index of n = 1.73 allows to fit a 3cm length into an area 3.6mm* area,

resulting in a figure of merit

3dB

FOM =
© 2.95mW - 3.6mm?

(7.30)

A considerably higher figure of merit can be achieved if the upconversion coefficient
can be reduced by an improved fabrication process. Assuming a reduction by a factor
of 10, the optimum composition becomes Er 475 Yby 500 Y1.72551,07, providing a net
gain coeflicient of 3.5dB/cm for a pump power of 2.95mW. This corresponds to a
12.2-fold increase in figure of merit compared to the case with high upconversion. A
comparison with FOMs calculated from different literature reports is shown in Table
7.2. It is seen that even without further optimization of the upconversion coeffi-
cient, the Erg g5 YDg o00Y1.77591,07 gain medium already outperforms other EDWA

materials reported in literature by 35%.
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Table 7.2: EDWA figure of merit for Ef0.025Yb0.2Y1.775Si2O7 compared to other EDWA
materials reported in literature.

Net gain  3dB  refractive 3dB  Pump FOM
Material coefficient length index n area  power ( 1
(dB/cm)  (cm) (mm?) (mW) ‘\meZmW

)

Erg 675 Ybg 2 Y+ 7255107 3.5 0857 174 0225 2.95 1.15
(Cup x 1/10)

Erg 025 Ybg.2 Y1.77551,07 1.0 3.000 1.74 3.6 2.95 9.40e-2
(measured Cyp)

Phosphate glass 13.7 0.219 1.55 0.096 150 6.95e-2

Phosphate glass 4.1 0.732 1.55 1.07 21 4.45e-2

Soda-lime silicate glass 4.2 0.714 1.52 1.02 120 8.17e-3

Bi, O, 2.38 1.304 2.03 0.17 1050 5.60e-3

Al,O4 0.58 5.172 1.65 214 9 5.20e-3

Al,O4 2.0 1.500 1.65 1.80 80 2.78e-3

7.7 Conclusion

In this chapter, we developed a rate equation and propagation equation model that

allows to optimize a Er,Yb,Y,, Si,0; gain medium.

By matching the results of the rate equation model to our sensitization data from
Chapter 5, we found that energy backtransfer from Er** to Yb** plays an important
role. The backtransfer rate coefficient was determined to be 8.89 x 1073%cmS.s™1.
This is a factor 30 larger than the forward energy transfer rate coefficients reported in
literature [153]. However, these literature values may underestimate the real forward
energy transfer coefficient, since they are obtained from measurements of the net

energy transfer rate (i.e. forward minus backward).

At high Yb3' concentrations, there is be a trade-off between sensitization of Er*t
on the one hand and decreasing pump efficiency and increased pump absorption
on the other hand. Therefore, we need to be able to dilute both the Er** and
Yb3* concentrations simultaneously by diluting with Y3*. In order to determine the
optimal Er,Yb Y, Si,0; composition and the maximum gain of a real amplifier,

we use the full rate and propagation equation model developed.
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We conclude that ErggysYbg000Y7.77551,07 is the best candidate for a 3dB waveg-
uide amplifier, providing a gain coefficient of 1.5dB/cm pumped at 2.95mW. This
corresponds to a record EDWA figure of merit 3dB gain/(device area - pump power)
compared to literature reports of other materials for EDWAs. Assuming a further
reduction of the upconversion coefficient by an order of magnitude due to improved

fabrication techniques, this figure of merit can increase by a factor 12.2.
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Chapter 8

Summary and future work

8.1 Summary

In this thesis, erbium-ytterbium oxides (Er, Yb,_,O5) and silicates (Er, Yb, ,SiO; and
Er, Yb,  Si,O;) were investigated as novel materials systems for compact, high-gain
and low-threshold erbium-doped waveguide amplifiers. The high refractive index
and high erbium solubility make these materials great candidates for EDWA core

materials.

Intense and broadband photoluminescence around 1.54pm was measured both in rare
earth oxides and silicates. A dramatic increase in both PL intensity and lifetime was
observed with annealing temperature in both Er,Yb, O3 and Er, Yb, Si,O, alloys,

related to a reduction of the non-radiative decay to lattice defects.

