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General Introduction

(a) State of the art

The last decades of the "2@entury witnessed the emergence of Information Era
occurring of data exchange across the world. St@n@menon has significantly promoted
the industrial development of information techngioghis “digital explosion” is the result of
the invention of internet and computer, whose dgwelent is closely connected to the
microelectronic technology. Since several decattiesmicroelectronic industry is striving for
further reduction in the size of transistor, foliog the famous Moore’s law. However, these
highly miniaturized devices are now facing the atled electronic bottleneck. Because the
electronics have significant challenges to meetitiveeasing requirements on information
transmission of high speeds, large capability, lamdnoise. The decreasing of feature sizes
and increasing clock frequencies among inter-cloipgxtra-chips would beat the physical
limitation of electrical signaling’. Moreover, the dissipation of electric power lisnithe

efficiency of complementary metal-oxide semicondusimicroelectronics.

To overcome these issues, one viable solution ihethe monolithic integration of
photonics with semiconductor microelectronics tswa effective and fast connection of
inter-chips or extra-chips. Integrated optics ipaide of signal modulating, wavelength
multiplexing, switching and amplification. The pbatcs could bring new functionalities to
electronic components such as a higher bandwidéntdihigher frequency provide by the

carrier optical wave signal, and immunity to elenotagnetic perturbations.

One of the critical issues to achieve completegirsteed optic system is the lack of
integrated light sources. Si-based light sourcelavbe one of the most promising candidates
for that purpose. Since the Si-based optoelectramicuit is compatible with CMOS
technology, providing the possibility to achieveampact Si-based device combining the two

“electronic and photonic” functions.

In the last 20 years, the research community heentgreat interest in the rare earth
(RE) ions and Si nanoparticles (Si-nps) coupledesgswhich is a promising candidate for
the achievement integrated Si-based light sourceeeShe RE ions are benefited from the
higher absorption cross section of Si-nps (abotf t&f? with respect to 18 cn? for RE
ions in SiQ®)). In this regard, the most addressed & Em due to its attractive application
for optical communicatidfi in C band. However, evidence of the achievememetfgain
from Si-nps : Ef" ions in such system has been reported only¥@nd#is is mainly due to

the three-level nature of the*¥ions which lead to a threshold pump power to ggiupation
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inversion. The possibility of re-absorption of et photon by the neighboring*tons is
also a potential drawback of using such ions. Stheewide applications for medicine and
communication technologies (O band), the*Nidn has aroused great interest. Contrarily to
the EF* ion, Nd* ion emits in four-level configuration (1.06 pm)dadoes not have a
threshold pump power for inversing population aad & weak probability of re-absorption of
the emitted light at 1.06 pm. Consequently, net gaiems to be achievable with¥ébn in

an easier manner than with®Eion.

However, there are some limitations to achieveigefit gain of Nd* luminescence.
The Si-nps with small size are favorable to effest§i sensitize the Nd ions, while a high Si
excess incorporated would leads to grow large Si-ipe rather low solubility of Nd within
silicd® leading to the formation of N@; cluster at the expense of Ndensity is another
limiting factor. Such cluster may favor energy naigwn and cross relaxation leading to a
quench of Nd" emission. As a result, Debieu et’ahave found that the N8 PL decreases
dramatically when Nd content increases from 0.08.87 at.%. Furthermore, the NdPL
decay time is in the order qis, and may decrease with increasing Si atom excess.
Nevertheless, the improvement of the layers micwosire and of Si-nps and Ridions

densities may result in a larger Nighopulation inversion and a higher gain.

(b) Major objectives of this thesis

For an achievement of Si-based®Nthser, this thesis focuses on four major issudstwh

are:

Material growth technique: Both classical and rie&ctto-sputtering approaches are
concerned for the layers grown in our laboratorge @nain factor governing the material and
device properties is the layer composition, whishclosely dependant on the deposition
conditions. Therefore, the first major objectivetbis thesis is to find a suitable deposition
approach and then to optimize the parameters (asclsi and or NgDs; cathode power
density) to fabricate two typical systems Nd-dogerich silicon oxide (Nd-SRSO) and
silicon nitride (Nd-SRSN).

Annealing treatments: Annealing is necessary toravp the quality of the host matrix
and form the sensitizers. But a too high tempeeasund/or too long duration are supposed to
result in formation of RE ions clusters as welbasrgrowth of Si-nps, which are detrimental
to the sample emission intensity. Therefore, theoiseé major objective of this work is to
optimize annealing conditions (temperature, dumtiand gas atmosphere) involving the

classical annealing and rapid thermal annealing.
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Material properties: Photoluminescence (PL) measargs help one to select the
optimal sample which provides the most possibiittyobtain net gain. Achieving significant
Nd®** PL is a challenge, and understanding the mechanigranergy transfer from sensitizers
becomes the next important challenge. Therefoeethiind major objective of this work is to
analyze the microstructural properties of the nial®rto correlate such microstructure with
the PL properties, and to understand the natusemwditizers towards Ntlions in SRSO and
SRSN host matrices.

Device properties: The optimized films were usedataricate optical waveguides. The
possibility of achievement of net gain in such stinwe would have a large impact towards the
realization of a Si-based Ridlaser. Therefore, the last major objective is @ory out the
investigation of waveguide properties such as Ksgeided PL and the signal enhancement

measurement.
(c) Sketch of this thesis
There are five chapters in this thesis.

Chapter 1 describes the current research staté mdr®structure and its coupling with
RE ions (Ef' and Nd* ions). This chapter presents the samples fahvitatnd the optical
properties concerning two kinds of host matricesSSRand SRSN. We focus on the
correlations between film composition, microstruetand PL properties.

Chapter 2 shows the principle and the working metlod various experimental
techniques employed in this thesis for the lay@ogéion and characterization.

Chapter 3 focuses on the optimization process tISRSO films. We detail the effects
of Si excess and Nd content on structural and alpfcoperties of samples deposited by
reactive and classical co-sputtering approaches. ddst sample obtained from the latter
approach is used to study the influence of anngaonditions. Both classical annealing and
rapid thermal annealing are employed with moniwrthe temperature, duration, and gas
atmosphere. The structural and optical propertiessamples are analyzed. With achieving the
remarkable N& PL, the energy transfer mechanism is investigateddmparison to the PL

properties of undoped SRSO film.

Chapter 4 is devoted to the study on Nd-SRSN fildeposited only by reactive
co-sputtering method. The incorporated Si excesigrolled by the nitrogen ratio to the
argon gas used in the plasma, while Nd contenthleypower density applied on p@k
cathode. We correlate the films optical properteshe sample composition. The optimal
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film receives classical annealing and rapid theramalealing with various temperatures and
durations. Then the annealed samples are analgzestréictural and optical properties. The
PL excitation measurements are performed to stuelghergy transfer mechanism.

Chapter 5 presents the fabrication of waveguidecdsvand investigation of the devices
optical properties. Optical losses, guided PL, paohp and probe measurements are studied
on both kinds of devices made of Nd-SRSO and NdMsR&terials. We finish with a

summary of this thesis and future perspectivestdich Nd-doped Si-based materials.
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Chapter 1. Rare earth Si-based layers

This chapter provides a detailed description oficapt properties of Si
nanostructures alone or coupled with rare earth suth as Er and Nd. Our goal is to
show an overview of the main achievements in tb@ct and present the theory

foundation for positioning the work done in thig$fs.

1.1 Si Nanostructure

A tremendous result was obtained in 1990 by L. #nt@nt!, who observed
with the naked eye and at room temperature a raabbrkntense photoluminescence
(PL) from Si nanostructure. Since this result wobll/e promising applications in
optical communication, optical storage, image, tiigln and optical sensors, it has
attracted huge efforts of a wide scientific comntyi@n this domain called Silicon

Photonics.

1.1.1 Comparison with Si bulk

Si bulk is an indirect band gap material, due toseovation of momentum, the
excited electron can only recombine with a holeehyjitting or absorbing a phordn
leading to poor emission efficiency. This limits igpplication in optical light
sourc&. Consequently, the non-radiative recombinationchswas free carrier

absorption and Auger recombination, are dominant.

In the case of Si nanostructure, the quantum cenfant effect (QCE) modifies

the band gap structure:

* Due to localization of exciton in the nanoparti@e,overlapping between
the electron and hole wave-function occurs increpsine probability of

direct recombination of excit&h

* At low dimensions, the electron-hole pairs (exc#fpare confined in the
nanoparticles leading to a behavior of a "partiole box" modéf!. It
implies that the nanoparticles band gap energylwegoinversely with

their diameter.



The change of band-gap properties becomes pronduedew a critical size of
Si nanoparticles (Si-nps), typically less than h@equal to the exciton Bohr radftis
The band gap is dependent on Si-nps size followingation (1.15":
E(eV)= B+ T D (1.1)
where E (eV) and &k are band gap of Si-nps and Si bulk, respectivBlys the
Si-nps diameter and C is the confinement paramétesrefore, the Si-nps band gap

can be carefully engineered by tuning its size.

1.1.2 Fabrication

The evidence of room temperature photoluminescesiression has been
published in the 1990s by L. T. CanHi3rn porous Si structure. Since this discovery,
numerous technigues have been employed to groywpsSembedded within different
matrices such as SiCand SiN4. The most used are evaporatibfl!, laser ablatio®,

Si implantatiof®’, molecular beam epitaxy (MBE}, plasma enhanced chemical
vapor deposition (PECVDY! '3 [1*] and magnetron sputteridy [*®!. These
techniques are followed by a post-annealing treatraéming at agglomerating the
excess of Si atoms. The deposited films are clabgicamed SRSO in case of Si-rich
SiO,, and SRSN for Si-rich §N4.

The microstructure of deposited film is controltbédough fabrication parameters
and/or post-annealing conditions such as cathodeepalensity for magnetron
sputteringt”’, the ratio of gas precursors in PECYH) annealing temperature and
duratio™®. They allow to monitor the size and density o and to optimize the
optical properties of condensed sysféhif? 21 2211231 241 £or example, lacona et al.
produced a SRSO film containing 19.1 at.% Si extgs®PECVD. They obtained a
density of Si-nps of 8x10 at-cm® for a radius of about 1.5 nm after a
1hour-1100°C-annealiffg.

1.1.3 Optical properties

The absorption coefficient of SRSO films is in getheestimated by optical
transmissiott®! or by photo-thermal deflectifl experiments. It increases from
107 to 10 cmi*with photon energy (2-5 eV) and depends on the éimposition and

annealing conditions. From absorption coefficidmipwing the density of Si-nps, the
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optical absorption cross section of Si-nps can $ftenated and is in the order of
10 cnt at 488 nm, while it increases more than two oraérmagnitude at about
350 nn¥".

(a) Photoluminescence
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Figure 1.1:(a)-(d) correspond to SRSO samples, (a) PL spaxfttab at.% Si excess
samples annealed at indicative temperatures, (b)spéctra of different Si excess
samples annealed at 1200°C, (c) the full width alf lmaximum of PL peak vs Si
excess, and (d) PL intensity vs annealing tempeedty while (e) comparison of PL

spectra of SRSO (closed symbols) and SRSN (op&olsyiiim %,

A lot of work has been performed on the study of [tbperties of Si-nps

embedded in Si-based insulating matrix. For exampéeona et dt? have
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investigated the effects of annealing temperaturéhe PL properties of SRSO films
fabricated by PECVD (Fig. 1.1(a)-(d)). These aushieave seen that (i) both the PL
peak position and its full width at half maximunciease with Si content and/or
annealing temperature, and (ii) the maximum PLnsity has been achieved for Si
excess of 5.6 at.% after an annealing treatmembmeed at 1250°C during one hour.
Depending on the fabrication conditions, the peagitfipn has been recorded from
about 500 to 1000 nAf. In the case of SRSN layer, a visible PL has &lsen
achieved, which is reported to be blueshifted I8/&/ when compared to Si-nps in
SiO, (Fig. 1.1(e)f°. Mercaldo et a*®! report an evolution of PL peak position
ranging from 500 to 700 nm with the increasing oinfs diameter. In contrast,
Kistner et al*"! do not observe any c-Si-nps but remarkable Pedsnded from these

nitride layers. The authors ascribed the emissimerved to band-tail state.

In spite of the abounding studies on SRSO matethal, physical origin of its
photoluminescence (PL) is still under debate. Oa lband, lacona et &F! observed
that the visible emission gradually red shifts wiltle increasing of Si-nps size. The
authors have attributed such emission to the besimkihd recombination of
electron-hole pairs within Si-nps. On the otherdhahe PL is proposed to originate
from recombination in various defects such as orygacancies or non-bridging
oxygen hole centefé. The characteristic of defects emission is anriabée peak
position with Si-nps size. Fang et'3l.demonstrated that in a single SRSO film the
PL is dominated by defects recombination when tireealing temperatures are below
900°C. For temperature above 1000°C, the emissias &nother component
originating from QCE. Wang et & have similar results attributing the PL emission
to surface states recombination or quantum confemtraffects (QCE) depending on

the annealing treatment.
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Figure 1.2: (a) Electronic states in crystalline-i§s vs their diamet€P!, and (b)
average HOMO-LUMO band gap of amorphous Si-npsi{@pgS) compared to that of
crystalline Si-nps (c-Si-npsy.

The PL red shift has also been noticed by Wolkiralelin porous $°. As
shown in figure 1.2 (a) they observed a graduadreing of the band gap with the
decreasing size of crystalline Si-nps (c-Si-np®N@ | to Zone 1ll). In Zone lll, when
the Si-nps decreases, a surface state related yetergl appears leading to an
emission at a fixed energy which is size independarthe case of amorphous Si-nps
(a-Si-nps), the presence of band tails lowers #edlgap leading to the red shift of
PL emission by comparison to that of c-Si-nps (Eig(b)}*®.

(b) Decay time

The photoluminescence decay is of particular istefer getting information
about excitation-deexcitation mechanisms in engttaystem. In the case of SRSO
systems, stretched exponential function behaviake tbeen widely observed on the
PL decay tracdd” B8 29 given by the following relationship:

|(t) =1 (0)exp[tt /1p '] (1.2)
In this equation, I(t) and 1(0) are the PL intelesitrecorded as a function of time and
t = 0, respectivelyzp. is the decay time anfl is the a stretch factor ranging from
Otol. The value off is a signature of the interaction between neiginigor
nanocrystals or/and between nanocrystals and detfee£®. A room temperature PL
lifetime measured at an emission wavelength of @®0is found to be about L&
with B = 0.6 in an 1100°C-annealed sample containing 46% Si exce$¥. After a

11



post-annealing at 1000°C under flowing §as, an increase lifetime up to 48 with
=0.79 has been demonstrated. These authors adtrithis increase to the
achievement of stoichiometric Si@ the surrounding of nanocrystal. The disorder of
the matrix also plays a role in emission propertidaus for a decreasing disorder, it
has been observed a variation of the lifetime f@énto 70us (Fig. 1.3(a)), and an
increase of the stretch factfrfrom 0.55 to 0.68". The effect of measurement
temperature on lifetime has also been investigayeBovrat et al*® as seen in figure
1.3(b). The PL lifetimes vary from about 30-1(6 at room temperature to about
1.0 ms at 10 K for sample containing 18 at.% Siesgc This demonstrates the
increasing role of non-radiative channels in thecage time with increasing
measurement temperature. In the case of SRSN |aper®L decay shows a shorter
lifetime of a few nanoseconds. The decay tracee itted by Dal Negro et &
considering a double exponential model characteérizg a fast decay constant of
approximately 1 ns, and a longer decay componenthenr range of 5-10 ns.
Wang et al*?! found that the lifetime is inversely proportionalthe emission energy,
such as 7.6 ns at 2.99 eV, 8.1 ns at 2.61 eV, arfirs at 2.16 eV. The shortening of
the SRSN decay time compared to SRSO one is dtdbto the origin of the

emission, band tail for the former and nanocrysith QCE for the latter.
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Figure 1.3: Non-single exponential PL decays meadyg) at room temperature for

samples fabricated by reactive magnetron sputt€fihgand (b) at the indicative
temperatures for sample containing 18 at.% Si estes
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1.1.4 Devices

The main advantage of using Si-nps is to integigte source and/or amplifier
within CMOS photonics platform. In 2000, L. Pavesial*®! reported stimulated
emission and optical gain in c-Si-nps using thealde stripe length method. The
gain coefficient at about 800 nm wavelength reacheslue as high as 100 ¢m
These findings opened a route towards the readizaif a Si-based laser. Thereafter
in October 2004, the first silicon Raman laser wasounced”, while in January

2005 the first all-continuous wave CW silicon Ranteser was report&d'.

1.2 Er and Si nanostructure

1.2.1 Introduction

In 1994 J. Kenyon et &% have evidenced the great enhancement &f B
intensity when Si-nps are present in the matrixs HL enhancement is attributed to a
sensitization effect which consists in an efficienergy transfer from Si-nps towards
Er’* ions. Thus, rare earth ions benefit from the higisorption cross section of
Si-nps (about I cn?™” with respect to 1 for rare earth ions in Sif$®).

Er* ions are essentially used in telecommunicatiorsabse of the radiative
3,152 transition at 1.54um that corresponds to the minimum absorption of
standard silica optical fibéfd. As a consequence, tremendous interest from all ov

the world turns to the study on interaction betw8enps and Ef ions.
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Figure 1.4: lllustration of energy transfer from-&ps to EF* ions.

The interaction mechanism can be described as showigure 1.4. The
recombination of exciton in the Si-nps is at thigiorof the excitation of the Ef
ions. The energy transfer occurring from the Si-tgugards the Bf ions leads to the
excitation of the 4f electrons from the ground levkthe Er fl15,) to the excited
states {132 Y112, and*gp). Then two deexcitation stepdg— “11/2 and 11—
*1135, OCcurs in a non-radiative way and in characiertsnes® of about few 100 ns.
And finally the excitons in'lis; level recombine radiatively to the ground level
emitting a photon at 0.98 and 1.5t corresponding to the transitiofigy— 115

and’l 13/2— 4 15/2, Frespectively.

1.2.2 Fabrication

The fabrication of Si-based films co-doped by S¢-apd Er ions concerns many
technologies. For examples, ion implantation ofetussilicd*” [t} [52] allows
obtaining SRSO layers having a Si excess rangmm % to 15 at.%. These films are
then annealed to form and grow Si-nps in host malfrhis step is followed by Er
implantation with different Er ion contents rangifngm 2x13° to 6x1G° cm®. Some
works carry out only one step of Er implantatiomoithe SRSO films, which are

deposited by PECVI® B4, A more direct approach is a co-incorporation athbEr
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ions and Si excess during the deposition of Si-dbdager as shown in the case of
PECVD®, co-evaporatiof® or magnetron co-sputteriif techniques. The PECVD
method consists in plasma dissociation of silaiteous oxide and a volatile erbium
organic chelate in a parallel-plate plasma chamfére film stoichiometry is
controlled by varying the relative flow rates oétheacting gases, and by monitoring
both the temperature of organic precursor and tbes frate of the gas. The
co-evaporation method is based on simultaneousoeatpn of SiO powder from a
thermal cell, Si@ powder from an electron beam gun, and Er fromfarsien cell.
The power of the evaporation sources is adjustedrdmgly to obtain the desired
sample composition. The magnetron co-sputteringnigcie consists in sputtering
simultaneously Si, Si§) and EO3 targets in pure Ar plasma. The RF power applied
on each cathode allows controlling the Si exceskEncontent incorporated in the
growing layer. This deposition technique permitoalb grow Er-doped nitride layer
by co-sputtering Si and ED; targets in Nitrogen-rich plasthd. Magnetron
sputtering deposition has been used in this tivesik and will be described in detail

in the chapter 2.

1.2.3 Optical properties

(a) Photoluminescence

The demonstration of the efficient energy trandfem Si-nps to Ef" ions is
shown in figure 1.5(a). With the increasing of Bntent incorporated into the SIO
matrix, the PL peak intensity of Si-nps gradualckases while the 1.54um-Er PL
peak increas&§l. The characteristic distance for effective intémcbetween Si-nps
and EP* ions is less than about 0.5 Rth®” and the interaction coefficient is a
decreasing exponential with increasing Si-np:HEfistanc€!. Consequently, the
critical points to achieve an intense IR emissiom the Si-nps density and the®*Er
ions concentration. Hijazi et &% have optimized the coupling between Si-based
sensitizers and Erions via tuning both the Er content and Si exdessrporated in
SRSO matrix. They achieved the maximuni*BPL intensity corresponding to the
films containing 3.5x18 cm® Er atoms and 9 at.% Si excess. Numerous W34
%3] focus on samples annealed at low temperaturebdif00-900°C range), because

higher temperature would result in a coalescen@n@imenon of sensitizers and/or
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Er’* ions. Moreover, these low annealing temperatugxgsses have allowed to

demonstrate that the physics of transfer mechawises not depend on the Si-np

nature (crystalline or amorphoﬁ‘é}) For low annealing temperature, other kinds of
sensitizers have been reported:

« the luminescence centers (LEY)
+ the atomic scale Si sensitiZ8&fs
« the Si oxygen deficient centers (SIODEY)

In the case of SRSN host matrix, similar’EPL intensities are observed by
Yerci et af® across a large range of Si concentration from 026 at.%. The Ef
PL emission has been optimized after an annealiegtmhent at 800°C during
200 seconds. Some results support the quantumneahi-nps acting as sensitizer
for EF* iond’”, whereas some others claim that the band tadste at the origin of

the sensitization of Ef iond’! 72,
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Figure 1.5: (a) PL spectra of Si nanocrystal-dop8iD, containing different Er
content in the range of 0-1.8 af¥, and (b) decay curves of Si nanocrystal
dependence on Er cont&ft

(b) Decay time

With increasing Er content, Watanable ef@lhave evidenced a shortening of
the Si-nps radiative decay time (Fig. 1.5(b)) whisha signature of the increasing
number of Er ions coupled to Si-nps. Dependinghenrature of the matrix (silicon

oxide or nitride), the fabrication process and afing step, the lifetime of the
16



l13/211552 transition is ranging from about 1 Bsup to 9 m8.. In the case of SRSO
matrix, its value shows a drastic reduction frori & 1.5 ms as the Si excess is
increased from 3 to 4 at'8%. The same trend has been reported in the case of
increasing Er contefit. In contrast, longer annealing duration up to @rhat 800°C
favors longer EY lifetimel™.. In the case of SRSN host matrix, similar evolutif
Er**lifetime is reported with a decrease from 3.2 # rhs when Si excess is varying
from 0 to 17 at.9%°. Recently, Steveler et &f! show that the Ef lifetime varies
from about 0.9 to 1.4 ms when annealing temperasut@nging from 600 to 1100°C.