The role of ytterbium in Er, Yb, O3 and Er, Yb, Si,O, is twofold. Firstly, just
like yttrium in erbium-yttrium compounds, ytterbium increases the luminescence
quantum efficiency by decreasing parasitic concentration quenching effects. In fact,
the behavior of Yb*' as a dilutant observed in Er, Yb, ,O; is very similar to the
results reported in literature on Er, Y, 0O;. Secondly, Yb3* acts as a sensitizer for
Er3* for optical pumpingl at A = 980nm, absorbing the pump photons very efficiently

and transferring the absorbed energy resonantly to erbium.
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In Chapter 4, we demonstrated that because of their nearly identical ionic radii, Er**
and Yb*" ions can substitute each other in the Er,Yb, O, crystal lattice, allowing
solid solutions across the entire concentration spectrum between pure erbium oxide

and pure ytterbium oxide.

Er,Yb, ,O; thin films show an onset of crystallinity after deposition and exhibit
grain growth during annealing. At temperatures above 1000°C, rare earth silicates
crystallize due to interfacial reactions between the sputtered Er,Yb, O, films and
the SiO, substrate. However, we found that the PL emission cross section for the
rare earth silicates does not differ significantly from the emission cross section for rare

earth oxides.

In Chapter 5, we found that as deposited Er, Yb,  Si,O, thin films are amorphous.
The crystallization temperature of the silicate thin films lies between 1000°C and
1100°C and we identified the different silicate phases that crystallize for different
erbium-ytterbium concentrations and at different annealing temperatures. At low er-
bium concentrations, the a-disilicate phase crystallizes at 1100°C and the S-disilicate
phase crystallizes at 1200°C. At high erbium concentrations, the a-disilicate crystal-
lizes at both temperatures. These findings are consistent with the literature on bulk

rare earth silicates.

We were able to correlate the photoluminescence spectra of the different films to the
phases identified during XRD. The S-disilicate corresponds to a narrow PL spectrum
(FWHW = 28nm) with several peaks apparent even at room temperature. The
a-disilicate and the oxyapatite, like the amorphous silicates, have a broad spectrum
(FWHW =~ 45nm). This difference can be explained by the fact that there are several
non-equivalent rare earth sites in the a-disilicate and the oxyapatite, whereas the S-
disilicate has only one type of rare earth site. The rare earth ions in different sites
each cause a different spectrum, giving rise to a bandwidth similar to the one for

amorphous materials.

The upconversion coefficient C;, of Er, Yb,  Si,O, was determined by fitting the PL

saturation curves as a function of photon flux. C,, increases from 6.00 x 10717 cm®s~!
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at Ng; = 1.54 X 10%m3 to 1.70 x 1071% cm3s~! at Ng, = 3.50 x 10®!cm ™3, consistent
with the upconversion coefficients predicted by the Er:SiO, dipole-dipole model and

literature values measured for Er, Y,  Si,O,.

In Chapter 6, we investigated a potential role of Yb3" as an intermediate for energy
transfer between Si and Er®* for electrical excitation. The possibility of energy trans-
fer from polycrystalline silicon to Yb*" across an interface was studied in Yb,043/Si
and Yb—Si—O/Si multilayers with varying layer thicknesses and number of inter-
faces. It was found that the interfaces drive crystallization by increasing nucleation
sites, but no Yb** PL caused by energy transfer from Si was observed. As a second
experiment, Yb,Y,  Si,0; thin films were deposited on quartz, silicon and thermal
Si0, in order to compare the influence of possible energy transfer from the crystalline

b3+ PL intensities around 980nm were observed on silicon

silicon substrate. Similar Y
and on quartz, indicating photoluminescence of ytterbium excited by an unidentified
mechanism, but showing no additional energy transfer from crystalline silicon to the
Yb, Y, ,Si,O thin film across the interface. These findings are in line with the obser-
vations of Er¥*:Si and Yb**:InP, where any energy transfer from the semiconductor to

the rare earth ions suffers from strong thermal quenching at room temperature.

Finally, in Chapter 7 we developed a rate equation and propagation equation model
that allows to optimize an Er,Yb, Y,  Si,O, gain medium. By matching the results
of the rate equation model to our sensitization data from Chapter 5, we found that
energy backtransfer from Er®* to Yb*' plays an important role. The backtransfer

rate coefficient was determined to be 8.89 x 10~38cm®b.s1.

To our knowledge, this
is the first description of energy backtransfer from Er*" to Yb®', an effect that is

negligible at lower concentrations and is therefore often ignored in literature.

We conclude that Erg go5 YD 000 Y1.77551205 is the best candidate for a 3dB waveguide
amplifier, providing a gain coefficient of 1.5dB/cm pumped at Py = 2.95mW. This
corresponds to a record EDWA figure of merit 3dB gain/(device area - pump power)
compared to literature reports of other materials for EDWAs. Assuming a further

reduction of the upconversion coefficient by an order of magnitude due to improved
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fabrication techniques, this figure of merit can increase by a factor 12.2.