Optimum luminescence properties, i.e. strong lusgeace intensity and decay
time close to maximum theoretical limit, are theulé of two compromises. First, the
silicon excess should be important but below asthwél above which the amount of
defects created induces too many non-radiativexdgagion pathways. Second, a
significant content of rare earth ions is needetlibshould be below a threshold

beyond which cross relaxations begin, decreasiaglibbal luminescence efficiency.

1.2.4 Devices

The indirect excitation of Bf ions by Si-nps in Si-based films provides
promising potential as an active medium for compaxt low cost devices, such as
optical amplifier, light emitting diodes (LEDs), daser. The most advanced
demonstration highlighting the advantage of Si-sessitizing for Ef" ions is a rid
waveguide amplifier based on the Si-based film,clwhs pumped by low-cost LEDs
as shown in figure 1!6!. As the Si-based films are transparent and hagbehi
refractive index than that of Sidight can be confined and transmitted along time f
acting as a core of waveguide. The pumping liglabisorbed by Si-nps which transfer
their energy to Ef ions. The signal propagating in such a waveguidaniplified

through stimulated emission of Eions.
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Figure 1.6: Waveguide amplifier based on co-dope8ienps and Er in Si-based film
adopting vertical pump sources supplied by low-t&dDs.

Nevertheless, there are many processes that capetenwith the transfer
mechanism between Si-nps andHpbns, generating extra pump power dependent
losses or increasing the pump threshold necessarpdpulation inversion of Ef
ions. For Si-nps, the exciton recombination ratedseased through Auger procéds
while carrier absorption phenomenon leads to aedser of excitons available for
energy transfer to rare earth iis In the case of Ef ions, several processes are
responsible of Bf emission quenching: (i) excited state absorptioari Ef* ion®”,

(i) energy migration and cross relaxation betwdat” iond®!, (iii) cooperative
up-conversion between excited*Eiond®?, and (iv) the energy back transfeom
Er** ions to Si-np&¥. These issues really prevent the achievementtajaie and the

realization of effective light source of Er-dopeeb&sed materialfs!.

1.3 Nd and Si nanostructure

1.3.1 Introduction

Nd®** ion has also a resonant energy level with theobotif the conduction band
of the Si-nps and therefore has been the subjestrog intere&f!. This ion has two

interesting emission wavelengths as shown in fidure
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e The 1.064um emission which has been widely used for lasermwiié ions
are incorporated in a YAG crystal. The applicatidomains are etching,
cleaning (matrices, art objects) or medicine fiel@dimination of the

membranes, treatment of skin cancers and removiliniases in body).

e The 1.3 um emission which is slightly absorbed by the silither

(~0.3dB.km*) and therefore is interesting for optical telecammination in

O-band.
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Figure 1.7: lllustration of energy transfer from-&bs to Nd* ions.

In Si-Nd®* system, the same interaction process describéatinase of Ef ions
(cf section 81.2.1) occurs. The exciton generatsdie the Si-nps by the absorption
of a photon recombines non-radiatively by excitadNd®* ion in “Fs level via a
dipole-dipole interaction (seen Fig. 1.7). Frdfy. level four radiative transitions
occurs leading to four emission wavelengths at 1&g, 1.06, and 0.92um
corresponding to théFso— “isn *Fao— Y1z, “Fao— 11z and “Fapo— Yop
deexcitation, respectively. Their relative emissiotensities vary and are described
by the different transition rates which are aboGt B0O, 1460, and 1280's

respectivel{f® 71 188

As in the case of Ef ions, the energy transfer time is very short (abou
150 nsif¥, which favors the excitons within Si-nps to prefey sensitize N¥ ions
rather than to radiatively recombine. Size of Ss-mgtays an important role in the
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sensitization process. Thus, Watanable 80'dhave demonstrated that the increase in
the Si-nps size from 2.7 to 3.8 nm results in ae&sing of Nd" PL intensity. They
concluded that only small Si-nps can excite’tag level of N&* ions.

1.3.2 Nd-doped Matrices

(a) SiQ matrix

A SiOy or called also SRSO (Si-rich Silicon Oxide) is ansstoichiometric
material, which can be considered as an oxygereidet SiG. The co-incorporation
of Si excess and Nd ion allows the formation ofifithat can be optically coupled to

Nd®*. In order to optimize such coupling, two main whgs'e been investigated:

* The film composition engineered by the depositiamnditions. Nd
content is one important factor. MacDonald €f%have varied the Nd
content from 0.19 to 1.29 at.% in co-evaporateahdiland obtained a
maximum PL intensity corresponding to the 0.29 atl¢v reactive
sputtered layers, this maximum value has been fdaange lower than
0.1 at.%°*. They both demonstrated that the high Nd conteotilay
decrease the amount of optically active*Nibns and/or form NgDs
clusters leading to cross relaxation between Nd.i@i excess is the
other key parameter to maximize the Si-np‘Nebupling number. High
Si-nps density is needed but a high Si excess $atler non-radiative
pathways as detailed in the case of the Er ions. éxample, the
maximum PL intensity of Nt ions at 1.064um corresponds to 5.6 at.%
Si excess reported by S-Y. Seo 4.

e The film microstructure monitored by the post-arimggaprocess. During
annealing treatment, a phase separation occuraiagjothe growth of
Si-np$*®. The duration and temperature have to be contrabepermit
an optimized distribution of Si-nps and therefotdagh sensitizer density.
Concerning the Nd ions, this step is of importatoz® because it favors
the optical activation of N ions but a too high temperature may induce
the formation of Nd clustef!. Bréard et ai®! have evidenced the
presence of two decay times in their PL experim@rig. 1.8): (i) a fast

decay component in the range of 5 toySOattributed to NgDs clusters
20



and (ii) a slow decay component ranging from 5076 us originating

from isolated N&" ions.
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Figure 1.8: Nd* concentration dependence of lifetifid$oth for 0. 92:m-Nd** PL
fitted by two exponential laws. The inset showtygal decay curve with fitting line.

(b) SiN. matrix

SiNk matrix is derivate from stoichiometric Si nitrig8isN,) in which x=1.33.
Whenx<1.33 Si atoms are incorporated intgNgiand the matrix is generally called
Si-rich Silicon Nitride (SRSN).

Contrarily to the Er doped nitride system, only eavfpapers report optical
properties of Nd-SRSN system one. Li ePdhave studied the evolution of RidPL
intensity as a function Si excess (x ranging fra2v1o 1.04). They have evidenced a
dramatic decrease of Ridemission with the increasing Si excess. Such afugon
is explained by the decrease of band gap as wedheaslensity of localized defects
states that act as sensitizers towards th&" Mohs. For larger Si excess=0.6),
Biggemann et df®' observed the maximum RidPL efficiency corresponding to
matrix band gap, which is twice tH&s, — “*lg;» transition energy. These authors
evidenced an efficient sensitization of the*Nébns by the presence of localized
defect state in the band gap. The maximum"NL intensity has been achieved for a

% As in the case of SiOmatrix, higher Nd content

21
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leads to the formation of N®; clusters. ThéFs, — “111/» decay time of N& PL in
this SRSN matrix has a two exponential feature waifiast (5Qus) and slow (14Q@s)

lifetimed®¥,

1.3.3 Devices

Once effective light emission in optical fiber washieved from N ions doped
in Si-based materials, this provided an alternativeey to solve limiting factors
previously mentioned in the case of Edoping. Several results have been found to
inspire and motivate researchers. In the case ©f Biatrix, Rebohle et & have
clearly observed the electroluminescence peak Mafif ions. In the case of SN
matrix, an optical gain of 270 c¢hat 1130 nm has been determined from the planar
waveguides excited by non-resonant wavelength Wifi transition§®. And Li et
al® have fabricated an active micro-disk resonatoratadily emitting 1.1um by

stimulation mechanism.

1.4 Conclusion:

A review of Si-based light emission has been perém in this chapter
concluding that the important potential applicasiaf Si photonics have driven an
increasing interest on the Si-based materials ddpedEr" rare earth ions. An
achievement of net gain from ¥rions has been hampered as mentioned above by
several critically limited factors such as excitdte absorption, energy migration,
cross relaxation, and cooperative up-conversiontelher, the nature of the three-
level electronic 4f structure of Erions is a detrimental feature which leads to the
re-absorption of the 1.5¢m emitted light. In contrast, Nt ions have four-level
structure, for the emission at 1.06pum, favoringdbkievement of a large population
inversion. Consequently, such a system could bmiging for the fabrication of a net

gain Si-based amplifier.

Nevertheless, Nd-doped Si-based system presents bomtations that can be
detrimental for getting an efficient device. To anbe the PL properties of Nd-doped
layers, Nd content and Si excess should be optini@n one hand, a high Nd
concentration favors the energy migration and cretsxation, as well as formation

Nd,O;3 clusters. One the other hand, a high Si-nps dereijuired for decreasing the
22



Si:Nd distance, would lead to the decrease of t& Mecay time (the order qfs).
These different limiting factors are serious dragksafor sensitization of rare earth
ilons by Si-nps in Nd-doped Si-based films and thesbreakthroughs are required for

the achievement of Si photonics devices.

This is the objective of this work. We proposedmnprove by a fine tuning of
the fabrication and/or annealing conditions, therostructure of the layers and to
maximize of both Si-nps and Ridions density, to reach Ndpopulation inversion
and gain. The PhD work has been done within the ANRPHNES project
(ANR-08-NANO-005).
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Chapter 2 Experimental techniques and

analytical methods

The NIMPH team has a recognized expertise in tlagerds grown by
Radio-frequency (RF) magnetron sputtering. In Wik, undoped- and doped- SiO
and SiN single layers have been fabricated and studiets dtapter describes the
deposition technique as well as the characterizagixperiments used for analyzing

the layers investigated.

2.1 Thin film fabrication
2.1.1 RF Magnetron Sputtering

RF magnetron sputtering was used to deposit Sidbidmse films. This technique
can be performed on both conducting and non-comiudargets, while the direct
current (DC) magnetron sputtering concerns onlydaating material. The targets
used in this work are SiOSi and NdOs.

Ll |
e 2 . 3 - m!

Sputterchamber
(Vacuum)

Transfer chamber

H» Diffusion
Coalesceto form

M*Continuous film

Backscattered ions

[~ Electron

s Aratom
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M*Ejected target atom| RF

b Magnetic lines of force
Confined electron

omentumtransfer
by collision

L Magnetron source

Cooling system

Figure 2.1: Diagram of the AJA Sputtering chamb&hwathodes, glowing plasma,
and the diagrammatic representation of various psses during sputtering.
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(a) Principle

The phenomena of sputtering consist of striking seeirce material (the
target) with ions from ionized gas such as Ar iddisice these ions are in motion in
the plasma, they are able to transfer a part of thementum to the target species
(eg. electron, atoms, molecular) and consequendgteedd out some of them. The
positive ions of the plasma are accelerated towtdnelsiegatively charged target and
collide on its surface. Some of the bombarding ians reflected back and are
neutralized, while some have sufficient energy dach the substrate and are back
scattered. Electrons are trapped by magnetic &ibla/e the targets surface as shown
in figure 2.1. These trapped electrons enhancertbigability of ionizing a neutral gas
(Ar) molecule by several orders of magnitude, dngtsignificantly increase the rate
at which targets materials are stricken. Moreosecondary electrons are also emitted
and may lead to further ionization of the neutedizspecies. Due to the law of
conservation of energy, when these electrons rétugnound state, the energy gained
by the neutral gas atom is released as photonshwi@ep the plasma glowing. The
main goal of sputtering is to direct the ejecteeécsps towards the substrate with
sufficient energy and mobility. Indeed, if they labé with other atoms in the plasma,
the energy is diminished and their path is thenifiremd Some incident species join
other species at the substrate interface, diffus#oa coalesce to form a continuous
film ™. The mobility of the incident atoms arriving aetsubstrate is highly dependent
on sputtering parameters such as the RF power tdeagplied, plasma pressure,

substrate temperature, distance between the t@angdahe substrate etc...
(b) Experimental conditions

The used deposition setup is AJA Orion 5 UHV spirte unit from AJA
internationd? which has multiple magnetron sputtering sourceshSsources are
arranged in a specific circular pattern and theis af symmetry is converging at the
same common focal point (confocal sputtering). Wegnetron sources of materials
are called targets and are located separateleinttamber (four cathodes as shown in
Fig. 2.1). Various RF power densities with a maximaf 15.2 W.crif are applied
independently to the targets in order to tune thmapwsition of the deposited layer. Si
and/or transparent silica used as substrate agd fix a sample holder located at the
focus position and rotate to grow a homogeneous. fBy means of two halogen

lamps placed on the rear side of this holder, satesstan be heated from ambient to
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850°C during the deposition. The pressure in themtyer is maintained as low as
107-10® mTorr using the couple primary-turbomolecular psmfo launch the
plasma, a higher pressure of about 30 mTorr asagedl minimum RF power density
of 3 W.cm? is required during few seconds. Pure Ar gas isl dse the classical
sputtering process while for reactive approachctrea gas(es) such as,HN, and/or

O, is(are) added in the plasma.
» Reactive co-sputtering

We name reactive co-sputtering approach when Henal nature of the

growing film is different from the one of the tatge

In this work, the total gas flow is fixed at 10radlard cubic cm/min (sccm) while
the ratio of the gas flow between the reactive ya$ Ar is varied. The reactive gas
rate (g) can thus be defined (equation 2.1):
ry(%) =[P,y /(Pg + P,)]*100% (2.1)
where g and @, are the partial pressures achieved for reactivé An gases,
respectively. Such an approach permits to tundyetdi® composition of the layer by

simply varying §.
* Nd-doped SRSO films

Nd-doped SRSO films are obtained by sputtering,&i@d NdO; targets in a
reactive Ar/H plasma. H gas has the ability to reduce the oxygen-rich isgec
coming from the sputtering of oxide targets. Asoasequence, the increase of the
hydrogen rater(;) would enhance the Si excess incorporated intdatyers but to the
detriment of the deposition rate This has been attributed to an etching process of
the deposited layer by the hydrogen species preasethie plasma. Considering the
previous work performed with this deposition setpsimilar layers (Er-SRS&)
the fabrication parameters such as plasma pre§ssy)e substrate temperatures),T
substrate rotation speed, and the RF power deapjtlied onto Si@ (RFPsiop) and
Nd,Os; (RFPui209 cathodes were fixed at 3 mTorr, 100°C, 20 revinin.4 and
0.45 W.cn¥, respectively. We decide to vary theparameter in the 40-80% range by
step of 10%.
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* Nd-doped SRSN films

In the case of Nd-doped SRSN films, Si and@®kdtargets have been sputtered
in Ar/N, plasma. Contrarily to the previous case, themoiseduction process in the
plasma, but a reaction of,Njas with Si species to form the silicon nitridienfi The
RF power density applied on the Si targeEPs) and the nitrogen rate\) permit to
tune the Si excess. According to the works doneSBISN films deposited in our
groug®, the Ris Ts, Substrate rotation speed, aRBPs; were set at 2 mTorr, 200°C,
20 rev.mint, 4.5 W.cn¥, respectively, whileRFPyg203 was varied from 0.30 to
0.60 W.cn¥. Thery value was adjusted between 7.0 and 13.3% to esgthe layer
composition. Note that due to the oxide target aferearth used, Rutherford
Backscattering Spectroscopy (RBS) experiment ecielethe presence of oxygen in

the deposited layer.
» Classical co-sputtering

For this approach, only pure Ar plasma is used. ddraposition of the layer is

dependent on the RF power density applied on eagkett
* Nd-doped SRSO films

The Nd-doped SRSO films were deposited by simuttasky sputtering Sig) Si
and NdOs; targets. On the basis of investigations performeda similar Er-SRSO
system in our grou, Poiss Ts and rotation speed were chosen at 3 mTorr, 508hQ,
20 rev.mint, respectively.RFPsio; was kept at 8.88 W.cfy while RFPs; and
RFPug203 Were varied in the range of 0.89-1.78 W<Trand 0.30-0.90 W.ci)

respectively.
e Nd-doped SRSN films

The Nd-doped SRSN films were deposited by simutiasly sputtering SN,
Si and NdOs targets. ps, Ts, substrate rotation speed, aR&Psiznsand RFPya203
were fixed at 3 mTorr, 500°C, 20 rev.niin7.4 and 0.45 W.ci respectively, while
RFPs; was varied in the range of 0.45-1.78 WZrBince we have not observed any
emission from N&' ions in the films grown, such an approach will betpresented in

the following.
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2.1.2 Annealing

The objectives of the annealing process are tda(ipr the phase separation
between Si and either Si@r SgN4 in the SiQ and SiN films, respectively, (ii)
provide the required energy to form and grow Si-inpghese matrices, and (iii)
recover the non-radiative defects (vacancy, dagghionds) that could quench the
photoluminescence of our samples. In this work, amoealing approaches will be
concerned: classical annealing (CA) and rapid téannealing (RTA). Both can be
described by a four steps S1 to S4 time procegs 22) detailed in table 2.1.

TEII]])EI"EIUII‘E
A

o
>

Time

Figure 2.2: Schematic diagram of the annealing pssc

S1 S2 S3 S4
P Gas Rising | Rising | Ta | ta | Pressure
(mTorr) time rate | (°C)
CA 15 N flow 90 s 2- 200-| 1 h P=37 | Natural
during 15 12°C.§" | 1100 mTorr | cooling
min N, gas flow

RTA 15 3 times | Depending 45°C.s' | 200-| 1 Room | Forced
alternatingl on Ta 1200| min | pressure cooling
pumping (water
and N system)

flow N, gas (zero flow)

Table 2.1: Parameters of CA and RTA in four steps.
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For CA approach, the furnace is firstly heated he tequired annealing
temperature () in the S1 step under 15 mTorr pressure by prinpamyp. Then, a
N, flow is applied during 15 min to lower the oxygemntent in the furnace. In the S2
part, the samples are transferred into the heaiag. This transfer time is fixed by
the motorization of the system and takes 90 s. [Hads to a rising rate in range of
2-12°C.§" depending on the fixed AT In S3 step, the samples undergo annealing
process during 1 hour under 37 mTorr atrdnging from 200 to 1100°C. In S4 step,
the samples are moved out and naturally cooledruNgleAll along the process, the

48 sccm N gas is continuously flowing under a primary pungpin

In the case of RTA approach, in S1 step, the samgte firstly put into the
furnace at room temperature. Then the furnacensped to about 15 mTorr pressure
followed by inserting N gas till the pressure rises up to room pressunes 3tep is
repeated three times to lower the oxygen contemh fthe furnace chamber. In S2
part, the heating lamps are switch on with a temipee rising rate of 45°C'sIn S3
step, the samples stay at the temperature dunmgp Huration. In S4 step, the lamp is
turned off and the furnace chamber is cooled byewtdw. Consequently, samples
staying inside are submitted to a forced coolinge Temperature cooling rate is faster
than that of CA method. During the S2, S3, andtBgss the M gas is not renewed to
avoid any inhomogeneous annealing effect due t@#seflow on the surface of the

samples.

2.2 Sample characterization
2.2.1 Fourier transform infrared spectroscopy

(a) Principle

Fourier transform infrared (FTIR) spectroscopy ischaracterization tool
allowing to investigate the chemical bonds presemholecule. This technique relies
on the principle that the vibrations of chemicaht® absorb specific frequency of
electromagnetic waves ranging from 10 to 12000*cifhese unique frequency
absorptions result in a characteristic spectrafilpréor a given molecule. The bond
vibration can be categorized in: stretching (symmeand asymmetric), wagging,

rocking, twisting, and scissoring modes as showfigure 2.3.
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Figure 2.3: Different vibration types for chemidainds.

(b) Experimental conditions

The setup named Thermo Nicolet Nexus 750 was ugeckdord the FTIR
spectra in 400-4000 chrrange with a resolution of 1 ¢hrat room temperature. The
apparatus is equipped with two light sources: Heddser (633 nm) used for
alignment and a tungsten lamp generating light betw2.5-251m which interacts
with the sample inserted in a Michelson’s interfeeter. By moving one mirror of
the interferometer, the optical path is changedlifep to an interferogram of
transmitted intensity versus optical path (in nm¥ Fourier transform leads to an
interferogram into the spatial frequency domaindiri'). The FTIR spectrum of the
sample is obtained after subtracting the contrdsutof reference substrate and
atmosphere components such as,@Ad HO. After placing the sample on the
angle-controlled sample holder, the chamber iseclaand purged continuously with
No.

35



(c) Determination of the Si excess
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Figure 2.4: FTIR spectra of as-deposited SiO2 filtmch are decomposed into six
Gaussians at Brewster incidence (a) and three Janssat normal incidence (b).
Black line is experimental curve, and blue linghe result of superimposition of the
Gaussian curves.

Two kinds of spectra are recorded (Fig. 2.4): atBhewster angle (65°) or at the
normal incidence. For the former, p-polarized lightotally transmitted through the
film while s-polarized light is totally reflect€¥ This measurement is sensitive to
both vibration components, the transverse opticaden(parallel) and the longitudinal
optical mode (perpendicular) to the thin film swda For the latter, light is
transmitted through the layer with an electricdigkector parallel to the film surface
resulting in the selective excitation of the trasrse optical mode (TO), the
longitudinal optical mode (LO) remaining unexcitéchking the as-deposited SIO
film as an example, the FTIR spectra in Brewstel mormal incidence are shown in
figure 2.4 (a) and (b), respectively. As observib@, Brewster incidence spectrum
includes both LO and TO mode with total six Gaussipeaks from the vibration of
Si-O bonds, while only TO mode with three Gaussipeaks are present in normal
incidence spectrum. The LQLO;, LO; are located at about 1170, 1256, and 820 cm
while TO,, TOs, TO; at 1200, 1060, and 820 &nprespectively.
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The positions of the vibration modes are influenbgdhe composition of the layer.
For example in SRSO layers, the position of; p@ak blue shifts proportionally with
the increase of Si excess. Consequently, the &tlO (k) can be estimated by the 7O
wave-number (#b3) according to the equatibh:

x=0.02w, - 19.5 Zp.
Using the obtained value, the atomic percentage of Si excess is atunvia the

formulae:
S.(a8) =[(2 - )/(2+ 2 Y]x100%. (2.3)
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Figure 2.5: FTIR spectra of as-deposited silicotride film measured (a) with an
incidence angle of 65° and (b) with a normal incice. Black line is experiment
curve, and red line is the result of superimpositid the Gaussian curves.

Similarly to the case of SiQtwo kinds of spectra are obtained in figure 26 f
silicon nitride film when measuring with an inciadenangle of 65° and with a normal
incidence. For the former, one can observe two rglisn bands centered at about
1140 and 930 cth They are respectively assigned to the longitud{h®) and
transverse (TO) modes of the Si-N stretching vibr&}. For the latter, several bands
are observed but their maxima can not be sepaesi®éy.eWe consider only single
absorption band, as seen, which is centered at &38ucm’. This is comparable to

the position of TO mode for Si-N vibration.
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It has been well demonstrated that a model basetinear combination of
weighted bonding density may explained the FTIRkpegasition and consequently
allow one to determine the layer compositith The TO peak, as mentioned by
Debieu et aF!, is less sensitivity to the change of SRSN layengosition, while the
LO band (wo) is a better indicator of N/Si ratiok)( Its relationship is denoted

below®™

W, =323.4- 4/3) 119 (2.4)
And the Si excess is calculated:

S, (afb) =[(4-3%/(4+ 4X)]x 100%. (2.5)

It is worth to note that the Si excess obtainedhffel IR would not contain the Si
atoms that have started nucleating or agglomeraturing the deposition process.
This is due to the inactivity to IR radiations feomopolar bonds. Therefore, the Si
excess obtained from FTIR is an underestimatiotheftotal excess present in the

material.

The intensity of bond vibration could also be u$edhaving information on
layer composition. In SRSO films, the Si-np dengsign be reflected from the
intensity of LQ peak attributed to the Si-O-Si bonds at 180° aD./Si-np
interfacé™. In SRSN case, Debieu etf&have observed a gradual decrease of Si-N
LO band intensity with increasing Si excess. Irhdands of layers, the intensities of
overlap between LO and TO are related to the laygering degree: a lower intensity

means a more ordered microstructure.

2.2.2 Spectroscopic ellipsometry

(a) Principle

Spectroscopic ellipsometry is a fast, sensitived aron-destructive tool to
characterize the dielectric properties of thin fimving a thickness ranging from
nanometers to about 50n taking into account that the accuracy decreaststhe
thickness. The electric field; Bf the incident light can be split into two components
(Fig. 2.6): one p-polarized light parallel to thecident plane (§) and the other
s-polarized perpendicular {(fE The reflected fields of s- and p- componentg &&ad
E;s) are recorded after interacting with the samplee Teflection coefficients can be

deduced from equation 2.6:
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r,=E,/E,:r.= E//E. (2.6)
The reflection coefficients are mainly dependanttioa film thickness and optical
constants (refractive index, n, and extinction ioeint, k). Their ratio, known as
ellipsometric function, is conventionally writtes:a

r,/rs = (tanW)x expi(A ) (2.7)
wherey andA are the ellipsometric angles (Fig. 2.6). Sincer#feactive index is the
square root of the relative permittivity which gove the interaction between light
and the material under investigation. This indeghess with light energy witnessing
the different features of light matter interactigmbsorption, transmission, wave
velocity, band gap...). Thus one can deduce from rieasurements the film
thickness, optical dielectric constants as a famctf energy. The surface roughness
and porosity of the film can also be estimated.

~“Reflected
beam

Incident
beam

Light
source Detector
Polarizer

Analyzer

Modulator™_

Sample

@L-Invable sample holder

to focus the beam on saniple

Figure 2.6: Schematic diagram of the principle asgperimental setup for an
ellipsometer.
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(b) Experimental conditions

The experimental measurements are performed on-Yolun ellipsometer. The

ellipsometry setup as shown in figure 2.6 contains:
e an unpolarized light source with a broad spectage (Xenon lamp),
e apolarizer,

e a phase modulator which dephases the parallel ampdicular components

of the electric field,
e the sample holder,

e an analyzer and a detector consisting of monochi@maad a photomultiplier
tube.

The incident light is emitted from the Xenon lam¥hen passing through the
polarizer operated at a fixed angle of 45°, thatlig linearly polarized with both
polarization components s and p approximately egdajuartz modulator fixed at
normal incidence, phase modulates the linearlyrpad beam. At an incidence angle
of ®=66.2°, this beam in 1.5-4.5 eV range with a resmuof 0.01 eV interacts with
the sample (Si substrate with the dielectric layerpur case). After reaching the
layer, the light is reflected with a reflected anglqual to incidence one and passes
through a rotating analyzer operating at 45°. Thiger transmits the s and p
polarization reflected wave to the photodetectoictvinecords the intensity of each of
them. The incoming wave is phase modulated at 50 &léwing the use of lock-in
detection system for increasing signal/noise radind to have reflectance
measurements amplitude independent to wavelengthseach wavelength the
complex reflectance ratig=r,/r=tan fy)e"” is recorded. Those ellipsometric angles
andA are used in the modeling method in order to datexrthe complex refractive
index dispersion and thickness of sample. It isntde that the ellipsometer is
controlled by ELLI42 program provided by Horiba felyvon SAS Company.

(c) Spectra modeling

The film thickness, optical dielectric constantse surface roughness... can not
directly be obtained from the recorded spectreedquires a use of a modeling process
which performs fitting, provides dispersion modatsl samples structural model. In
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our system, one of the most used dispersion motlekfoactive index (n) and
extinction coefficient K) is the New Amorphous or Forouhi-Bloomer formtda
given in the following relations:

(@) =n, +(Bw-w)+O/(w-w)*+T7),

(2.8)
k(@) =( f(60‘Cf)g)z)/((w‘w,-)2 +?), (2.9)
k(w) =0 if wsw,, (210
whereB=(f, /T )(T} - (w-@)?), (2.11)
C=2fl (w-w), (2)12

wheren,, is the refractive index when energy tends to itdinw is the wave energy in
eV, fj is the oscillator strength (the fraction of eleogathat oscillate at resonant
energyw;), I'; is the damping coefficient that gives rise to giieenomena of optical
absorption. From the extinction coefficienk) (one can obtain the absorption
coefficient 1) by the following relation:
a =4nk/A = 4rrkw hc,

(2.13)
where h is the Planck’s constant and c the lighdorgy.

Surface roughness (in some cases) (2
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Figure 2.7: (a) Schematic illustration of the filstructure and (b) the recorded
spectra (square) with their fitting curves (line).

After choosing dispersion law for film and substred sample structural model is
required to before performing the fitting procebgy( 2.7 (a)). Such a model takes
into account the use of crystalline Si substrale, possible roughness on layer

surface, the presence of porosity in the film, rilaee roughness of substrate/film, ...

41



Thereafter, the recorded spectra (Fig. 2.7 (b))ewitted through DeltaPsi
software provided by Horiba Jobin-Yvon SAS Compamg resulting fitted spectra
were obtained by least-square method. One cardéaisce the optical constants (Fig.
2.8) including the layer thickness.

Dispersion kemula : & Al A9 1 SNk G+ B ol |-
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Figure 2.8: Optical properties versus incident phroenergy.

(d) Determination of the Si excess

In order to determine the fraction of Si excesthanlayers, the effective medium
approximation (EMA) is used assuming that the sddiilm is a homogeneous
medium with respect to the wavelength size. The EMdédel can be performed by
the used of several models, such as Bruggeman Hiddaxwell-Garnet modéf".
EMA is a mean field theory assuming that "light"esean effective medium
constituted of media with different permittivitie$t succeeds to predict optical
properties of multiphase medium in a low concemmatregime (below the
percolation thresholdj’. The Bruggeman effective medium approximation (B5M
used in this work is defined by the following twguations:

Dvil(g -€)/(g +2¢))=0, (2.14)
Sy =1, (2.15)
whereg; and vy are the complex optical dielectric function anduwae fraction for the
i component, respectively. is the effective dielectric function corresponditogthe

measured value for the film. In the following pamse describe the determination of
Si component in both matrices: Siend SiNa.
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e InSIO

In SRSO materials, the effective dielectric funet{@,) is a combination of the

dielectric function of Si and SO The Bruggeman model gives a relationship of the
effective medium as a volume fraction of two diéflet materials as below:
f((Es—€)/(EgH 26 )+ T 5o((€ o€ )/(g sot 22 )=0. (2.16)
where, ee is the relative permittivity of the effective madi, ¢s; and esjo2 are the
relative permittivities of Si and SpOrespectively, ands; and fsioz their volume
fractions {s; + fsioo= 1). Furthermore, the permittivity equals to siygiare of complex
refractive index: e=fi>=(n-ik)2, where n is the refractive index measured by
ellipsometry at 1.95 eV. At this energy, the valoéshe absorption coefficieht are
negligible whatever the composition of the layehus, the O/Si ratioxj can be
estimated by knowing the refractive index from pebmetry, concentration and
volume fractions of the chemical species. The cotmagon of an element in a
material can be estimated from the density d, melass M, and Avogadro number
N. This leads to the following expression, whiclsulés in the values indicated in
table 2.2:

[Sisi= Ndgi/ Mg[ Si sio= N dSiQ/ M Sip[ O sip=2 N d s;q( M g (2.17)
Element x| Matrix y | Density d (g.crif) | Molar Mass M (g)| [x]y (cm®)
Si Si 2.59 28.09 5.0xtb
Si SIQ 2.27 60.09 2.25x10
o) SO 2.27 60.09 4.5x 9

Table 2.2: Estimation of atomic concentration inSERmaterials.

Then the O/Si ratiox can be deduced by using the following equation:

X= (fsi [0l 5i0) A Fd ST s+ fsig O sb” (2.18)
The values ofnsioz and ns; given at 1.95 eV are 1.4570.002 and 4.49& 0.002.
Finally, following the equation (2.15) and (2.1The O/Si ratio is obtained as a
function of refractive index:

x = (-36n* + 691n% + 773f (22*+ 66 - 47 (2.19)
One can deduce the atomic percentage of Si excasg the formulae 2.3 as
described in FTIR section.
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e In SikNy4

In the case of SRSN layers, one also can consider nhaterials as a
heterogeneous medium formed by a mixture of amarpl® and SN4. In the same
way as SRSO films, the concentration of an elenmeatmaterial can be obtained and
described in table 2’8"

Elementx| Matrixy| Density d (g.cf) | Molar Mass M (g) [ (cm®)
Si Si 2.59 28.09 5.0x%0
Si SkNy 2.80 140.28 3.6x10
N SisN, 2.80 140.28 4.8xTH

Table 2.3: Estimation of atomic concentration inSBRmaterials.

The N/Si ratio X) is achieved through the following function:

x=(-9.6n* +177.6° + 332.2) (2.8'+ 200F- 96. (2.20)
Apart from this Bruggeman model, there is anothpgreach concerned in this thesis
to estimate the layer composition. Numerous grdlip$®! have proposed that the
refractive index n can be represented as the bgrabnsity-weighted linear
combination with the N/Si ratiox). Debieu et af! have obtained a progressive
increase ok value with increasing eithenfpn2 or RFPs/RFPsisng to deposit SRSN
layers. They noticed that such an increase is edssistent with that of refractive

index. Accordingly, these results support the eroalirelation:

X =4(Ng; ~ NsrsN)/3(Nsref N & 2N g3 (2.21)

where the values ohs; and nsisng given at 1.95 eV are 4.498 0.002 and
1.850+ 0.002, respectively. Then, the Si excess can lmilated by the formulae

2.5 as described in FTIR section.

As a consequence, via ellipsometric experimentscaneextract the information
including (i) the refractive index of the layer mnowhich the composition in terms of
Si excess is estimated, (ii) the thickness of the With an accuracy of high than
95%, and (iii) the absorption coefficient of thergde. It is worth to note that the
Bruggeman calculations only account for the nuelé&i-nps, but do not consider the
fraction of free unbounded Si atoms.
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2.2.3 Raman spectroscopy

(a) Principle

Raman spectroscopy is a spectroscopic techniqiedreh light scattering by

molecular vibration and phonons. This scatteringlassified into two parts: elastic

(Rayleigh) and inelastic (Raman and Brillouin) ssamg. The re-radiative elastic part

is eliminated because the corresponding waveleisgét the same wavelength than

that of the excitation source. The inelastic sciteis due to interaction with optical

and acoustical phonons, called Raman and Brill@agattering respectively. This

inelastic part would result in the down- (Stokessyp- (anti-Stokes) shift in energy of

a few photons. This technique is more sensitii@otmopolar bonds.

(b) Experimental conditions

Laser

Notch filter

Spectrometer
/CCD

Y
Lens

B B

v«——»—o—é—k Sample

Bea

m splitter

Figure 2.9: Schematic representation of Raman speudter.

A Raman system typically consists of several mammponents as shown in

figure 2.9:

+ Excitation source installed with two lasers: 538 832 nm,

» Beam splitter splitting a laser beam in two,

* Lens for focusing optics,

* Notch Filter,

» Monochromator plus detector (CCD).

The sample under investigation is illuminated vattaser beam. The elastic and

inelastic scattering lights are collected with axsleand are sent through the

beamsplitter. The notch filter will remove the dlasscattering light. The inelastic
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scattering light is dispersed through a Monochrambéfore being collected by CCD
camera. The incident laser beam used for this weothe 532 nm line with a power
density that can be tuned from 0.14 to 1.4 MW?criihe films were deposited on
quartz substrate to permit RAMAN peak at 521 'ambservation. The figure 2.10
displays three typical Raman spectra of (i) amonsh8i-nps (orange curve), (ii)
crystalline Si-nps (orange square), (iii) Si bultiack curve). For the orange curve,
two Raman peaks were recorded at about 150 andc#B0and are attributed to
transverse acoustic (TA), and transverse opticaD)(fphonon frequencies of
amorphous Si-nps, respectively. The comparison démtwhe black and the orange
square curves evidences a vibration mode peakiapait 521 ci. This is, for the
orange square curve, the signature of the presehceystalline Si-nps. One can
notice that the background of Raman spectra isehnigfian the one of the Si wafer,
due to the occurrence of photoluminescence fromldlyer. These emissions are
centered at about 700 nm but with a broad shoulerilar PL emitting from 400 to
900 nm has been observed by Savchyn ét°hland have been attributing to
luminescence centers (LCs). The authors have shbaithe LCs peak intensity
decreased after annealing at 1100°C. We also nstick a decrease after annealing
(Fig. 2.10).

wavelength (nm)

540 545 550 555 e 600 650 700 750
T Y T T T T T — 7/ T Y T T T v T

Priotoluiinzscznez |

/ film on quartz @

N

a-Si
————

Raman intensity (arb. unit)

Si wafer

1 " 1 " L L L L 1 " 1 L 1 L //// 1 " 1 L 1 " 1 "
200 300 400 500 600 700 800 2000 3000 4000 5000

wavenumbers (cm'])

Figure 2.10: Raman spectra of Si wafer (black curvés0°C-annealed (orange
curve) and 1100°C-annealed (orange square) SRSNdaleposited on quartz.

Information extracted in this work contaifi}.the formation of some single phase
witness by the presence of homopolar bonds; (&) dhange of peak intensity gives

information on the volume of Si-nps phase.
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2.2.4 Photoluminescence spectroscopy

(a) Principle
excited
states
nonradiative
relaxation
= conduction
®*—®— band
excitation
photon B
@Q
NNNS=> =
@ AVAVAVAS
& .
~© | luminescence
2
<
‘:_g
No 1:hh<:;t_<:ul
kY /
valence
band
electrons

Figure 2.11: lllustration of excitation and de-etation processes.

Photoluminescence spectroscopy is a non-destructipproach for the
investigation on electronic structure of materidtsallows one to obtain important

information about excitation, relaxation and entiasinechanisms.

» Excitation mechanism: photons are absorbed by thienmals leading to
excite an electron from ground state to the allowrcited state. In the
case of Si-nps, this excitation process occurs é@tvithe valence and the
conduction bands. This step is characterized bgeatime (fs¢) Which is

photon flux and material dependant.

» Relaxation-emission mechanism: from this step, pmaresses can occur,
i.e. a non-radiative or radiative relaxation. Thenfer allows the electron
to go back to the ground state by transferringiisrgy to the network of
the materials by several processes (phonon, Augevhile the latter is
occurring with the emission of a photon. These pwvocesses can be
gathered as presented in figure 2.11. This stepbeadescribed by a

decay time (kcay wWhich takes into account the radiative and
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non-radiative relaxations. The non-radiative preasss as a competition

process to the PL one. It can be described as afuadiative rate (")
it 1 51
and non-radiative t{ ") rates. The decay rafg, , of electrons from

conduction to valence band can thus be expressed as

t—l

decay

=t 7+t (2.22)
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(b) Experimental conditions

Continuous Laser setup
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Figure 2.12: Schematic diagram of the continuouseMaser PL setup.

The schematic diagram of the PL setup used inahorhtory is shown in figure

2.12, which includes several components:
e Excitation light source using continuous wavé kser,
e Optical tools such as attenuator, chopper, mites...
e Monochromator, and photomultiplier tube,
e Amplifier, and lock-in amplifier,
e Computer.

The wavelength of Arlaser (INNOVA 90C) can be selected at 514, 488, 47
and 458 nm, while in this study, we used the wagile of 488 nm which is
non-resonant with Nd ioffd! to ensure that their excitation occurs indirectlst
sensitizers. The laser beam was mechanically clibppa fixed frequency (60 Hz).
We used a sample holder that can accept five samyéch are movable along an
axis perpendicular to the optical axis of the ditecsystem and parallel to the optical
table. The laser beam is reflected and focusechersample with an incident angle
(45°) using appropriate optical mirrors and lensebas a fixed power 240 mW, and
the focal spot surface (1.3 Mjmon each sample remains the same. The light ehitte

by sample is partially collected through anothdrafelenses and is focused on the
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entrance slit of the monochromator. Two types ohauhromators can be chosen:
TRIAX 180 and THR 1000 from Horiba Jobin Yvon SABe collected light from
sample is dispersed by the monochromator and @etdnt a photomultiplier tube.
The TRIAX 180 is coupled to a visible wavelengthage sensitive detector sensitive
to the wavelengths in visible range (HAMAMATSU R%)0while the THR 1000 is
VIS-NIR connected to the extended photomultipligoe for the visible to infrared
range (HAMAMATSU R5509-72). Thereafter, the detecgegnal is amplified and
converted into voltage by some transimpedance #&mpljFemto...). The signal
consisting of all the detected frequencies is riéite by the lock-in amplifier,
referenced to the chopper reference frequencyséleeted signal is then recorded by
computer as a function of monochromator selectegelgagth to build a typical PL
spectrum. With such a system, the minimum PL déicag measurable is about 1 ms.
Considering that the Nd transition time is aboud 6, we used pulsed-tunable laser

setup suitable for the determination of this det@ag in our films.

Pulsed tunable laser setup

Conmputer
Oscilloscope
[
L
Amplifier

Lens Photomultiplier
N tube

Sample
holder

Monochromator
OPO . THE. 1000

N
laser &

Mirror

Figure 2.13: Schematic diagram of the pulsed tuedsaser PL setup.