8.2 Future work

Several remaining challenges need to be overcome before erbium-ytterbium-yttrium

compounds can become a competitive candidate for EDWA gain materials.

Firstly, cooperative upconversion remains the most important effect that limits the
maximum erbium concentration and therefore the gain coefficient of the EDWA core
material. Even when clustering can be prevented in a crystalline lattice, the upcon-
version coefficients determined in this thesis remain prohibitively high. However, as
discussed in section 2.4.2, the upconversion coeflicient is not merely a material pa-
rameter but also depends on the fabrication process. Upconversion coefficients over
two orders of magnitude lower than in RF sputtered thin films have already been
demonstrated for Er, Y, ,SiO; nanocrystal aggregates, but this deposition technique
is hardly CMOS compatible [53]. However, this does suggest that low upconver-
sion coefficients in rare earth silicates are possible given a deposition technique that

provides very uniform distribution of erbium in the lattice.

Secondly, this research has shown the importance of high temperature annealing to
anneal out materials defects in order to increase luminescence lifetime and quantum
efficiency. However, in processing of electronic-photonic integrated circuits, a so-called
thermal budget limits the highest temperature that can be used in a certain fabrication
step. Typically, interconnect-level processing is performed at temperatures under
450°C [155]. Therefore, it is important to develop a method to increase luminescence
quantum efficiency that does not require long, high temperature anneals. Some recent
publications have used substrate heating up to 400°C during RF sputter deposition,
followed by a rapid thermal annealing step of 30s to reduce parasitic non-radiative
decay [52, 153, 156]. Still, temperatures up to 1200°C are required to achieve an

acceptable PL quantum efficiency.
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Thirdly, an effective patterning method (either etching or lift-off) for rare earth oxides
and silicates is required for the eventual fabrication of an EDWA device. As long as
rare earth compounds can not be patterned effectively, silicate based EDWAs will
have to rely on hybrid SiO,/silicate or Si;N,/silicate waveguides. However, these
designs cannot benefit from the high refractive index of silicates, which is required

for energy efficient and compact devices.
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Appendix A

Surface roughness

Surface roughness was characterized by means of Atomic Force Microscopy (AFM),
using a Nanoscope IV Dimension 3100 Scanning Probe Microscope (SPM) operating
in tapping mode. The surface roughness is calculated as the root mean square average

R, of the vertical distance between each data point and the mean

R, = J %Z(z,- —Z)?2 (A.1)

=1
where n is the number of data points collected.

The range AR is defined as the height difference between the highest and the lowest
data point
AR = max(z;) — min(z;) (A.2)

A.1 Erbium-ytterbium oxides

Figure A-1 shows the AFM profiles of the Er, Yb, (O; film for different annealing
temperatures, measured over a 1 X 1pm? square area with a resolution of 256 x 256
datapoints. The roughness R, and range AR derived from these AFM measurements

are summarized in Table A.1.
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Figure A-1: 1 x 1pm? AFM profile of Er, ;Yb, ;O; annealed at different temperatures.
The color scale (0-20nm) is the same for each picture.
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Table A.1: RMS roughness Ry and range AR measured by AFM over a 1 x 1pm? square
area of film surface for Er; ;Yb, ,O,.

annealing T R, (nm) AR (nm)

as dep. 0.784 6.333
1000°C 1.206 10.533
1100°C 1.467 12.458

1200°C 2.227 15.779

The granular surface structure observed in Figure A-1 suggests that the as-deposited
Er; oYb, ;O5 film is crystalline with an estimated grain size of ~20nm and that the
grain size increases with annealing temperature until it reaches ~50nm for the films
annealed at 1100 and 1200°C. These results are consistent with the grain size analysis
from XRD peak broadening discussed in Chapter 4. The increase in surface roughness
with annealing temperature can be attributed to grain growth during annealing and

crystallization of silicate phases at 1100 and 1200°C.

These results are also consistent with literature reports on Er,O4 thin films deposited
on Si and SiO,. AFM measurements by Mikhelashvili et al. [143] on Er,O; thin films
deposited on (100) Si by e-beam evaporation revealed a roughness Ry, = 1.1nm and
range AR = 7.3nm for the as deposited film and R, = 1.2 and AR = 8 nm after a
1h anneal at 750°C in O,.

Singh et al. [144] deposited Er,O4 thin films on (100) Si by MOCVD and reported an
increase in film roughness with substrate temperature during growth from R, = 2.1nm
at 525°C to R, = 2.6nm at 600°C. This increase in surface roughness is explained on

the basis of grain growth during annealing.