This PL setup shown in figure 2.13 includes seveoahponents:
e Excitation light source using optical parametricibbgtor (OPO) laser,
e Optical tools such as mirror, lens...
e Monochromator, and photomultiplier tube,
e Amplifier, and oscilloscope,

e Computer.
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The OPO laser (EKSPLA, NT340) used as excitatiar@®has a pulse of 5 ns
at full width at half maximum and a maximum repetitrate of 10 Hz for excitation
wavelengths in 192-2600nm range. The 488nm-lasamhie focused on the sample
with an incident angle (45°), a fixed energy of i3 and a focal spot surface of
0.2 mnf. The light emitted by sample is collected throumtset of lenses and is
focused on the entrance slit of the THR 1000 Horibabin Yvon SAS
monochromator. After being dispersed, the emitighit lis detected by the VIS-NIR
extended photomultiplier tube (HAMAMATSU R5509-7a8hd then amplified and
converted into voltage. The full signal is acquirddy an oscilloscope
(TIEKTRONTCS TDS-3012B) having a bandwidth of 10k (the time resolution
is about some tenth of nanosecond) before beingteene computer showing the PL

decay curve as a function of time.
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Chapter 3: A study on Nd doped Si-rich silicon

oxide films

3.1 Introduction

On the basis of the previous results achieved lairet al’! 2, the objectives
of this chapter is to develop a confocal co-spinteapproach for growing Nd-doped
SRSO films. Indeed, the technique used in thisiptesvstudy was the co-sputtering
of Nd,O3 chips placed on a pure Si@arget in a hydrogen-rich plasma. If relevant
results were obtained during this prior work, thairndrawback was the difficulty to
control the Nd incorporation in the film. This idhwwin my work, one of the aims is to
optimize the N&" emission in Nd-SRSO films, i.e the coupling ragsvieen Si-nps
and Nd* ions, through an engineering of the films composi in Si excess and Nd
content. This optimization is limited by the preserf non-radiative channels in the
layer. Consequently, a specific attention will kzdpon the post-annealing treatment
to ensure the quality of the surrounded host medmmsignificant decrease of the

non-radiative channels contribution.

Two approaches have been investigated to reach tigsctives. It concerns the
reactive and classical co-sputtering processesthén first case, we applied the
parameters proposed by Khomenkova éf dbr the growth of similar films doped
with Erbium ions for which an intense *rPL emission at 1.54 um has been
obtained. The plasma pressure, substrate temperand power densities applied
onto SiQ and NdOs cathodes were fixed at 3 mTorr, 100°C, 7.4 an& \4cni?,
respectively. The incorporation of Si excess in Bwgers is based on the use of
hydrogen-rich plasma in which hydrogen reducesttide species resulting from the
sputtering of the targets. For the classical cdtsping method, Hijazi et &l have
optimized the fabrication conditions for Er-dopexydrs using the three cathodes
approach. The fixed parameters are the followingnlasma pressure of 3 mTorr,
substrate temperature of 500°C, a RF power de(RipR) applied on SiQ Si, and
Er,O3 cathodes of 8.88, 1.65 and 0.30 Wxmespectively. In the case of annealing
treatment, rapid thermal annealing (RTA) and/ossieal annealing (CA) have been

carried out.
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3.2 Effect of Si excess incorporated

Depending on the approaches, the Si excess hasrmeetored through:

* The hydrogen ratey varied from 40% to 80% in the case of the reactive

deposition method,

e The RF power densities applied which have been ieddudn the
1.04-1.78 W.crif range for the classical approach.

More details on these two deposition methods haenlgiven in section 2.1.1 of

chapter 2.

3.2.1 Fourier transform infrared spectroscopy

(a) Reactive co-sputtering approach

1
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Figure 3.1: FTIR spectra of as-deposited Nd-SRS@rkarecorded at (a) Brewster
incidence and (b) normal incidence (all absorbanspectra are offset in
perpendicular axis for clarity) — Effect of hydrageate ry from 40% to 80% on the
film structure.

Figure 3.1 shows the FTIR spectra of the as-degbsNid-SRSO samples
prepared by reactive sputtering by varying hydrogeary from 40% to 80%. These
spectra have been recorded in (a) Brewster anabfimal incidences. In figure 3.1(a),

the spectra are normalized to thesTand intensity. One can see that the intensity of
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LO; peak in 1230-1220 cf range gradually decreases with increasing
Concomitantly, the peak position clearly shiftddev wavenumbers, similarly noticed
by R. Nalinl’!. Considering that, L9peak reflects the number of Si-O-Si bonds at
180° present at the Si/SiGnterfacé®, the decrease of this longitudinal vibration
mode intensity indicates a lowering of the totaérface area withy. For the normal
incidence acquired spectra (Fig. 3(b)), thezMbration mode shifts towards low
wavenumbers with increasimg. This is a signature of the concomitant increds®i o
incorporation allowing the achievement a Si exaesgjing from 2.4 to 5.6 at.% as
deduced from the T peak position (Sect. 2.2.1 Chap. 2). Thus, théuten of the
LOs mode with the hydrogen introduced in the plasma ba explained by the
formation of larger Si-nps at the expense of tldeinsity. Moreover, this LOpeak
evolution suggests that the Si-nps can be growk08¥C during the deposition. The
existence of the dihydride Sjkspecies is confirmed by the detection of its begdi
modes at around 885 €mThis is the consequence of the use of hydrogeinglthe
deposition process. These results demonstratehatse of hydrogen rich plasma is

an effective approach to monitor the Si excess.

(b) Classical co-sputtering approach
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Figure 3.2: FTIR spectra of as-deposited samplesnded at (a) Brewster incidence
and (b) normal incidence (all absorbance spectra affset in perpendicular axis for
clarity) — Effect of power density of Si cathodeging from 1.04 to 1.78 W.¢fon
the film structure.
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Figures 3.2(a) and (b) show the FTIR graphs ofcthwsputtered SRSO samples
collected in Brewster and normal incidences re$pagt In figure 3.2(a), all the
spectra are normalized to the Fand intensity. The increase of tREPs; leads to
the decrease of the k(peaks as well as to a shift towards low wavenumlaer
denoted by the arrow. In addition, this evolutienfollowed by an increase of the
disorder in the Si@matrix (increase of the intensity of L&TO, doublet). At normal
incidence (Fig. 3.2(b)), the TEpeak position shifts towards low wavenumbers with
increasingRFPsi. The resulting Si excess determination reveals tiiia approach
allows the incorporation of a higher Si contenthie host matrix than in the reactive
approach. Indeed, the values of Si excess aremafigim 1.4 to 6.8 at.% whaRFPs;
is varying from 1.04 to 1.78 W.cfm Considering the results described in the previous
section, these observations are the signatureeofdaimation of bigger Si-nps with
increasingRFPsi. Comparing to the first deposition method, the nmdiiference in
these spectra is the absence of the bending mad8id4d bond at about 885 ¢
since these samples were fabricated under puréa8ma.

3.2.2 Ellipsometry

(a) Reactive co-sputtering approach
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Figure 3.3: Evolutions of (a) refractive index with and (b) absorption coefficient
with energy for as-deposited layers for differgntanging from 40 to 80%.
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The values of refractive index (n) and absorpti@eficient @) have been
deduced from ellipsometry measurements (Sect. 2Chdp. 2). Figures 3.3(a)
represents the refractive index evolution as atfanof the hydrogen rate; for two
energies, 1.17 and 1.95 eV. The value of n = 1M.i&dere considered for the design
of a single mode waveguide at the 1,08 wavelength (Sect. 5.2 Chap. 5). It is worth
to note the raise af with ry until 70% and then the saturation of this refraeindex
when the hydrogen rate reaches about 80%. Suctul nedicates that the maximum
Si incorporation has been achieved by means offifeel deposition parameters.
Figure 3.3(b) displays the absorption coefficiehthin films versus energy from 1.0
to 4.5 eV for different hydrogen rates investigatasl well as for pure Sgand Si.
From 1.0 to 2.5 eVais lower than 1& cm* and increases from 1Go several
10* cmi* for higher energies. All these curves are betwhese of Si@and Si which

is a confirmation of the increase of Si incorparatwithr.

(b) Classical co-sputtering approach
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Figure 3.4. Evolutions of (a) refractive index witRFPRs; and (b) absorption
coefficient with energy for as-grown films for diffnt RFR; ranging from 1.04 to
1.78 W.cr.

The refractive index and absorption coefficient presented in figures 3.4(a)
and (b), respectively, for films deposited by coisgring. As observed, the refractive
indexes obtained at both energies (1.17 and 1.95yeadually increase witRFPs;
Contrarily to the reactive approach, no saturatbm value withRFPs; has been
found. Thus, such a method offers the possibibtyncorporate higher Si excess by

controlling the ratio of power densities appliedSirand SiQ cathodes. Figure 3.4(b)
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shows the absorption coefficiemt)(for differentRFPs; as well as for pure SiCand
Si materials, as a function of energy in the 1®eV range. For all the samplesjs
below 16 cmi' in 1.0 to 2.5 eV range, while it can reach sevéghlcm* for higher
energies. In this regiomy values of our films are between those of S&hd Si

materials, attesting the incorporation of Si exceitls RFPs;.

3.2.3 Estimation of Si excess

(a) From FTIR analysis

As mentioned in chapter 2 (sect. 2.2.1), the Cd8or(x) can be estimated from
the FTIR spectra. The results are displayed inld¢fiepart of table 3.1. For reactive
co-sputtering approack,varies from 1.86 to 1.70 whep increases from 40 to 80%
while, for the classical co-sputtering one, it rendpetween 1.92 and 1.64 wHeRPs;
varies from 1.04 to 1.78 W.c¢fm As shown in table 3.1, the deduced Si excess is
ranging from 2.4 to 5.6 at.% for the former, wiibe the latter, it is varying from 1.4
to 6.8 at.%.

Reactive co-sputtering
FTIR Ellipsometry
ru (%) Wro3 x=0/Si Si excess | Refractive | x=0O/Si | Siexcess
(cm™) (at.%) index at (at.%)
1.95eV
40 1058 1.86 2.4 1.501 1.89 2.0
50 1054 1.78 3.9 1.533 1.81] 3.3
60 1052 1.74 4.7 1.548 1.78 3.9
70 1051 1.72 5.1 1.562 1.75 4.5
80 1050 1.70 5.6 1.566 1.74 4.7
Classical co-sputtering
FTIR Ellipsometry
Si power | Wro3 x=0/Si Siexcess | Refractive | x=0/Si | Siexcess
density | (cm) (at.%) index at (at.%)
(W.cni?) 1.95 eV
1.04 1061 1.92 14 1.490 1.91 15
1.18 1056 1.82 3.2 1.501 1.89 2.0
1.33 1053 1.76 4.3 1.525 1.83 3.0
1.48 1052 1.74 4.7 1.531 1.82 3.2
1.63 1049 1.68 6.0 1.552 1.77 4.1
1.78 1047 1.64 6.8 1.570 1.74 4.8

Table 3.1 Si excess estimated using FTIR expersmeteft part and refractive index
in right part for reactive (top) and classical (botn) co-sputtered samples. The
uncertainty of Woz value is 1 cil while for n value is 0.002.
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(b) From ellipsometric spectroscopy analysis

The O/Si ratio X) can also be determined from the values of rafraahdex
deduced from ellipsometric experiments (sect 2ch@p.2). Thex values obtained at
1.95 eV are shown in the right part of table 3dr. feactive co-sputtered samples, the
O/Si ratio is in the range 1.89 - 1.77 leading t&iaexcess ranging from 2.0 to
4.7 at.%. For classical co-sputtered films, theuded Si excess increases from 1.5 to
4.8 at.% withRFPs;.

(c) Si excess error estimation

To compare the two determinations of the Si excdwss,error estimations are

discussed below.

e For FTIR approach,

as x=0.02V, —19.5, (see chap.2)
S0 AX=0.02AW, .
(3.1)

whereAx is O/Si ratio error andWro3 is about 1 crl.

e For ellipsometry approach,

_-36n" +691° + 77¢

asx= , see chap.?
22n* + 66m° — 472 ( P-2)
_ 3
<o |BX _|¢ 144? +1387 )<Ar"+| (88j+ 13303A |1|’ (3.2)
X ‘ -36n* + 6917 + 773| ‘ 22+ 66F - 41.‘
where theAn is about 0.002.
Since S, (at%) = y= 2= X x100%, (see chap.2)
2+ 2x

we define the maximum and minimum values of Si excess \azhievith an

uncertaintyAx (eg. 3.1 and 3.2 depending on the techniques used):

g =22 289 L1000, (3.3)
2+ 2(x—AXx)

Yo =22 * Y 10005, (3.9)
2+ 2(x+AX)

The uncertaintyAy is determined by the absolute difference betwegh and viin
values. The obtained error valuay plotted with the Si excess are shown in

figure 3.5.

59



(o]

" —&— From TQ peak position

~
T

L —O— From refractive index

(o]
T

ol
—

1

N
——

Si excess (at.%)

w
T

1.0 11 1.2 1.3 14 15 1.6 1.7 1.8
Power density of Si cathode (W.'é)n

Figure 3.5: Si excess evolution with RfFRith experimental error bars for classical
co-sputtered samples analyzed by FTIR spectra and ellipspmegieriments.

One can see that, for this set of samples and both ch@atte techniques, the
estimated Si excess has a comparable evolution trend shawming@ase withiRFPs;.
Indeed, the FTIR is sensitive to the free unbounded Si atamte ellipsometry
method to the Si-nps “bulk” permittivity. Consequently, the twarahterization
methods are not describing the same “population” of exoésslicon. For this
reason, the total Si excess may be obtained by the surtedses found by the two
different methods. A third technique of chemical analysiglf as RBS) is required to
could confirm this hypothesis.

3.2.4 Optimal Si content

The objective is to achieve the brightest emission intensityeoNd*-doped
layers under 488 nm non-resonant laser excitation. We haedormed
photoluminescence experiments on as-grown and 750°C-dmmealed layers
deposited either by reactive or classical magnetron co-spgttefime following
subsections will describe the PL emissions recorded for @pginoaches and will
allows us to define the best deposition conditions for fabrigakim films that will be
used for the annealing study.
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(a) Reactive co-sputtering approach
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Figure 3.6: PL spectra for different hydrogen ratg (from 40% to 80%): (a) as-
grown samples and (b) 750°C-1min-annealed samples dxeatenon-resonant
wavelength for the N ions (488 nm).

Figure 3.6 shows the PL spectra of samples deposited witretiffry values
before (a) and after annealing at 750°C during 1 minyteTfe PL spectra in figure
3.6(a) show emission peaks clearly visible in the 600-8@0range and at 920 nm
from the as-deposited samples. The former could béaddo the presence of Si-nps
and/or radiative defects® while the latter is the results of th@s-*lo; transition in
the N&* iond®!. Such an emission achieved with a non-resonant excitation
wavelength (488 nm) for the Ridions confirms the role of hydrogen for promoting
the formation of sensitizers towards Nébns but also demonstrates the quality of the
as-grown layers. One can notice that the increasimmhances the emissions of*Nd
ions. After an RTA annealing treatment, the PL intensity of Kuf" peak is
increasing by one order of magnitude (see pink cugw€0%) while the visible peak
emission remains almost the same. The decrease of tbedekved for they=70%
deposited layer after annealing demonstrates the importanogomitoring the Si
excess to achieve the highest sensitizers density and the Histasce to N# ions.

The optimal Si excess for this fabrication approach is obtdoreg=60%.
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(b) Classical co-sputtering approach
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Figure 3.7: PL spectra of (a) as-deposited samples depositesl00°C and (b)
750°C-1min-annealed samples used BRBnging from 1.04 to 1.78 W.émThe
excitation wavelength is 488 nm which is non-resonant for ¢fi&ibins.

The PL spectra for as-grown samples deposited at 50@&Ghawn in figure
3.7(a). One can clearly notice the emission at about 92@remm Nc®* ions. The
intensity is quite higher than that of reactive sputtered samples; after the
annealing treatment (Fig. 3.6(a) and (b)). This is probdibéyto the higher deposition
temperature 500°C with respect to 100°C for reactive sdtenethod, which is
supposed to improve the quality of the host matrix and teginkto passivate the
non-radiative channels. Moreover, the®NBL intensity shows first an increase with
RFPs, up to a maximum corresponding to sample deposited with Wacm?
(4.7 at.% Si excess from FTIR experiments), and thenedses for higher power
densities. After annealing, the same trend is conserved JFi(p)). This evolution
may be explained by two reasons. On one hand, therfingase of power density is
expected to enhance the density of Si-nps for an optimizédSitnps interactioh’

M Further increase d®FPs; up to 1.78 W.crif might lead to increasing the average
size of the formed Si-nps at the expense of their derastgl{own by FTIR) and then
of their coupling with N& iond*?) [*3]. On the other hand, the increasing Si
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incorporation may result in disorder in the host (as showRTBR), which will favor

the non-radiative channels.

In the visible domain of figure 3.7(b), all the films showraad band centered at
fixed position about 700 nm. This PL band can be originatmg amorphous Si-nps
and/or from defects levels. One can notice that the PL ingettesireases with higher
RFPs; which can be attributed to the creation of concomitant ndiatree defects

and/or to an efficient energy transfer from sensitizessitoounded N ions.
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Figure 3.8: (a) Nd" PL decay curves of 750°C-1min-annealed films deposited with
different RFR; (b) a typical decay curve of RIdPL with its fitting, (c) Evolution of
the Nd* lifetimes with RFB as well as refractive index. The excitation wavelength is
488 nm which is non-resonant for the*Nibns.

To further study the influence of Si excess on 750°C-1mimealed samples,

decay time measurements were carried out off Rt at 920 nm. As observed in

figure 3.8(a), the curve decays faster WRRIFPs; and presents a non-exponential

nature. The recorded data were thus fitted by means sifetched exponential

function: 1(t)=Aexp[-(t/2)’]'**! as shown in figure 3.8(b). The obtained stretched

exponenf remains constant about 0.6 for all films, and the lifetinsein the order of

tens of us, comparable to the values reported from ottletdded silica-based thin

films*®. © decreases (Fig. 3.8(c)) from about 64 to 18 ps withnid@poration of Si,

which is comparable to the lifetime evolution of Bnoticed in similar systefh. This
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evolution can thus be explained by some increase in thrage/size of Si-nps at the
expense of their density and their coupling with rare earts. iMdoreover, it is
assumed that a concomitant increase of the disorder of #texmesults in an

increase of the number of non-radiative channels.
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Figure 3.9: (a) Visible PL spectra for 750°C-1min-annealachgles deposited with
various Si target power density. The excitation source i5@&W Monochromatic
xenon lamp at 280 nm. (b) Absorption spectrum fof’ Mdped Si@film.

This part aims at investigating the effect of Si excess on viBiblspectra using
a 280 nm excitation wavelength. Higher energy excitation patrmed on the
layers in order to evidence the presence of emitters witkriaegombination energy
which can be used as efficient sensitizers for the excitafidfu®* ions. As observed
from the obtained spectra in figure 3.9(a), two remarkpbéks centered at about 420
and 660 nm are present. The former is originating fronokygen-deficient centers
(ODCs) while the latter from the non-bridging oxygen holetees (NBOHCS}®! (171,
In fact, the various ODCs have a broad emission bangingrfrom about 400 to
600 nm as evidenced by cathodo-luminescence technicumilar layers doped with
Er* iond!®. In our films, the increasinBFPs; leads to the decrease of 420-nm peak
intensity while the 550 nm-ODCs peak gradually raises, regaaimaximum for the
layer deposited with 1.48 W.¢tmbefore decreasing for high&FPs; values. This
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evolution can be attributed to the increasing incorporatidi,adne on hand, leading
to the change of ODCs structure and/or number. One tleg bnd, non-radiative
paths are concomitantly formed due to a higher disordergtiriches the ODCs
luminescence for higher Si excess. For the NBOHCs praseitrich silicon oxide

film, they are attributed to some local atomic rearrangemantiiffers from the SiQ

tetrahedron expected for a “perfect” silica matrix. Therese of NBOHCs peak
intensity, may be explained by the fact that more Si atomsnamporated less

non-bridging O atoms remain in the film.

To correlate these visible spectra with*Ndmission displayed in figure 3.7(b),
the absorption spectrithof a Si-free N&" doped Si@ film is shown in figure 3.9(b).

The comparison between figure 3.9(a) and (b) provés tha

e ODCs emitting at 420 nm cannot resonantly excité€ Nehs while those at
585 nm can directly transfer the energy to4Be-level of Nd* ions present

in the surrounding.

e The maximum intensity for 585 nm ODCs is obtained for time deposited
with anRFPs; of 1.48 W.crif, which concomitantly holds an optimal NdPL
intensity (Fig. 3.7(b)).

e NBOHCs emitting at 660 nm do not match the energy levelsidfiNns.
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3.3 Effect of Nd content incorporated

3.3.1 Estimation of Nd content
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Figure 3.10: FTIR spectra recorded at Brewster incidencesémples deposited with
the indicative RFR4203 While the inset corresponds to normal incidence.

Apart from the Si excess, Nd content is another key pateasinfluencing the
Si:Nd coupling. The NgD3; power density RFPy4209 iS @ common way to monitor
the Nd content, fixing th&®FPsj0, andRFPs; at 8.88 and 1.48 W.c‘?nrespectively.
These latter have been kept constant in classical co-sput@pmgach for this
specific study, which is only concerned in this section. Assa step, the samples
deposited withRFP\g203 ranging from 0.3 to 0.9 W.cmare studied by FTIR
experiments whose resulting spectra are shown in figtfe 3wo strong bands, LO
and TQ, are presented, which are both due to Si-O bond vibrafidres position of
TO; peak is independent & FPyg203 as clearly seen from the inset of Fig. 3.10,
which is a characteristic of a constant Si excess in thesglesa The LQ&TO3 pair
increases WitlRRFPy4203 due to the higher Nd content leading to a higher disorder
degree. Moreover, a shoulder band at about 940 wimose intensity raises with
RFPuq20sis originating from Nd-O-Si vibratidt'. These results confirm that the Nd

ions content can be tuned by REPyg203
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Figure 3.11: Evolutions of (a) refractive index and (b)@ipsion coefficient with the
energy for samples deposited with the indicative \Rid3

The evolutions of refractive index and absorption coefficieith RFPyg203are
shown in figure 3.11. The refractive index increases saamfly with RFPyg203While
the absorption coefficient remains invariable. The Si excesy beonstant, the

increase of n attests the raise of Nd incorporation RfBR\q203
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Figure 3.12: A typical RBS spectrum of film deposited with\gfde= 0.3 W.cnf
and RFR= 1.48 W.crif. The inset shows an enlargement in the 350-500 channels
region.
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The estimation of Nd incorporated in our layers has beérewssd by using
Rutherford Backscattering Spectrometery (RBS). A typicabmaexd spectrum is
shown in figure 3.12. The low-channel part, below 300nobkés, corresponds to
backscattering from Si and O atoms in the film and from S$natm the substrate. It
is worth to note that both Si and O concentrations cannotdugadely extracted here
probably due to a low sensitivity of RBS towards light elemdntshe high-channel
part, the RBS signal from about 380 to 480 channels is attitatdld atoms in the
layer. As shown in the inset, the RBS yield remains constarthis high channels
region. This witnesses the uniform distribution of Nd atomsuthin the as-deposited
layer. According to the simulation using SIMNRA code, thé ¢&bntent is about
5.0x10° at.cm® (applied RFPyg20s= 0.3 W.cn¥ and RFPs= 1.48 W.cnf). Indeed,
this value remains constant fRFPs; varying between 1.3 to 1.78 W.€mWhile for a
lower RFPs; such as 1.04 W.cf the doped Nd concentration is decreased to almost
2.7x103° at.cm®(for a same applieBFPyg2030f 0.3 W.cn). Thus, Nd incorporation
is influenced byRFPs; probably ascribed to the change of the mean free dath o

sputtered species from s target.

Concerning the Si excess determination, the RBS measuremaittprovide an
unambiguous confirmation that the total Si excess can be theoE8h excesses
determined by FTIR and ellipsometry techniques. We thus @m$Sd excesses
separately in the following manuscript by referring each titoe the used

characterization technique.
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3.3.2 Photoluminescence properties
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Figure 3.13: PL spectra of (a) as-deposited and (b) €5D8our-annealed samples
deposited with RRE= 1.48 W.crif and for different RFRy03 in 0.3-0.9 W.ci
range. The excitation wavelength is 488 nm which is non-aesdar the Nd* ions.

The PL spectra of samples deposited with varREB\q4203 are shown in figure
3.13. As seen for both as-deposited and annealeds|agfer intensities of Nd
emission at 920 nm dramatically fall whBifrPyg203increases from 0.3 to 0.6 W.tcm
2 And it further attenuates fdRFPug205= 0.9 W.cn¥. Such evolution often called
“concentration quenching” is partly explained by crodaxation processes between
Nd** ions and/or NgDs clusters as reported in glass matfix This is supported by
the existence of N@s clusters in the highly doped Nd sampfés Besides,
non-radiative channels inherent to disorder induced byNtheincorporation (see
FTIR spectra of Fig. 3.10) can be in competition with the wafysld®* radiative
recombination. The concomitant decrease of 700nm-peak ifinatrix gives another
evidence of the presence of non-radiative channels duthetoincrease of Nd
concentration. As a consequence, the emission of iNds is more intense when the

Nd content is low (5.0x8 at.cm®) corresponding tRFPyg203= 0.3 W.cn¥.
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3.4 Effect of annealing conditions

To study the effect of annealing conditions, the optimized lagposited by
co-sputtering approach witRFPs; = 1.48 W.cnf and RFPyg203= 0.3 W.cn? has
been chosen. As described in section 2.1.2 of chaptédrePe are two annealing

approaches, RTA and CA, used in this work.

3.4.1 Annealing temperature for RTA approach

(a) Fourier transform infrared spectroscopy
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Figure 3.14: FTIR spectra recorded at Brewster angle 5f for as-deposited (AD)
and 1min-annealed Nd-Sjdilms at indicated A temperature. The spectra were
normalized to the intensity of one at the top of BHand.

Figure 3.14 shows the evolution of FTIR spectra for NdzSilds annealed at
different temperatures. There are two main bands, asoned above, attributed to
longitudinal optical (LQ) and transverse optical (EOphonons of Si-O bonds. The
relative intensity of the former peaking in the 1230-1255 camge increases withyT
up to 1050°C, and then slightly decreases for higherAtcording to the work of
Olsen and Shimuf&' LO; band intensity corresponds to the number of Si-O-Si bonds
at 180° present at the Si/Si@hterface. Consequently, this is the signature of the
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increasing formation of Si-nps in our film upon annealingperature up to 1050°C.
For increasing A, the Si-nps size increases at the expense of Si-npstydens
characterized by the number of Si-O-Si bonds located at tBeéOginterfaces. As a
consequence, a slight decrease of thg h@de intensity (with respect to E0is
noticed. Concerning the peak positions of;L&hd TQ modes, they respectively
blue-shift from 1230 to 1255 cfand from 1052 towards 1081 ¢rwith increasing
Ta. These progressive shifts towards the stoichiometric posifi@amorphous Si@
(1255 cnt for LO3 and 1081 cifor TOs) are indicative of the phase separation
between Si-nps and silicon oxide occurring in the film. Thisaefirmed by the
decrease of the disorder in the matrix as evidenced tBvtiiation of the intensity of
the LOK&TO, pair modes with 7.
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Figure 3.15: FTIR spectra of typical Nd-Si@solid) and Nd-Si@ (hollow) films,
collected at normal incidence for as-deposited (AD) and indieafivimin-annealed
samples. Inset shows the y values in idse versusal

In order to evidence the phase separation between Si ap@ySKpoccurring in
samples of SiQ) normal incidence FTIR spectra were performed on Nd-&i@l
Nd-SiG;, films. The latter film without Si excess was deposited usirgg siimilar
parameters to have a Si@ference sample to compare with Si@e at each A. As

shown in figure 3.15, the peak positions of both samplevemi higher
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wavenumbers with increasing,,Tand both almost reach the same peak position after

an annealing at 1100°C. It can be deduced from the folpadguation:

y= B.5

WSIOZ \/\4
The W, value is 965 ci®®, while theW;2> andW3> values correspond to the
TO3 peak position for annealed Nd-Si@nd Nd-SiQ films, respectively. One can
obtain a gradual increase of y value (Fig. 3.15 inset), lwkienotes the phase
separation process with a decrease of isolated Si atoms ionstixide phase.

Considering that we have no oxidation process during theading treatment, this is

thus a signature of the formation of Si-nps.
(b) Raman spectroscopy
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Figure 3.16: Raman spectra of the Nd-gihms deposited on quartz substrate and
annealed at indicatedalfor 1 min.

The evolution of film microstructure versus has been analyzed by means of
Raman spectroscopy (Fig. 3.16). Each curve has a tmarad peaking at ~480 ¢m
attributed to amorphous Si agglomerates. Such a result iseeragnt with above
FTIR results revealing the formation of Si-nps at low tempeza(@s0°Cl*. By

increasing K up to 1100°C, a sharp peak at around 521 aessigned to crystalline
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Si-nps appears while, in the same time, the 480-band intensity decreases. This
convincingly certifies that the nAE1100°C annealing promotes the formation of Si
nanocrystals. The results of Raman experiments on naedd®i@) thin films (not
shown here) follow the same trends. This is supported dyaitt that the low Nd
content incorporated may not affect the formation of eithesrphous or crystalline

Si-nps.

(c) Photoluminescence properties
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Figure 3.17: Evolution of N PL intensity at 920 nm as a function of for
1min-annealed Nd-SiQilms excited by a 488 nm excitation wavelength non-resonant
for the Nd* ions.

This paragraph will address the effect of an Nd* PL properties (Fig. 3.17).
Even though the as-deposited layer clearly shows PL, thesitytémcreases with A
and is enhanced by a factor 2.5 upon annealing at 4&fCe decreasing for higher
Ta. The optimized temperature at 750°C corresponding to maxiki* PL may be
explained by the fact that both matrix ordered degree augled Nd* number
evolve in opposite trend with annealing temperature. In tgigrde the FTIR spectra
reported in figure 3.14 have evidenced the attenuatidrOa&TO,4 pair mode with
increasing k. Such an evolution implies that the film matrix gradually becomes

ordered, which would favor the Ridemission by decreasing the non-radiative paths.
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The concomitant increase of the {@tensity with Ty in the 600-1050°C range
suggests an increase of Si-nps density also favoring aaneement of N
emission. But, for 1>750°C, formation of NgD; clusters occurs and decreases the
Si:Nd** coupling rate as evidenced by lifetime measurements dethidéuiv.
Therefore, a maximum N8PL is reached at the moderated temperatuxe {30°C)

and always short time (1 min.).

3.4.2 Annealing temperature for CA approach

(a) Fourier transform infrared spectroscopy
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Figure 3.18: FTIR spectra recorded at Brewster angle 5f for as-deposited (AD)
and 1lhour-annealed Nd-Sj@Ims. The films were annealed at indicated T

The effects of annealing temperature on FTIR spectrgm@sented in figure
3.18. The TQ@ peak position shifts gradually from 1052 to 1081cmith the
increasing annealing temperature. This shift is explained thease of Si-nps size at
the expense of Si-nps density with annealing temperatureedMer, the intensity of
the LO; peak increases while that of the /&304 pair mode attenuates withy.TThe

former is a signature of the improvement of the Si Siferface, whereas the latter
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indicates a reduction in disorder of the host matrix. As reis@guence, the spectra

show a similar behavior as those obtained on films annbgl&T A in figure 3.14.

(b) Raman spectroscopy
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Figure 3.19: Raman spectra of the Nd-gfilns deposited on quartz substrate before
and after lhour-annealing at 1100°C. Both spectra of quamiastrate and bulk
crystalline Si wafer peak are also shown.

Figure 3.19 displays the Raman spectra of Nd:8I@s and a quartz substrate.
They reveal several Raman bands located at 495, 86810 crit due to phonons in
amorphous silica. The as-deposited sample presents two adthi@nds at 150 and
480 cm® which are attributed to the amorphous Si. This denotes thapsSare
already formed in the as-grown layers. After annealirfdl@0°C, these two bands are
attenuated. Concomitantly, a sharp peak located at abounS2appears. This peak
position is the same as that of bulk crystalline Si wafer, detrading) the emergence
of crystalline Si nanoparticles. Thus, the similar Raman belsar observed as

those of RTA samples presented in figure 3.16.
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(c) Photoluminescence properties
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Figure 3.20: evolution of PL spectra of samples before and aftaealing at the
indicative temperature for 1 hour duration. The excitation wavgth is 488 nm
which is non-resonant for the Ridons.

Figure 3.20 shows the evolution of the room temperature Btirspof samples
before and after annealing at the indicative temperaturdelwisible range, a broad
PL band centered at about 750 nm is recorded for 1180f€aled layers. This band
is originating from recombination occurring in quantum-cordimecitonic states in
Si-nps. When the layers are annealed at lower temperangesmission peak has
been observed. However, the microstructural analysesewdenced the presence of
Si-nps in these films. Thus, the quenching of the visiblsson can be attributed to
either an efficient energy transfer to surroundingNehs or to non-radiative defects
present in the host matrix. The analyses of th& Mrhission intensity at around 920
nm reveal a gradual increase of the emission up to simuen reached for
Ta = 750°C, following by a decrease for higher temperatdriess the quenching of
the visible PL in the 600-900°C range is probably due tosthesitization of the
lanthanide ions, the optimized Si:Nd coupling being achieved afteannealing at
750°C. It is worth to note that a notable emission froni Mohs was obtained for the
as-deposited sample and this fact can be explained by éaimeation of Si-nps
during fabrication process or by energy transfer frorst hiefects towards N8

iond?®,
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3.4.3 Annealing duration

It was seen in previous sections that the structural and Bhegies show
similar behavior for layers annealed by RTA and CA apgrodhe former duration
is fixed at 1 minute while latter at 1 hour. To optimize the alig processes,
intermediate durations have been investigated. In this pange specific annealing is
carried out in RTA furnace for duration in 5-60 min range.

(a) Transmission electron microscopy

Si substrate Si substrate

Si substrate Si substrate

Figure 3.21: (a) bright field and (b) dark field images fbmin-1100°C-annealed
layer, (c) bright field and (d) dark field for images for 1hdd00°C-annealed layer.
The layer thickness is about 370 nm. The present Si-ngsgiriéghted by a circle.

In order to explore the effects of annealing duration orrlagicrostructure,
transmission electron microscopy (TEM) investigations wergechout on Nd-SiQ
films annealed at 1100°C either in RTA or CA furnacessiswn in figure 3.21, one
cannot observe any crystalline Si-nps in the 1min-annealger levhereas Si
nanocrystals have been detected by Raman spectrosc@¥i{58.16). This can be
due either to their smaller size than the TEM resolution atldéor weak density. By
contrast, in both bright and dark field images the lhouraedelayer clearly
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presents crystalline Si-nps with an average size of abouat.5This confirms that a

longer annealing time favors larger Si-nps formation.

(b) Photoluminescence properties
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Figure 3.22: PL spectra of samples annealed for the indieatiwration at 750°C
(left) and 1100°C (right). The excitation wavelength is 488umch is non-resonant
for the Nd" ions.

Figure 3.22 shows the PL spectra versus annealing durgtjofor two typical
temperatures at 750°C and 1100°C. After an annealin§0&C7(Fig. 3.22 (a)), we
notice the presence of a PL emission in the 600-800 nmnregiose the intensity
decreases withhtand the position sets invariable at about 710 nm. Such aibeha
follows the signature of radiative defects as discussed il datter. In the same
time, the 920nm-PL emission of the Ndons non-resonantly excited with 488 nm
light increases withat These evolutions are the signature of sensitizers prest in
matrix which transfer efficiently their energy to the surrougdamthanide ions and
of a recovering of the non-radiative channels with the aimge duration. Both
processes allow the promoting the emission of the rare ieaghAfter an annealing
at higher temperature (1100°C), the visible peak intensdse@ses withat and its
position gradually shifts to higher wavelength (Fig. 3.22.(B)ch a behavior is
originating from the growth of larger Si-nps with leading to modification of the

band gap of the quantum confined Si-np. As in the previtase, the Nd peak
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emission increases with but remains lower than in the 750°C-annealing treatment

case. In contrast, the emission in visible range has higtesrsity at 1100°C than the

case at 750°C. This is probably due to the formation gfObldlusters leading to

lower the number of N&:Si-nps coupling. It thus results in a low intensity of'Nd

PL and in an enhancement of Si-nps emission intensity.
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Figure 3.23: Nd" PL decay curves of Nd-Si@ms (a) annealed at 750°C and (b) at
1100°C for the indicative duration. (c) A typical decay cuofeNd* PL with its
fitting, (d) Evolution of the N lifetimes with annealing time. The excitation
wavelength is 488 nm which is non-resonant for th& hdahs.

The N&* PL decays versus thave been investigated and the results have been
displayed in figure 3.23. All the decay curves show a expenential nature, which
allows to be fitted by a stretched exponential function (Fig.(8)23The obtained
results have been presented in figure 3.23(d). As notited lifetimes gradually
increase with 4 at both temperatures: from 62 to g& for 750°C and from 29 to
45us for 1100°C.
annealing duration which attests of the recovering of theradiative channels. The
lifetime at low Ta (750°C) is higher than that at 1100°C which has alrdmeshn
ascribed to the growing of M@s clusters at high Fannealin§®!.

It denotes that a longer lifetime is achielvgdan extending

79



3.4.4 Forming gas annealing

To go further in the achievement of optimal®\émission, we have performed
annealing treatment under forming gas (95% Ar and %YonHich is recognized as
an effective approach to passivate the non-radiative efmand thus to enhance the
emissioff’" 281, Herein, we carried out this approach named FG annealigoin
ways. A single step in which we replace the ¢ds by the forming gas and the
annealing at requiredaTand k are carried out. A two-steps annealing in which we
proceed first to the typical annealing at high temperatuderuN, gas, and in second
step we extend it at 500°C during 5 hour under FG ambiEmse annealing

processes were all performed in an RTA furnace.

(a) Single step annealing

200 240
(@ | (b)
160L —=— 1 min-N, 2001~ —e— 30 min-N,
—— 1 min-FG I —o— 30 min-FG
—~ ~ 160
=} =}
\@120 o 9‘/
2 2
2 21201
o 3
< 80 £
- - 80
o o
40t
401
>
" 1 " 1 " 1 " n 1 N 0 1 " 1 " 1 " 1 " " 1 "

0
500 600 700 800 900 1000 1100 1200 500 600 700 800 900 1000 1100 1200
Wavelength (nm) Wavelength (nm)

Figure 3.24: PL spectra for samples annealed at 750°ndu@) 1min. and (b)
30 min. under B gas (solid) and FG ambient (hollow), respectively. Theta&tkan
wavelength is 488 nm which is non-resonant for th& hdahs.

Figure 3.24 shows the PL spectra of samples annealed Npdad FG ambient,
respectively. Comparing to,Ninnealing, remarkable enhancements (at least 40%) of
intensities for both visible emission and infrared*N®L are obtained after FG
annealing whatever the duration applied. It is explained byassiyation of
non-radiative defects by hydrogen during annealing. Thilss supported by the
experimental result (data not shown) that comparable PL ityeaobserved when
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replacing N gas by Ar gas. Note that the obtained intensity by 1min4ft@aling is
higher than that achieved after 30mip-&hnealing. These denote that FG annealing
is more powerful than long-duration annealing to passivatedheradiative defects.
Thus, annealing under FG ambient is an effective way toneehihie PL intensity of

Nd** ions.
(b) Two steps annealing
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Figure 3.25: PL spectra of samples annealed at the indicdlivend k. The black

curves with solid symbol correspond to annealing undega$, while the red ones
with hollow symbol concern the two steps annealing procegsFThin this figure

represents a 500°C-5hour-annealing under forming gasiewhbThe excitation

wavelength is 488 nm which is non-resonant for th& idahs.

This part aims at investigating an additional annealing under Hieatrat low
temperature (500°C) after a first annealing underglls at high A (750, 900,
1100°C). For the first step annealing, the*NBL intensity shows a decreasing
function when 7} increases from 750 to 1100°C (Fig. 3.25). The reasenbeen
described above and is ascribed to the lowering numtsamsitizers:N couple due
to the formation of NgDs clusters. By the second step annealing, the PL intensity
shows slightly increase with less than 15% whatever the temoperor the duration
applied. This implies that the annealing treatment to which wenisube layer (first

step) is sufficient to recover most part of the non-radiathemnoels present in the
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matrix. The enhancement of PL intensity by second stepafingeds lesser than the
previous case of single step annealing under FG ambiengdéests an importance of

the gas nature used in the first step annealing.

3.5 Energy transfer mechanism

To study the mechanism of sensitization of Nidns, we have investigated two
kinds of films, SiQ and Nd-SiQ containing the same silicon excess (4.7 at.%
estimated by FTIR experiments). The Nd-gi@yer corresponds to the optimal
sample with Nd content of about 5X10(d.cni®.

3.5.1 PL properties for Si@ilms
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Figure 3.26: The PL spectra of Sidilms annealed at the indicative temperature
during 1 minute. The left graph (a) corresponds fdolwer than 1000°C while the
right one (b) to high A higher than 1000°C. AD is the abbreviation of as-deposited.
The excitation wavelength is 488 nm.

The PL properties of SiOfilms were investigated as a function of.TThe
spectra are separately shown in figure 3.26 (a) for Igue3s than 1000°C and figure
3.26 (b) for high 'k more than 1000°C. As noticed on these two graphs, nies®sn
bands peak at different wavelengths depending on theafige. Thus the emission
peaks obtained for lowaTwill be defined as Ewhile those for high A, Ex.
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Figure 3.27: Integrated peak intensity (left) and peak maxirposition (right) of
SiQ, films versus A.

The evolutions of the integrated peak intensity and the maxipeak position
have been reported as a function of the annealing tetopetia figure 3.27. The E
peak intensity firstly increases to reach a maximum for 750°C before decreasing
for higher annealing temperatures. Its position does regghwith | peaking at
around 720 nm. The exact origin of this eak is still unclear. Wang et&l and
Wora Adeola et df% have separately observed the very similarpBak in their
samples. The former attribute it to surface states while thex la band tails states.
Therefore, at this level of discussion, we ascribe thip&ak to radiative defects
states which origin will be specified later. Comparatively farhigher than 1000°C,
the B, peak intensity rises up abruptly till a maximum at=T1100°C and thereafter
drops down to a very low value for the highest annealimgpégature (X = 1200°C).
However, the maximum (Eintensity is more than three times higher than the one
achieved for E peak after annealing ai ¥ 750°C. The band positions red-shift from
756 to 836 nm with increasingaT allowing of attributing the & peak to the
quantum-confined excitonic states in Si‘fihsNote that both Eand E peaks are
related to the Si excess incorporated in the, &n@trix as no emission was observed

from pure SiQ sputtered films annealed at any. T
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Figure 3.28: E and g, integrated peak intensity versusfor SiQ, films annealed at
750°C (left scale) and 1100°C (right scale), respectivelg. &citation wavelength is
488 nm.