A.2 Erbium-ytterbium silicates

Figure A-2 shows the AFM profiles of the Er, (Yb, Si,O; film for different annealing
temperature. The roughness R, and range AR derived from these AFM measure-

ments are summarized in Table A.2.
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Table A.2: RMS roughness and z-range measured by over a 1 X 1pm? square area of film
surface for Ery 3Yb; (Si5O5.

film annealing T R, (nm) AR (nm)

Er, ,Yb, 5,0,  as dep. 0.257  2.601
1000°C 0425  4.721
1100°C 0.868  8.603
1200°C 0634  5.003

The surface roughness for the as deposited silicate film is seen to be about a factor 3
smaller than for the as deposited oxide film discussed in section A.1. In contrast to the
oxide film, the as deposited silicate film does not exhibit a granular surface structure.
This is in line with the observation in Chapter 5 that the as deposited silicate films
are amorphous. Annealing at T = 1000°C introduces some surface roughness, even

though the XRD analysis shows that this film is still amorphous.

The AFM data for the films annealed at 1100°C and 1200°C reveal that their surfaces
are much smoother than the oxide films discussed in section A.1. The major contri-

bution to surface roughness comes from cracks due to macroscopic stress, as observed

in the AFM picture for the film annealed at 1100°C.

The low value for surface roughness may be unexpected, given that XRD analysis
showed that these films are crystalline with a grain size of ~50nm. A possible ex-
planation for the difference between oxide and silicate surface roughness may lie in
the different crystallization process of the oxide and silicate films. The oxides are
crystalline after deposition and exhibit grain growth during annealing. At 1100°C
and 1200°C, silicate phases are formed due to interaction with the SiO, substrate,
which requires significant mass transport between the film and the substrate. The
disilicates, on the other hand, are amorphous after deposition. Crystallization of sili-
cates from the amorphous phase can occur by short-range displacement of atoms into
their crystal sites and does not require long-range mass transport. This process can

occur without significant surface roughening.
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Figure A-2: 1x lpm? AFM profile of Er, ,Yb, ;Si,O; annealed at different temperatures.
The color scale (0-20nm) is the same for each picture.
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Appendix B

Etching erbium-ytterbium oxides

and silicates

The development of an effective etching method for Er,Yb, O, and Er, Yb, Si, O,
is necessary to eventually be able to fabricate waveguide structures. To our knowl-
edge, there is currently no known wet or dry etching method for Er,Yb, O; or
Er,Yb, Si,0, that provides good etch selectivity over Si or SiO,. In fact, all papers
reporting waveguides based on Er,Y, Si,O, or Er, Yb, Si,O; use hybrid waveguide
designs where a SiO, or SizN, strip or ridge waveguide is patterned on top of or

underneath a blanket silicate film [54,135,137,138].

Three different dry etch recipes were tested on blanket thin films of Yb,O; and
Yb,Si,O, deposited on silicon and the etch rates were compared with the etch rates
for Si (substrate) and thermal SiO, as a reference. The details of each recipe are
shown in Table B.1. All recipes combine sputtering in Ar and chemical etching using
either a chlorine based (BCl,) or a fluorine based (SF¢) based etchant. BCl; is mainly
known as an etchant for metals, while SFy is typically used to etch Si. The difference
between recipes 2 and 3 is the sputtering power and etch gas pressure. Chemical
etching favors etching of one species to another, whercas sputtering in Ar etches all

species indiscriminately.
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Table B.1: Different dry etch recipes tried.

etch gas pressure RF sputtering

recipe mixture (mTorr)  power (W)
1 BClyAr (1:1) 30 200
2 SFg:Ar (1:1) 30 300
3 SFgAr (1:1) 20 500

Each recipe was applied for 5 min and the etch depth was measured using profilometry.
The results are shown in Table B.2. For all three recipes the etch rates of Yb,O, or
Yb,S5i,O, are very low. Even though the etch selectivity in recipe 3 is improved
compared to recipe 2, there is not a single recipe where the etch selectivity of Yb,0,

or Yb,Si,O; over Si or SiO, reaches over 1:20.

Table B.2: Etch rates for Si, SiO,, Yb,04 and Yb,Si,O,
for different dry etch recipes.

edine . S Si0,  Yb,0; Yb,Si,0,
P€ (A/min) (A/min) (A/min) (A/min)

1 2460 no sample 20 40

2 7200 1152 50 32

3 2802 1666 74 76
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