To further analyze the different PL behaviors between low-tagh- Ta layers,
two typical annealing temperatures (750 and 1100°C) qmnekng to the maximum
PL intensities achieved were set to study the effect of angeéihme k. The
evolutions of peak intensity as a function pfare presented in figure 3.28. It can be
noticed that the E peak intensity gradually decreases with time for the
750°C-annealed samples whilg Reak significantly increases for the 1100°C-ones,
for the same range of time. This PL evolution is another eumef different
excitation-deexcitation mechanisms: radiative defects controlted@58°C while
qguantum confinement controlled at 1100°C. When the anneaungtion is
increased, the radiative defects are quenched at 7500B6algy due to the
rearrangement of Si and/or O atoms, while the 1100°C-eateathinealing could
mainly passivate the non-radiative defects such as stréssetl angles, distorted
bond length in host matrix...In high temperature range,i@aet al?”’ have obtained
the same PL behavior versuys fThey observe that during annealing process the
nucleation and growth of Si-nps are almost completed fawa minutes and the
average Si-nps diameter remains constant for longer lampéanes. Thus increasing
annealing time up to 30 min favors achievement of highpSigensity but remains

sufficiently short to avoid the growth of large Si-nps whicé detrimental for the
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quantum confinement procé¥d Moreover, such extra annealing time favors the

recovering of the non-radiative channels.

3.5.2 Compared the PL properties of SIONd-SIiQ film
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Figure 3.29: PL spectra of Nd-Si@nd SiQ films annealed at 750°C during (a)
1 minute and (b) 1 hour. The excitation wavelength is 488vhich is non-resonant

for the Nd* ions.

To study the excitation mechanism of Rdons in Nd-SiQ system, PL
experiments are performed on Nd-doped ,S&yers annealed at 750 and 1100°C
which correspond to the two temperatures allowing the acheveof the maximum
intensity for £ and E; peaks, respectively. Figure 3.29(a) shows the PL spefctra o
Nd-SiO; and SiQ films annealed at 750°C during 1 minute. The significant’ N
peak from the deexcitation from tABs, to “lgs level at around 920 nm is observed
for Nd-doped layer excited with the non-resonant 488nnfeder wavelength. This
implies the existence of Nilsensitizers present in the Siatrix. The occurrence of
an energy transfer from sensitizers to*Nibns is evidenced by the concomitant

lowering B peak intensity compared to that from undoped, &ager.
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Figure 3.30: Integrated peak intensities of Nd-S#@d SiQ films annealed at 750°C
versus %. The excitation wavelength is 488 nm which is non-resonarthéoNd*
ions.

To confirm this behavior investigation of the visible and”N@lL intensities as a
function of annealing duration has been carried out (Fi§)3@ne can noticed that
the visible E peak intensity decreases versy$or both SiQ and Nd-SiQ films. As
explained above, this evolution can be ascribed to thevegog of the radiative
defects. For at leask € 30 min, the E peak intensity from Nd-doped SiQayer
annealed at 750°C shows a lower value than that of uddape Such a behavior is
an evidence of an efficient energy transfer from thesiéative defects to Nidl ions
states, playing the role as Ndensitizers as mentioned above. Concerning thH& Nd
emission evolution at 920 nm, it increases until 15 min. okalmg and saturates
afterward. Such saturation may be attributed to (i) the passivaiio some
non-radiative defect and/or (ii) the existence of another ¢ty@ensitizers. Moreover,
we have observed in the figure 3.28 a decrease of el lotype Nd* sensitizer
(E. peak) with longer annealing, which should contribute tocaedese of the Nd PL
intensity. Consequently those trends of visible and Rdl intensities are a signature
of the existence of another type of sensitizers that alsteestticiently the Nd*ions
(Fig. 3.29(b)). As demonstrated in our previous Wokksuch sensitizers grown at
low Ta contain a few Si atoms (less than 15 atoms) and will berfeamed atomic
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scale sensitizers (ASS). They differ from the luminesceter@ers proposed by
Savchyn et d@f¥ since using also a RTA of 100 s, they observed aleapt peak

position shift which is in disagreement with our results (seen3z2§(a)).
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Figure 3.31: PL spectra of both Nd-Si@nd SiQ films annealed for 1 minute at
1100°C. The excitation wavelength is 488 nm which is namesx for the N& ions.

When annealed at higher temperature (1100°C), the interisiBy peak falls
down by about 8 times after Nd incorporation (Fig. 3.3tl)s thus supposed that
most of emitters transfer energy to their nearby*Ndns. One can notice that the
position of E; peak shifts from about 790 to 730 nm after Nd incorpamaThis shift
is probably explained by the two Ridabsorption bands peaking at about 750 and
808 nnt®® and is a confirmation of the energy transfer processived. Nevertheless,
the N&* PL intensity achieved at such &ppears very low. This demonstrates the E
peak emitters formed at this high temperature act as sensifizdd® ions, but
unfortunately, this efficient energy transfer procesdessiffrom NdO; clusters
formation and/or a too large sensitizer®Ndistance. This can explain that the drop of
Si-nps PL does not lead to a high PL emission of th& Mds. In addition, the effect
of annealing duration was investigated at 1100°C. Thedak intensity of Nd-SiQ
film gradually increases with increasing (data not shown here), presenting thus a

similar trend to that achieved for undoped layer (Fig. 3.28).
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Figure 3.32: Evolution of PL lifetimes measured on pealkaid g, versus ¥ for
1min-annealed SiQand Nd-SiQ films excited at 488 nm and detected at the
maximum point of each peak. The inset shows the PL decaegsciar SiQ films
annealed at 750 and 1100°C.

Lifetimest measured on Eand E peaks do not show a single exponential trend,
therefore as a first approach the integrated equation{3.\83s used in order to fit

the decay curve:
I

r= j dt, (3.6)
0

wherel is a time dependent peak intensity whyeas the intensity att = 0 s. Foi E
peak, the lifetimes of both doped and non-doped films avealad invariable at about
2 ps as shown in figure 3.32. This confirms that the visihlgp&ak origins from the
defects®”! For B, peak from non-doped Si@Im, the lifetime increases dramatically
and holds a value of 2% for 1100°C-Si¢¥ilm. This value is indicative that/Epeak
originates from the exciton recombination in Si-Hfisin contrast for Nd-SiQfilm
annealed at 1100°C, this lifetime value decreases ts3.Bhis decrease is due to the
energy transfer to Nid ions as described by the effective lifetime deduced fram ra
equatiof®” in the sensitizer : Nd system:

(4

— siQ, (3.7)
T .
NSO 1+ KNS T

SiQ,
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wheretng-sioxiS the E or By peak lifetime for Nd-SiQfilm while zsjox corresponds to
the non-doped SiCfilm lifetime; K is the coupling constant between sensitizers and
Nd®* ions; N is the Nd* density in the fundamental state. The tefifng rsiox
describes phenomenologicdflythe coupling between sensitizers and*Nibns.
Therefore, the decrease ®fisioxWith respect tasjox can be ascribed to the increase
of the coupling terniKNng’zsioxand thus evidences the energy transfer t& Mahs. In
Nd-SiC films annealed at A<1000°C, the lifetimeng.sioxis slightly lower tharrsjox
taking into account our experimental uncertainties. For layersaded at 1>1000°C
the lifetime =ngsiox IS 10 to 20 times lower than SiOifetime (Fig. 3.32).
Consequently, for low 7 Nd-SiO; layers have a weaker coupling tekNyzsiox
compared to higher one. The efficiengyf energy transfer can be estimated by the
following equatiorf*”!

p =1- Tne-sox (3.8)

Z-SiOx
One can obtain that in Nd-Si@Ims annealed at /1000°C, the efficiency is lower

than 10%, whiley reaches about 90% for 1100°C-annealed layer. Nwttainding,
the weaker sensitizer:Nd coupling regime or lowHiciency for the low T, the
highest PL intensity is achieved. Such a featurebmaexplained by the larger number
of sensitized N¥ ions due to the larger density of both radiatieéedts and atomic
scale sensitizers (lowa] than that of Si-nps sensitizers (higk).T
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Figure 3.33: Evolution of N PL lifetime at 920 nm versus.TThe inset (a) is a
representative decay rate of 750°C Nd-SKL, fitted by a two-exponential decay
model, while the inset (b) is the component of Nakt or slow lifetime.

The decay rate of Nd infrared PL at 920 nm has a non-exponential nafsre
seen from the figure 3.33 inset (a). For all thmdi the Nd* PL decay rate was fitted

by a two-exponential decay model:

1t) = Aiexp(—}l)+ A, experiz ) (3.9)
Fast ¢1) and slow lifetimes 1t) have been reported in figure 3.33, and the
corresponding component of lifetime 1(fA1+A2), AJ/(A1+Ay) is described in the
inset (b). On one hand, the fast lifetime is shatian 24us, while the slow one is in
the 50-13Qus range. It is observed that both of them graduaflyease followed by a
dramatic decrease. The maximum is achieved afteanaealing at A=800°C. This
evolution versus 1 is comparable to the results reported by Li ét>hkxplaining
that the local environment of Rdions is deteriorated because of the formation of
Nd.Os clusters after annealing at high temperaturesh Sucare earth clusterization
has been also observed in a similar sputtered rmyate demonstrated in our study
using atom probe tomography technitleOn the other hand, the component of fast
lifetime decreases from 0.68 to 0.51, in figure33iBset (b), while the slow case
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increases from 0.32 to 0.49. This indicates thahé fast lifetime dominates the Kid
emission for all the layers, and that (i) the ciimition of slow lifetime to N&" PL

gradually increases withaT

3.5.3 Interactions between sensitizers and' Mohs
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Figure 3.34: Schematic illustrations of the Ndons excitation. (i) Energy diagrams
of atomic scale sensitizers (ASS) and defectsmitia films annealed ata £1000°C,
(i) (@) energy diagram of Nid ions and (b) absorption spectrum ofNibns doped
in SIQ, film, and (iii) energy diagram of Si-nps withinethfilms annealed at
Ta>1000°C. ET is the abbreviation of energy transfer.

The energy transfer from sensitizers present ir 8i@trix to Nd* ions has been
demonstrated using a non-resonant excitation asrided above and now our
purpose is to analyze this transfer process in rdetails (Fig. 3.34). The absorption
spectrum (Fig. 3.34(iib)) of Nidl ions in Nd-doped Si©film presents four typical
absorption bands peaking at about 880, 808, 75D585 nm. They correspond to the
transitions from the ground lev8k, to the excited levelFsy, *Fs, “Frin, and?Gypy,
respectively*! Thus, from these quantified energy levels and thsitions of E and
En emissions, one can propose a scheme of the tram&fehanism as detailed in
figure 3.34.
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For low Ta-annealed Nd-SiQlayers, ASS and radiative defects are preseritan t
matrix. Both efficiently sensitize the Ridons, since the intense RidPL has been
observed in both samples annealed at 750°C 1mirlarmalr (Fig. 3.34). When the
radiative defects are recovered with, The atomic scale sensitizers, whose density
increases with the temperature, dominate the seaisiin of the rare earth ions. As a
consequence, in this intermediate temperature ramge paths of sensitization of
Nd®** ions will coexist and are at the origin of theisdite recombination from the

“F312 to the ground stafty;level with an emission at about 920 nm.

In the case of highFannealed Nd-SiQayers, the formed Si-nps have a smaller
band gap than in the case of atomic scale semnsitiZbese Si-nps can also transfer
their energy to N¥ ions as demonstrated by the decreasing of Si-hpmtensity
(Fig. 3.31) as well as its lifetime (Fig. 3.32). tBine PL intensity of N& ions
achieved after such a treatment is low. Such aufeatan be attributed to two
phenomena: (i) a cross relaxation process amony Mws occurs due to the
formation of NdO; clusters as witnessed by its lifetimes (Fig. 3.88)the formation
of Si-nps as already observed in similar sampleedapith Er ion&" will lead to an

increase of the sensitizer:Nd distance.

For all the Nd-SiQ layers, a N& ions PL decay with a non-exponential nature
was observed and has been fitted using a doublenexpial decay model leading to
the determination of a fast and a slow compondittsy present an opposite behavior
with the annealing temperature (inset (b) in Fi@33 the former decreases while the
latter increases. Horak et!#. have attributed the shortening of the decay tima t
modification of local density of states (LDOBjought by the Si interface. This is
consequently a signature of the distance betweem @arth ions and sensitizer.
Considering that higher will be the annealing terapge stronger will be the phase
separation in our layefs! high temperature results in a larger the Sensiti2éd®*
distance. Thus, one can explain the two lifetimmponents of the PL decay to the
different environment of Nt ions which is modified by the annealing treatm@hiis
would explain the observed increase of the ratislofv over fast components of PL

decay with temperature.
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3.6 Conclusion:

The Si excess in Nd-doped SRSO layers has beenemigd by monitoring the
hydrogen rater(;) for reactive co-sputtering approach or by tunthg RFPs; for
classical co-sputtering approach. The Si excessoaksilated by both ellipsomtery
and FTIR methods. The maximum NdPL was obtained from the sample containing
4.7 at.% Si excess (from FTIR experiments) depdshg classical co-sputtering
approach. Moreover, the Nd content was adjustecbbyrolling theRFPyg203 It is to
note that we have also evidenced an effect oRfRBs; on Nd concentration. Via RBS
experiments, the optimal film was estimated to amntabout 5.0x18 Nd.cm?.
Numerous annealing treatments were performed osaimple with both optimized Si
excess and Nd content. Firstly, we have investihdle influence of annealing
temperature 4 concerning two approaches. RTA approach can signifly enhance
the N&* PL with respect to as-deposited layer with anmjted Ta in moderate
range (700-800°C). Similar evolution of NdPL versus X has been observed for
Conventional Annealing method. A high NdPL was achieved at moderatg due to
high density of sensitizers present in Nd-SRSOrlalyer increasing A higher than
1000°C, this N& PL was decreased attributing to both formatioiNd§Os clusters
and the increasing sensitizerNdlistance. Secondly, the effect of annealing domati
ta from 1 min to 60 min has been explored. It is fouhdt the infrared N PL
intensity was increased at whatevey dscribed to growing more sensitizers and/or
passivating non-radiative channels. Thirdly, thenemding under FG ambient is
noticed as another effective way to enhance thé" NRL intensity due to the
passivation of non-radiative defects by hydrogerorder to study the mechanism of
excitation towards N ions, we began with the visible emission origingtfrom
host matrix. This emission for,€1000°C was suppressed with longgrvthile
Ta>1000°C annealing can favor such emission. It heenlbdemonstrated that the
visible peak at A<1000°C is attributed to defects levels, while apT000°C
guantum confinement effect rules the visible eroissirhe radiative defects have less
than 10% efficiency of energy transfer to*N@bns, contrarily the quantum confined
Si-nps hold as high as 90% efficiency. Then, weehavidenced that two kinds of
sensitizers (radiative defects and atomic scalsizers) towards N ions would
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coexist for h<1000°C Nd-SRSO films, while Si-nps were grownragiis sensitizer
for higher Ta films.
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Chapter 4: A study on Nd doped Si-rich silicon

nitride films

4.1 Introduction

The optimized emission from Nilions in Nd-SRSO layers has been achieved in
chapter 3. In this chapter, we will focus our studythe emission of Nd-SRSN films.
Since, as mentioned in chapter 1, the SRSO and S&8Nwo typical Si-based
matrices with different optical properties. We thagpect to observe different
behavior of Nd" ions luminescence in SRSN host matrix comparinG®RSO one.
We will here investigate the effect of compositi®i excess and Nd content) and
post-annealing treatments on the structural andadgiroperties of Nd-SRSN layers.
For this purpose, the films have been fabricatedgushe reactive co-sputtering
method since, as described in chapter 2, n8 Bhission has been observed from the
layers deposited by the classical co-sputteringaguh. Two annealing processes, i.e.
rapid thermal annealing (RTA) and/or classical ating (CA), will be performed.

4.2 Effect of Si excess incorporated

4.2.1 Fourier transform infrared spectroscopy
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Figure 4.1: FTIR spectra recorded with (a) an inemte angle of 65° and (b) a
normal incidence for as-deposited Nd-SRSN layemsdymed by the indicated
No/(N2+Ar) nitrogen rates (k).
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Figure 4.1 shows the evolution of the FTIR specawaorded with (a) an
incidence angle of 65° and (b) a normal inciderareak-deposited Nd-SRSN films
prepared with the indicative,. All the spectra are normalized to the intensitf @
band centered at about 830 tnin figure 4.1(a), the TO band only changes sljght
with ry, whereas the evolution of LO band in the rang®®#-1150 crit is more
pronounced. A significant blue-shift of LO peak pios and a concomitant increase
of its intensity with increasingy can be noticed. Similar behaviors have been
reported in SRSN thin films by Huang et!Hl. and have been ascribed to the
decreasing of the Si excess in the host matrifigure 4.1(b), the TO band shifts to
high wavenumbers. This shift is limited comparedthe previously mentioned
Nd-SRSO material due to the more “rigid” SRSN batdicture&’. Yerci et al!
have observed this similar blue-shift when theditent decreases. Hasegawa &Y al.
have ascribed it to the decrease of the Si-N bendth due to the compositional
change of the nitride layers. As a consequencagusie relation described in Sect.
2.2.1 Chap. 2, the Si excess incorporated in g@réhas been estimated and is found

ranging from 30.1 to 9.6 at.% whegvaries from 7.0% to 13.3%.

The ordered degree of the layer can also be claized using FTIR
experiments. Yerci et &.assume that the full width at half maximum (FWHM) o
the TO band is related to the matrix quality. Tineyice that the FWHM is inversely
proportional to the Si excess. Molinari et!®l.explain that the increase of the
structural disorder is caused by the nitrogen mnic®i SiN¢:H alloy responsible of the
widening of the band tail states. However, we dbaiserve any change of FWHM
(Fig. 4.1(b)), while the two TO and LO bands (FdL(a)) gradually separate witk.
This is the signature of the ordering of the filmish the incorporation of nitrogen in

the matrix.
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4.2.2 Ellipsometry
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Figure 4.2: For as-deposited layers, (a) refractimdex evolution as a function of the
nitrogen rate  for two energies, 1.17 and 1.95 eV, (b) absorptoefficient versus
energy from 1.0 to 4.5 eV for differeftinvestigated and pure $8i; and Si layers.

The values of refractive index (n) and absorptomefficient () have been
deduced from the ellipsometry measurements (Se2t2 Zhap. 2). Figure 4.2(a)
represents the refractive index evolution as atfon®f the hydrogen rate, for two
energies, 1.17 and 1.95 eV. As in the case of R8CS doped layers, the value of
n=1.17 eV is considered for the design of a singbde waveguide at the 1.06
wavelength (See Sect. 5.2 Chap. 5). Both curvesv shalecrease withy which
demonstrates that the increase of the nitrogeneobin the plasma diminishes the
silicon incorporation in the §\, matrix. This evolution confirms the results obtadn
by FTIR. The minimum value of n achieved at 1.95ig\2.1 forry = 13.3%, higher
than the value of 1.85 for 1,4 ¥\, This result demonstrates that the layer contains
Si excess. Figure 4.2(b) displays the absorpti@fficeent of thin films versus energy
from 1.0 to 4.5 eV for different nitrogen rates estigated as well as pure;lSi and
Si. The absorption coefficientis lower than 1cmi* from 1.0 to 1.5 eV in a reduced
range with respect to the SRSO ones. For highelgmse it can reach some tens of

10" cm* and is about two times higher than the one acHidwe the SRSO layers

99



(Sect. 3.2.2 Chap. 2). All these curves are betwikese of SN, and Si materials,
confirming the incorporation of Si excess by desiegry.

4.2.3 Estimation of Si excess

(a) From FTIR analysis

As already described in sect. 2.2.1 of chap. 2, care determine the N/Si
ratio X) through the maximum peak position of LO band ihlHF spectra. By
increasing thery from 7.0% to 13.3%, as shown in table 4.1, the LO pmsiti
gradually shifts from 978 to 1111¢mThex value thus changes from 0.66 to 1.07.
The atomic percentage of Si excess estimated fremobtainedk value shows a
decrease from 30.1 to 9.6 at.% with the incorporatif nitrogen during the process.
The high value of absorption measured for the ldvogen rate can be then ascribed
to the high Si content incorporated in the nitnaatrix.

FTIR Ellipsometry
rn (%) Wio x=N/Si | Siexcess| nat1.95eV| x=N/Si Si excess
(cm?) (at.%) (at.%)

7.0 978 0.66 30.1 2.736 0.66 30.1

9.5 1065 0.93 15.9 2.338 0.92 16.2
10.0 1073 0.95 14.7 2.274 0.96 14.0
10.5 1082 0.98 13.5 2.257 0.98 135
11.1 1089 0.10 12.5 2.218 1.01 12.2
11.8 1102 1.04 10.8 2.180 1.04 10.9
12.5 1107 1.06 10.2 2.123 1.08 9.0
13.3 1111 1.07 9.6 2.097 1.11 8.1

Table 4.1 Si excess is estimated by FTIR in laft @ad from refractive index n in

right part for the as-deposited samples. The umdety of Wo value is 1 cil while n
value is 0.002.

(b) From ellipsometric spectroscopy analysis

In Sect.2.2.1 of Chap. 2, | have described thetiogiship allowing the
determination of the N/Si ratiok) from the values of refractive index obtained by
fitting the ellipsometry spectra. The approach @bring a combination between the
chemical bonds density and refractive index wasl uisehis work. As shown in the
right part of table 4.1, the obtainedvalues raise from 0.66 to 1.11 while the
refractive indices drop from 2.736 to 2.097. Théiera the Si excess is estimated

from 30.1 to 8.1 at.% by monitoring thefrom7.0 to 13.3%. As a consequence, both
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x values and Si excess determined from refractidee@s have the same values and

evolution trends as those obtained from FTIR spectr
(c) Estimation error for Si excess

As a logical step, the error estimations have bstewlied for the Si excess

deduced from the two experimental approaches.

e For FTIR approach,

as x=0.003(\, — 1197} 4. (4.1)
so Ax= 0.00&aW, ,
(4.2)

where theAx is N/Si ratio error andW, o is about 1 cni.

e For ellipsometric approach,

= A(4.498-n )’ .
3(n+0.798)
SO%=(| 1 |+| 1 | xAn, (4.4)
14.498-n| |n+ 0.79
where theAn is about 0.002.
. . 4-3x
Since S| (at%)= y= x 1009, 45
L(at%)=y At dx 0 (4.5)

we determine the maximum and minimum values of X8iess achieved with an

uncertaintyAx (eg. 4.2 and 4.4 depending on the techniquesgused

Vi = wao%, (4.6)
4+ 4(x—AX)
= 4734 BX) 1009, (4.7)

Ymin = 4 A(x+ Ax)
The uncertaintyAy is determined by the absolute difference betwggh and Vin
values. The obtained error valuay plotted with the Si excess are shown in

figure 4.3.
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Figure 4.3: Si excess evolution versyswith experimental error bars for classical
co-sputtered samples. The Si excess values have desiced from FTIR and
ellipsometric measurements.

One can see (Fig. 4.3) that the Si excess obtdgeloth methods follows a
comparable decrease with nitrogen rate within the error bars. Indeed used
ellipsometry method concerns the density of chehfioads presented in the matrix.
Moreover, the increase of the LO band intensity isignature of the Si-N density
increase and Si content decrease in the volumé\gfhile the ordering of the films
increases. Consequently, one can suppose thatrmitiods are sensitive to a similar
volume of Si excess in thin film and lead to a canaple result shown in Table 4.1
from 30.1 to 8.1 at.%.

4.2.4 Optimal Si content

This section aims at obtaining an optimal emisdiam Nd** ions in SRSN
matrix using a 488 nm non-resonant laser excitati®oth as-grown and
750°C-1min-annealed layers were chosen to studyir tiphotoluminescence
properties. This allows determining the best ddmorsiconditions for fabricating thin

films that will be used for the next optimizaticiidy.
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Figure 4.4: PL spectra for different nitrogen ratesfrom 7.0% to 13.3% in (a) as-
grown samples and (b) 750°C-1min-annealed samflbs. excitation wavelength
(488 nm) is non-resonant with the energy leveth@Nd" ions.

Figure 4.4 shows the PL spectra from Nd-SRSN fitlegosited with variousy
before (a) and after annealing at 750°C during hutei (b). For the as-deposited
samples, N PL peaks are clearly observed at about 920 an@ b It denotes
that sensitizers transferring energy to*Nibns are already present in the as-grown
samples. The maximum of PL is obtained for samglpodited with high nitrogen
rate {n= 12.5%). After annealing at 750°C during one nentite intensity of N
PL is enhanced by more than two order magnitudewe €an see it gradually
increases as thg decreases from 13.3% to 10.5%, before falling déavrdowerry.
No emission is recorded from the sample with= 7.0%. This demonstrates the
importance of controlling the nitrogen rate toféiyor the highest sensitizer density,
(i) decrease the Sensitizers-Nidons distance, (iii) monitor the Si excess to dvai
too high disorder of the matrix which will creatermradiative de-excitation paths,
and (iv) promote the highest coupling rate betwsensitizers and lanthanide ions.
One can notice that for both as-grown and anndalets, no emission in the visible
range has been recorded contrarily to the SRSOetbpe films (Sect 3.2.4 Chap. 3).
It could be attributed either to maximum Sensitizi®* ions coupling, or to other
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physical mechanism allowing an efficient sensit@atof the rare earth ions. After
annealing, the maximum NHUPL is achieved from the samples with~ 10.5%

corresponding to an optimal Si excess of 13.5 at.%.

4.3 Effect of Nd content incorporated

After obtaining the optimal Si excess, samplesmosluced with different Nd
contents by monitoring the NO; RF power density RFPy4209 applied to the
cathode. In this section, tfRFPyq203is varied between 0 to 0.6 W.ém

4.3.1 Estimation of Nd content
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Figure 4.5: FTIR spectra recorded with (a) an inemte angle of 65° and (b) a
normal incidence for as-deposited samples fabritatéth the indicated RRR203
The curves have been normalized with respect td @band intensity.

The FTIR spectra corresponding to measurementsrpeefl at an angle of 65°
and at normal incidences are shown in figure 4.8(a) (b) after normalization to the
TO vibration mode. In figure 4.5(a), LO and TO baricom Si-N bond vibrations are
present. As seen, the LO peak gradually shifts igh hwvavenumber with a
concomitant increase of its intensity, wigFPyg203 This is the signature of the Si
excess decrease, as demonstrated above. Suchi@vatanh be explained by the
increase of species present in the plasmaRiRyg203Which will raise the free mean

path of the sputtering element and/or species. €prently, the reaction with
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nitrogen in the plasma leads to a lower incorporatif Si excess witRFPyg203 The
increase of Nd concentration in the host matrixuces a concomitant disorder as
evidenced by the evolution of the overlap intensityLO-TO pair. Moreover, the
sputtering of the oxide target of Nd favors theomporation of oxygen and thus a
band from Nd-O-Si vibration located at about 940‘cmay contribute to the
evolution to the FTIR spectra in this redidnThe presence of oxygen in the films is
confirmed with the experiments performed at normeidence. In figure 4.5(b), the
left shoulder located in the region 1050-1100'ceorresponding to the T
vibration band, exhibits a gradual increase viRtRPy4203 Thus, FTIR experiments

confirm the incorporation of O and Nd atoms whick &vored by the increasing

RFPyd203
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Figure 4.6: Evolutions of (a) refractive index arfd) absorption coefficient for
as-deposited samples with the indicated RE&

Ellipsometric experiments were carried out to stutlg evolution of layer
compositions. The obtained refractive index (n) atdorption coefficientkj are
displayed in figure 4.6(a) and (b), respectivelptiBn and k values show a gradual
decrease with increasimf-Pug203 The former confirms the results achieved by FTIR
experiments with a reduction of Si excess and erease of the oxygen content in the
as-grown layers. This is corroborated by the dessrezf the absorption coefficient
with RFPy4203
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To have an idea of the doped Nd content, RBS measnt was performed on a
typical sample. It was found that a large Nd cotregion of 5x16° at.cm® has been
incorporated into the layer deposited WREPyq205=0.45 W.cnf andry=10.5%.

4.3.2 Optimal Nd content

The goal is to find the optimal Nd content, whiabrresponds to the strongest
emission intensity of the N&doped layers. For this purpose, room temperature P

measurements on as-grown and 750°C-1min-annealetslaave been carried out.
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Figure 4.7: PL spectra for (a) as-deposited and {B0°C-1min-annealed samples
fabricated with the indicated RRR.0s The excitation wavelength (488 nm) is
non-resonant with the energy levels of thé Ndns.

The PL spectra of samples deposited with varREB\q203 are shown in figure
4.7(a) for as-grown and (b) for 750°C-1min annepliAs expected, no emission is
detected for the as-grown sample fabricated witlRiitpower on the N@s target.
After a short annealing time at relatively low tesmgture, a visible
photoluminescence in the 600-800 nm range is recoréuch an emission has
already been observed in our group in,Sayer deposited using the same technique
and annealed at 900°C during one Hhufaking into account the relatively low
temperature applied here, one cannot consequenthisalevel of the study, define
the origin of this emission that can be the resfithe presence of amorphous Si-nps,
band tails and/or defect states lel/el8!. When we incorporate Nd atoms in the

nitride layers, an emission peaking at 920 nm amouradl 1100 nm appears
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(Fig. 4.7 (a)). This emission reaches the maximuatenisity for the film deposited
with RFPug203 = 0.45 W.crif, before decreasing for higher RF power density. As
seen in the case of the SRSO doped layer (Sec? Gi&ap.3), this can be attributed
to cross relaxation process betweer’™Nidns and/or formation of N@®s clusters.
After annealing (Fig. 4.7 (b)), the trend remaine same with an increase of the Nd
emission to reach its maximum for the layer depdsitith RFPyg203= 0.45 W.crif.
Then a decrease attributed to a concentration duren@rocess is observed. One can
notice that for the annealed doped layers, noallyreveak RFPyg203= 0.45 W.crif)
emission in the visible region is observed. Thithes signature of an efficient energy
transfer occurring between the visible luminescerergers in the host matrix and the
Nd** ions present in the surrounding.

For further studying the effect of the annealingatment, the films fabricated
with RFPyg203= 0.45 W.cnf and a nitrogen ratg, of 10.5% will be used.

4.4 Effect of annealing conditions

The influence of the annealing process on the apgicoperties of the optimized
Nd-doped Si-based layers has been carried out lapsnaf Rapid Thermal Annealing
(RTA) or Classical Annealing (CA) approaches.

4.4.1 Annealing temperature for RTA approach

(a) Fourier transform infrared spectroscopy
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Figure 4.8: FTIR spectra recorded with (a) an inemte angle of 65° and (b) a
normal incidence for the Nd-SRSN layers as-debg#®) and 1min-annealed at

the indicated temperatures )T The curves have been normalized with respettieo
TO band intensity.
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Figure 4.8 shows the FTIR spectra of as-depositadi annealed Nd-SRSN
samples prepared withy, RFPug203 and RFPs; of 10.5%, 0.45 and 4.5 W.¢m
respectively. The spectra are normalized to thenmi@le. The annealing treatment
consists in heating the samples at 600, 750, 90D1L660°C (Ta) during one minute
using the RTA procedure detailed in Sect.2.1.2 lodC 2. The overlap intensity of
TO-LO pair displays a decreasing trend with. As already mentioned, such pair
intensity is related to the disorder of the hostriraConsequently, this evolution
with Ta indicates a reorganization of the matrix. Note dppearance of a vibration
mode peaking at about 1250 ¢nfor TA=1100°C. This peak attributed to the
asymmetric stretching vibration of Si-O bond @)@Sect. 2.2.1 Charp.2) is related to
the Si-O-Si bond at 180°. It could be the resulSehp formation in the host matrix
and/or the oxidation of the surface of the filmgule 4.8(b) displays the spectra
recorded in the normal incidence allowing to obt#ie TO vibration mode. The
maximum of this band is shifting with A-Tto high wavenumbers. All these
observations suggest a rearrangement of the Sdenitretwork towards that of the

stoichiometric structure by increasing.T

(b) Raman spectra
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Figure 4.9: Raman spectra of the samples depositddthe indicative nitrogen rate
ry and 1min-annealed at the indicated The samples were prepared with RER3
and RFR; of 0.45 and 4.5 W.chrespectively.

Figure 4.9 shows the three Raman spectra corresgpiw the optimized layer
(rn =10.5%) 1min-annealed at¥ 750 and 1100°C, and to the layer containing the
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highest Si excesg\ =7.0%) after an annealing ap3 1100°C during 1minute. For
the typical layer iy =10.5%), both Raman curves have two broad bancteres at
about 150 and 480 ¢chwhich correspond respectively to the transverseistic (TA)
and transverse optical (TO) phonon frenquenciesrairphous silicon nanoparticules.
When the nitrogen rate decreases, i.e. it favasrborporation of the Si excess, one
can see the presence of a peak at 5I6afrer an annealing at high temperature. This
peak is attributed to crystalline Si-nps meaniraf threshold limits of Si excess and
temperature are required to form Si nanocrystasugh a nitride matrix. Comparing
this peak with the one at 521 ¢rfor bulk Si, one can deduce the Si-nps size. @n th
basis of bond polarizability mod8] the frequency red-shift can be presented as a
function of the Si-nps size using the analyticgiressiof(:

Aw=pBCa/d)Y (4.8)
wherea is the Si lattice parameter (0.543 nm), d is thestalline Si-nps diameter,

B (47.41 crit) andy (1.44) are both the model parameters. Taking @mcount a
frequency redshiftAw) of 5 cm’, the size of the Si nanocrystals is about 2.6 nm.
According to the fact that more Si excess favoggaving of large Si-nps, the high
rv (10.5%) films with less Si excess should have&-smaller than 2.6 nmyE7%).
This could explain that only amorphous Raman sighaland TO peaks) is observed
in layer withry=10.5%.

(c) Photoluminescence properties
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Figure 4.10: PL spectra for as-deposited and 1lmmnealed samples (at indicated
Ta). The sample was prepared witk, IRFRg203 and RFR; of 10.5%, 0.45 and

4.5 W.crif, respectively. The inset shows the integratedr®niity for 920 nm peak
versus k. The excitation wavelength (488 nm) is non-resomath the energy levels

of the Nd" ions.
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The PL spectra are displayed in figure 4.10 fodegesited and annealed at
various T films during one minute. Whatever thg @pplied, there is no emission in
the visible range 600-800 nm. This differs from Me&SRSO films (Sec. 3.5 in Chap.
3) for which remarkable emission bands have beearded due to the presence of
radiative defects or Si-nps., Taking into accouhe tRAMAN results, these
observations can be the results of (i) a nitridérimaot favorable for light emitting
Si-nps or radiative defects and/or (ii) an effitiemergy transfer from sensitizers to

Nd®* ions.

In infrared range 850-1200 nm, two peaks appeatilog at about 920 and 1100
nm. They are attributed to the radiative recomfmapccurring in Nd" ions from the
*F3, 10 “lor, and to’l11,2 levels, respectively. When increasing The PL intensity (see
inset) is significantly improved before collapsiag 1100°C. The samples show
optimal PL in a wide range of annealing temperatdrem 750 to 1000°C. Similarly
to Nd-SRSO samples (Sect. 3.4.1 Chap. 3), the apfimfor achieving the brightest
emission corresponds to a moderate temperatureethtbw T does not allow to
recover the non-radiative defects present in sasnghele high T could lead to form
rare earth clusters and/or to lower the densitgffifient sensitizef”. But even after
a 1000°C annealing treatment, the nitride sampiksan hold a high PL, suggesting
that such matrix is less favorable for the formmaid Nd-based clusters. If we assume
that these Nd-based clusters are mainly composétiafxidé*, it is reasonable to
conclude that these clusters grow easier in thdeornatrix, even if one have the
presence of oxygen in a low content in our samplésis the nitride host matrix is
favorable to the incorporation of a higher Nd carication (10 times more than oxide
case) and, with a presence of Si excess, to aclaevigh PL intensity even after
annealing at high temperatures as high as 1000R. résult is in agreement with
those on similar system Er-SRSN film, for which iBns are kept optically active
even at high temperatté*®. The authors explain that such a result is cossist

with the lower diffusivity ofmetals in nitrides with respect to that in sift¢a

It is interesting to note that the Ridpeak intensity for layer having same
thicknesses has three times higher PL in Nd-SRSMpks compared to the
Nd-SRSO films. This is explained by a higher Nd teah incorporated with less
probability to form clusters in nitride matrix aadshort Nd-Sensitizer distance.
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4.4.2 Annealing temperature for CA approach

(a) Fourier transform infrared spectroscopy
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Figure 4.11: FTIR spectra recorded with (a) an ohemnce angle of 65° and (b) a
normal incidence for the Nd-SRSN layers as-depbgA®) and lhour-annealed at
the indicated temperatures. The sample was prepaitdry, RFRy4203and RFR; of
10.5%, 0.45 and 4.5 W.&nrespectively. The curves have been normalized wit
respect to the TO band intensity.

Figure 4.11 shows the effect of the classical almmgdreatment (600-1100°C
during 1 hour) on the microstructure of the layestng FTIR experiment in (a) an
incidence angle of 65° and (b) a normal incidedkethe spectra are normalized to
the TO band intensity. In the case of 65° incidemice LO peak intensity increases
significantly after annealing and shifts towardgh@r wavenumbers. The position of
TO peak follows a similar trend. The LO-TO coupliognd gradually attenuates with
increasing &, suggesting a host matrix becoming more orderé@. 3i-O peak at
about 1250 cm appears with annealing and increases witheVidencing either an
oxidation of the surface of the films or presenteSbnps surrounded by O atoms
provided by the sputtering of the Nd oxide tardetthe case of normal incidence
measurements, the TO peak is also observed to dilife with Ta. This result
indicates a structural rearrangement of the matrazed/or a phase separation in the

Nd-SRSN materials with annealing.
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(b) Raman spectra
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Figure 4.12: Raman spectra of the as-deposited Hmalir-annealed Nd-SRSN films
at 900 and 1100°C. The layers have been depositedfused silica with
RFPyd205 0.45 W.crif, RFRs=4.5 W.cn?, and indicated .

Figure 4.12 has three pictures corresponding tdeassited, 1= 900 and
1100°C samples. These samples contain the typide€REN layersr{=10.5%), as
well as with othery for the comparison of their Raman spectra. Inrégd.12(a) for
the as-deposited samples, the Raman curves showrtvao vibration bands located
at 150 and 480 cth These are respectively attributed to the trarsgvacoustic (TA)
and the transverse optical (TO) phonon for amorph&irnps suggesting the
formation of Si-nps during the deposition procesiter the layers were annealed at
900°C, both TA and TO bands are changed to be lglearrower and more
pronounced. This evolution is explained by an iaseein the Si-nps concentration.
Upon annealing at 1100°C, these two bands havéigiest intensity, whereas, no
additional peak is noticed such as at about 521".cBne can assume that no
crystalline Si-nps have been formed during suchigh lnnealing process. This
observation is in agreement with the one achiewedur team on undoped SRSN
layerd®. Debieu et al. revealed that the samples congiailow Si excess (refractive
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index lower than 2.5) have only amorphous Si-npmeafter an annealing treatment
at 1100°C. This can be explained by the work ofldhilet all*® who have found that
the nitrogen has an ability to suppress the diffiugif silicon atoms during annealing.

This may lead to grow only small Si-nps.

(c) Photoluminescence properties
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Figure 4.13: PL spectra for samples under lhourealmg at the indicated
temperatures. The sample was deposited with JRoB 0.45 W.crf,
RFPs=4.5 W.cnf, and k=10.5%. The excitation wavelength (488 nm) is
non-resonant with the energy levels of thé'Ndns.

Figure 4.13 shows the PL spectra for samples aededldifferent temperatures.
The results are similar to those obtained afterRaA\ treatment. In 600-800 nm
visible range, no emission band is seen from allstimples even after an annealing at
1100°C, while in 850-1200 nm infrared range, rerabix Nd* emission peaks are
detected. The peaks intensities present significenéase when Alrises from 600 to
750°C. The maximum PL is achieved between 750 800°C, before decreasing for
higher Ta. However, the 1100°C annealing does not leadctingplete suppression of
the N&* emission. Again, one can mention that the tempegaiange corresponding
to the optimal N& PL is broader than in the case of the oxide haarirm Such a
result is the same than the RTA effects alreadgrde=d above. This broad optimal
temperature domain is ascribed to a less diffuswitRE ions in nitride layer than in

oxide one.
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4.4.3 Annealing duration

The previous two sections have concerned the sffet RTA and CA
approaches on the structural and PL propertieshef fims. The influence of
annealing temperature has been investigated wathration fixed at 1 min for RTA
and 1 hour for CA approach. In this section, weailiedhe result achieved after a

process in RTA furnace during 5-60 min at two sfiedemperatures, 750 and
1100°C.
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Figure 4.14: Evolution of PL spectra versus anmeglduration from 1 to 60 min for
samples annealed at 750°C (a) and 1100°C (b). Hmepke was deposited with
RFPua2050.45 W.crif, RFRs=4.5 W.cn¥, and {=10.5%. The excitation wavelength
(488 nm) is non-resonant with the energy leveth@Nd" ions.

Figure 4.14 shows the PL spectra of the Nd-SRSNpksmnrecorded after
different annealing durations. In Fig. 4.14(a) Tar= 750°C, the emission intensity is
improved with & and reaches the maximum after 60 min of anneahiegwr twofold
increase is observed for 1 hour annealed sammenmparison to the 1 min one. This
increase is connected to the reorganization ofmh&ix and thus a decrease of the
non-radiative defects with extending talue. In Fig. 4.14(b) for A = 1100°C, the
enhancement of PL intensity withis also noticed. A saturation of PL seems to occur
and appears after an annealing duration of 30 Whis can be attributed to the high
Ta that provides enough energy for the layer reomgmn during shorter time.

Anyway, this high temperature is nevertheless mapged for the achievement of
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intense emission since the maximum PL obtainedus fimes lower than after a

process at 750°C.
4.4.4 Forming gas annealing

This section aims at investigating the effect afiealing the film in the forming
gas (FG: 95% Ar and 5% The Nd-SRSN samples studied have been fabricated
with RFPyg205= 0.45 W.cnf, RFPs=4.5 W.cn¥, and ry=10.5%. Two approaches
have been carried out. On one hand, single stegading is performed using FG gas
at the optimized A4 = 750°C. On the other hand, the two-steps appraadbdes
firstly an annealing at higher temperatures (750 AH00°C) under Ngas, and then
annealing at 500°C for 5 hour under FG ambients&lannealing processes were all

performed in RTA furnace.

(a) Single step annealing
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Figure 4.15: PL spectra of samples annealed at €5@t (a) 1 min and (b) 30 min
duration under N gas (black solid) and FG ambient (red hollow),pestively. The
488 nm excitation wavelength is non-resonant withenergy levels of the Ridons.

Figure 4.15 shows the PL spectra of samples arshealder N gas and FG
ambient, respectively. As seen, the3NdL intensity remarkably increases with
annealing duration from 1 to 30 minutes under eitig gas or FG ambient. Such
improvement is due to the modification of host mxattluring annealing. This

modification occurs independently on the used d&smeover, when comparing two
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different gases, no difference of PL spectra isicedt between N and FG gas
annealing for either 1 or 30 minutes duration. Tffers from the case of Nd-SRSO
layers (Sec.3.4.4 in Chap.3) for which a higheriitensity has been observed after
an annealing under FG gas. Such a result meanghtaaamount of non-radiative
channels which can be passivated is low in the SR&ix.

(b) Two steps annealing
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Figure 4.16: PL spectra of samples annealed atitikdécative Ty for 1 min duration.
The black curves with solid symbol correspond toeating under N gas, while the
red curves with hollow symbol concern two stepseating. The FG in this figure
represents a 500°C-5hour-annealing under formings ganbient. The 488 nm
excitation wavelength is non-resonant with the gnéevels of the Nid ions.

Figure 4.16 presents the comparison of PL spedrasamples annealed at
750°C- or 1100°C during 1minute followed or notdb$00°C-5hour annealing under
FG ambient. In the first step annealing at eithB0 br 1100°C under Ngas,
significant Nd* PL has been observed using non-resonant excitativelength for
the Nd* ions. As mentioned above, this observation dendies existence of
sensitizers towards RE ions. Furthermore, the X1@0thealed sample has lower
emission intensity than the case at 750°C. Itobgbly explained by the formation of
Nd,Os clusters and/or by the lower density of efficie@nsitizers after the high

temperature annealing. These imply different mictm$ures presented in these two
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Ta-annealed films. To further modify the microstruetwof such already annealed
layers, the second step annealing has been camuteat 500°C for 5 hour under FG
ambient. But we did not notice any change of théRF3pectra (data not shown)
comparing to the one after first step annealingrédoer, no difference is seen for the
Nd®* PL in contrast to the case of first step anneadingither 750 or 1100°C. This
again differs from the case of Nd-SRSO layers ($4¢! in Chap.3). It comes to the
conclusion that rather few non-radiative channiedt tan be passivated by the H are

residual in the first step annealed layers.
4.5 Energy transfer mechanism
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Figure 4.17: PLE spectra detected at 920 nm foe¢hsamples (=9.5%, 10.5%, and
11.8%) annealed at 750°C for 1 min duration. Theves correspond to different
perpendicular scales classified by their color.

To study the energy transfer mechanism, PL exoita{PLE) measurements
were carried out on three Nd-SRSN samples depoattdidferentry and annealed at
750°C for 1 minute duration. As mentioned abovesséh samples have various
refractive indices (n) indicating different Si esseincorporated. In figure 4.17, the
obtained PLE spectra detected at 920 nm are shbwenspectra have been corrected
by the power variation of the used excitation seuf€ach curve has two peaks at
about 307 and 460 nm which are respectively astibeéhird and second order of the

detected wavelength. For all the spectra, the Pit€nsities present an increase with
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excitation energy with a slope increase charatierisf band-tail to band-tail
absorption mechanism in amorphous silicon oxyrétmdatri*'®. Since PLE spectra
are recorded at 920 nm, they reflect also the fearsd excitation to N& ions. The
positions of the PLE intensity maxima are shifttadhigh energies with increasing.
Assuming that there is no modification of rare leaons states, this behavior may be
attributed to band gap enlargement of Silicon Né@rmatrix with increasing afy and

consequently is a confirmation of the decreasd ek&ess incorporated in the film.

2.0 r =9.5%, n=2.338
——r =10.5%, n=2.257
r =11.8%, n=2.180

(ahv)”?

Eg (eV)

Figure 4.18: Estimation of optical band gap forelersamples (=9.5%, 10.5%, and
11.8%) annealed at 750°C for 1 min duration.

In order to check this hypothesis, Tauc plot weesfgymed on absorption
coefficient evolution with energy (shown in Fig 8)1of same SiN samples
(rn=9.5%, 10.5%, and 11.8% annealed at 750°C for 1 dumation). A Tauc gap
(optical gap) was found to increase from 3.05 #0D4V withry varying from 9.5%
to 11.8% in the same manner as reported by Biggereaal'”.. This confirms the
fact that there is a proportional dependency batviee SiN matrix band gap and the
nitrogen ratery. Consequently the Band gap enlarges inverselyhaoekcess of Si
incorporated in the SiNhost matrix. These results demonstrate the tubhabil the
absorption windows of SiNmatrix and thus, the excitation windows for thdiiact

excitation of the N& ions by a fine engineering of the Si excess.

As a result, the PLE experiments have demonsttatdhe band tails states can

act as efficientive sensitizers towards the®*Nibns in the high energy range
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(>2.75 eV). While in lower energy range (< 2.%8,ehe low PLE intensity does not
allow to identify the sensitizers involved in th88nm (2.54 eV) excitation used in
PL measurements. But the difference in PLE intgrns#tween high and low energy
range suggest that band tails is a more effectwsiszer of Nd* ions than the one

involved in the sensitizing at 488 nm (2.54 eV).
4.6 Conclusion

We have presented a detailed experimental studydeSRSN films deposited
by reactive co-sputtering approach using Si andydargets under Nrich Ar
plasma. The Si excess has been tuned by changniy.thatery, while Nd content
via monitoring the RFPys203 The former was calculated by both FTIR and
ellipsometric experiments, while the latter from RBeasurements. We have found
that the optimized film can be prepared witfF10.5% andRFPyg2050.45 W.cnf,
which has a composition of about 13.5 at.% Si exeesl5.0x1F° Nd.cmi®. Then
this optimized layer was submitted to an anneapngcess such as RTA and CA
approaches. The former approach allows the formaifoamorphous Si-nps for the
layers containing a Si excess less than 16.1 atéf after an annealing treatment at
1100°C. For the higher Si excess (30.1 at.%), allys® Si-nps of 2.6 nm diameter are
present after an annealing at 1100°C. Thé"NeL using 488 nm non-resonant
excitation was highly improved after RTA annealiagd displayed the maximized
intensity in a broad temperature range from 7500200 This can be explained by a
low diffusivity of metal ions in nitride matrix corarily to the oxide one. In the case
of CA approach, comparable results have been autaabout the amorphous Si-nps
and Nd* PL evolution versus AL We have found that the CA approach favors higher
Nd** PL intensity than the RTA case, which agrees wiith effect of annealing
duration. It was shown at eitherT 750 or 1100°C, the N8PL increases withat
similarly to the oxide layers. However, contraryNd-SRSO, we did not observe any
enhancement of N emission under FG annealing. This may be due ¢oldtver
amount of non-radiative channels that can be pateivby FG in the SRSN matrix.
The PLE investigation have proved that at high taxicin energy (> 2.75 eV) a band
tails sensitizers play a major role while at low&citation energy nature of sensitizer
has not been identified. Moreover, they showedttiaband tails states of SRSN host
matrix can sensitize the Ridions in a more efficient manner than other seresiti

involve in the excitation at lower energy 488 nnb@eV).
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Chapter 5: Devices based on Nd-SRSO and
Nd-SRSN materials

5.1 Introduction

Optical waveguides are fundamental components tegrated optical circuits
because they are the basic element of various @®giach as light modulator, laser,
and optical amplifier. A natural choice is to lofik transparent dielectrics already
used in photonics, such as Si, Br, Ge, Al dope8i®. In case of device with low
gain such as Erbium Doped Fiber Amplifier (EDER)ong lengths of device (fiber)
are necessary for operation due to small gain.dse cof integrated device, it is
necessary to work with stronger light matter int&oa in order to shorten the device
length. For this reason, semiconductor based wagtlegievice with optical gain are
studied since many years. The choices of wavegoate and cladding material
determine the gain, the band and bandwidth of idpeag the integration density and
the minimum intrinsic losses. Furthermore, due twirt CMOS technology
compatibility, silicon semiconductor based deviees of particular interest for their
possible integration in microelectronics. Moreovesing Si-rich Si-based materials
allows (i) to tune the refractive index of the nratkeby the variation of Si excess and
(ii) to reach propagation loss as low as 0.4 dB-@n1523 nrif. Hence, the SRSO or

SRSN layers can be used to form the core regi@npddnar waveguides.

The Er-doped waveguide has aroused a huge contegseéarch community due
to the EF* emission at about 1.54m corresponding to the minimum of absorption of
standard silica optical fibeéfd. In more compact system, in order to shorten the
operating length of the amplifier, erbium-doped egwide amplifier (EDWA) with
higher gain has to be foufld One possible solution is to use*Edoped SRSO or
SRSN. In this system, several advantages havedweaved. First, the Si-nps have a
continuous broad absorption b&Hdthat allows the use of low-cost LEDs. This
obviates the need of a laser at a specific wavébetigat matches the narrow
absorption band of rare earth ions. Second, thectfe excitation cross section of
Si-nps-sensitized Efions is about four orders of magnitudes highen timat of E¥*

doped in silic®’. Finally, the Si-nps sensitization enhances thetahility of Er**
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ions favoring an achievement of net gain at 1.54"4th However up to now, there
are only few papers demonstrating the net gaindfignd® % ! This is explained

by the nature of the three-level electronic 4f ctinee for the EY' ions leading to a

population inversion threshold power and to thesjiids re-absorption of 1.54 um
photon by the neighboring Erions. In contrast, the Ntions emitting in four-level

configuration (1.06 pm) do not have a populatiomeision threshold pump power
and there is no re-absorption of the emitted light1.06 pum. Moreover, the
up-conversion is negligible with Ntlions*? emitting at 1.06 um compared to’Er

iond™® emitting at 1.54 pm. Consequently, a net gain lshbe achievable with N

ions in an easier manner than witli'Hons.

In this study, we are concerning the Nd-doped iI®SRind SRSN matrices. With
the best composition and microstructure obtainethbyoptimized process in Chap. 3
and Chap. 4, the films are used to fabricate theegaides. Our goal is to study the
possibility to achieve a Si-based laser at 1.06tdwmission from N ions. In order
to realize net gain essential for laser, opticabés have to be minimized and thé Nd
emission maximized. Thus, the work is divided ia thvestigations on optical losses,
guided fluorescence, and pump-probe measurementsriped on the waveguide
devices. These works were carried out in the fraomkvof the ANR (DAPHNES
n°:08-NANO-005) project by our partners P. Pirasield J. Charrieft* ! from the
FOTON laboratory in Lannion.

5.2 Device fabrication

As mentioned in Chap.3, the Nd-SRSO film was sysidesl by classical
co-sputtering under pure argon plasma using,S8) and NgO; cathodes. The RF
power densities applied are 8.88, 1.48 and 0.30mA.cespectively. In the case of
Nd-SRSN film developed in the Chapt.4, the reactiwesputtering of Si and NQs;
cathodes has been used. The RF applied power idsnaiere fixed to 4.5 and
0.45 W.cn¥, respectively. For this latter approach, the giéro rate is fixed at 10.5%.
Both layers were submitted to classical annealing58°C during one hour under a

pure nitrogen flow.
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Nd-SRSO or Nd-SRSN ||t Nd-SRSO or Nd-SRSN

SiO, I ;=8 um SiO,

Figure 5.1: Schematic representations of (a) plamaveguide and (b) rib loaded
waveguide.

In order to realize a rib loaded waveguide, a desigs performed by our project
partners (Fig. 5.1). According to this design Sifers on which an 8 pm-thick
cladding layer of thermal SiOwere used. The thickness of the cladding has been
chosen to ensure an optical confinement in the iggidayer and thus to limit
evanescent losses in the substrate. Guiding layfedd-SRSO or Nd-SRSN were
grown on this thermal Sidayer with a suitable thickness according to thkewation
of TE and TM modes dispersion as a function ofkihéss displayed in figure 5.2. As
seen, the Nd-SRSO layer should be thinner thantab8yum to obtain single-mode
waveguide, while for Nd-SRSN the thickness of tletive layer does not exceed
0.41 ym. Thus, our studied waveguide has 1.1 poknbss for Nd-SRSO layer or
0.38 um for Nd-SRSN layer. On top of the guidingela a rib of SiQ was processed
in order to ensure the lateral confinement of tlueles. Taking into account the factor
of merit (FOM) defined by ratio between the confirent factorl” and the effective
area of the fundamental mode, the thickness ofSiis top layer has been fixed to
0.8 um to obtain the best lateral light confinem@ig. 5.3). Moreover, the width of
SiO, rib can be chosen as 1, 2, 3, 4, 6, or 50 um,ewdhi250 um distance separates

each rib loaded waveguide to ensure proper moditiso.
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Figure 5.4: Schematic diagrams describing the diffé steps required for fabricating
the rib waveguide.

To achieve a rib waveguide, a standard photoliiyolgy and reactive ion etching
processes were employed. The detailed processeactf a device fabrication are
schematized in figure 5.4. A Si@ayer with 0.8 um thickness was deposited onto the
guiding layer. From figure 5.4(b) to (c), the phoésist was coated on top of surface.
In figure 5.4(d), the sample was partially exposediltraviolet light (UV) through a
mask containing a pattern in which the widths wegeal to 1, 2, 3, 4, 6, or 50 um,
each rib being distant each other by 250 um. Tlotopresist was developed and the
irradiative area was washed away (Fig.5.4(e)). Sdmple structure in figure 5.4(f)
was obtained via a process of reactive ion etchikgy.seen, the SiDcovered by
photo-resist remains, while the Si@ithout resist cover was etched away. It should
be noted that, this etching process does not isertfge interface roughness. Finally,

the rib waveguide (Fig. 5.4(g)) was achieved bipping the residual photo-resist.

5.3 Optical properties

5.3.1 Optical losses

Optical losses were measured by studying the scagtéght out-coupled from
the surface of the waveguide. The laser light waspled into the waveguide by
means of micro-lens optical fiber. The intensitytio¢ scattering light was recorded
with a digital camera placed above the sample. SManrse scanning along the light

propagation direction obtained by integrating théadalong each sampling transverse
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line enabled the 2-D light intensity distributiof the guide modes to be obtained.
The light intensity decreased exponentially witk thpropagation distance and was
observed at different wavelengths: 1064, 1310, 134@d 1550 nm for both planar
and rib waveguides. To compare, both undoped anddyeéd films used as guiding
layer are concerned. The results are reported bteTa 1. As seen, all the obtained
values of optical losses are quite lower than IcaB.regardless of the wavelength.
At each wavelength, there is no significant diffexe of optical losses between
undoped and Nd-doped waveguides for either oxidaiwmide host matrices. The
losses for rib waveguides are slightly higher tttase of planar ones probably due to

the presence of side walls.

Waveguide typeGuiding layer, 1064 nm 1310 nm| 1340 nmh 1550 nm
Planar SRSO 0.8+0.2 0.5+0.2 0.5£0.2  0.4+0|2
waveguides | Nd-SRSO 0.8+0.2 0.5+0.2 0.4+0.2  0.5+0}2
(dB.cmi?) SRSN 0.8+0.2 0.5+0.2 0.5£0.2  0.4+0)2
Nd-SRSN 0.8+0.2 0.5+0.2 0.5+0.2  0.4+0|2
Rib waveguides = SRSO 0.9+0.4| 1.2+0.7
(dB.cm?) Nd-SRSO 0.9+0.3] 1.0+0.2

Table 5.1 Optical losses values (dB9ras a function of the wavelength for undoped
and Nd-doped planar waveguides and rib waveguides.

5.3.2 Guided photoluminescence

The guided PL measurements on Nd-SRSO and Nd-SR&Mrpwaveguides
were performed at room temperature using an argeer loperating at 488 nm. First,
the alignment is optimized between sample, objectand spectrometeby
fiber-coupling laser light at 1.06m into the waveguide. The guided fluorescence
achieved by top surface pumping is studied as atifum of the pump power and as
well as a function of the distance z between thatatkon area and the output of the

waveguide (Fig.5.5(a)).

126



Top pumping

A= fSnm
Monochromator . . ’

@)

4
Fan

| 1064nn 1340nm

Nd* ions  qagnm ‘

4
1312

4
11/2

A
92

(©

Normalized PL

900 1000 1100 1200 1300 1400 1500
Wavelength (nm)

Figure 5.5: (a) Schematic representation of the $opface pumping at 488 nm and
near-field of guided PL at the output of planariopt waveguide, (b) energy levels
for Nd®* ion radiative transitions, (c) comparison of guiB& spectra for Nd-SRSO
and Nd-SRSN planar waveguides obtained by top-pugnpi

Figure 5.5(c) represents the normalized guided péctsa of Nd-SRSO and
Nd-SRSN for a pump power equal to 150 mW (3.3%Jhotons.crif.s?) at room
temperature. Spectra reveal two principal bandseced about 920 and 1100 nm
corresponding td'Fs—"lg> and “Fa>-*111/> radiative transitions of N ions. The
presence of the guided PL of Ndexcited by a non-resonant excitation at 488 nm
confirms the efficient sensitization of matrix hastvards rare earth ions. The band
corresponding t8Fs;-*113, radiative transitions of Nd ions is only detectable in the
case of Nd-SRSN waveguide, shifted with respecthd 1340 nm. Such a week
emission may be explained by a small branching rafi this transition in both
matrices and in the case of Nd-SRSO waveguide rieseon of this band may be

lower than our detection threshold level (Fig. &)h(

Moreover, the two spectrum shapes are not idenbealveen Nd-SRSO and
Nd-SRSN waveguides. For the oxide active layergihded PL reveals a broad band
centered at 1100 nm that contains two peaks at H@D1126 nm. Taking into
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account the geometry of our waveguides these tvakgare only attributed to the
contribution of the active layer. This is confirmieg measurements performed on an
undoped SRSO planar waveguides fabricated in thee saonditions for which no
guided PL has been evidenced. So, we can affirmnthieaguided PL is coming from
the active guiding layer and not from the Si swdistrFurthermore, the SiGladding
layer is an 8um thick layer which avoids any radiative modes tluean emission
from the Si substrate towards the guiding layeithiencase of Nd-SRSN waveguides,
a broad band containing a single peak centereloaitd104 nm is observed.
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Figure 5.6: (a) Evolution of guided PL spectra dhtd by top surface pumping, for
different values of the pump power on Nd-SRSO plameguides. In the inset:
integrated PL for the two emissions correspondimdRz*lo/> (850-1000 nm) and
*Fa2-*111/ (1000-1200 nm) radiative transitions versus puroper.
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Figure 5.6: (b) Evolution of guided PL spectra ahtd by top surface pumping for

different values of the pump power on Nd-SRSN plarzveguides. In the inset:

integrated PL for the two emissions correspondimdFs-l1¢;» (850-1000 nm) and
*Fa1>-"111/2 (1000-1200 nm) radiative transitions versus puroper.

Figures 5.6(a) and (b) respectively show the namedlspectra of guided PL for
Nd-SRSO and Nd-SRSN planar waveguides recordedaamh temperature and for
different pump power (150 mW corresponds to 3.3%1ghotons.crif.s?). The
spectra have the same shape whatever the appled pawer and the PL intensity
increases with excitation power. The insets of Fegu6(a) and (b) display the guided
PL integrated intensity for the two Ridemission peaks. The PL intensity increases
linearly for low pump power and no saturation of ihtensity has been observed at
higher power for both waveguides. The linear insigg of the guided PL intensity of
Nd** excited by a non-resonant excitation at 488 nnficoa the strong coupling
between the Si-nps and/or defects and thé" Nohs in the two different host
matrice§® 7 8 1t should be noted that the intensity of spectfmse line (from
1000 to 1400 nm) increases with pump power in tdeSRSO waveguide, while in
the case of Nd-SRSN this stays at a low level wisatéhe pump powers. This could
be attributed to some luminescence defects crehiedg growth of Nd-SRSO film.
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Figure 5.7: (a) Schematic representation of thesogace pumping at 488 nm.
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Figure 5.7(b) Evolution of guided PL spectra forffelient distances z which
corresponds to the distance between the excitatisma and the output of the
waveguide for Nd-SRSO planar waveguides. In thetinstegrated PL versus
distance z for the two emissions correspondingd'Rg,*ls;» (850-1000 nm) and
*Fa-*111/2 (1000-1200 nm) radiative transitions.
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Figure 5.7: (c) Evolution of guided PL spectra fdifferent distances z, which
corresponds to the distance between the excitatisa and the output of the
waveguide for Nd-SRSN planar waveguides. In thetinstegrated PL versus
distance z for the two emissions corresponding'Rg,-*lg> (850-1000 nm) and
*Fa-*111/ (1000-1200 nm) radiative transitions.

Then, the guided fluorescence by top surface pugnair88 nm (150 mW) on
planar waveguides is studied as a function of thadce between the excitation area
and the output of the waveguide (z) as shown inreid.7(a). Figures 5.7 (b) and (c)
represent the evolution of PL spectra (normalizethe thickness) according to the
distance z for both waveguides. Guided PL at 945 HIO0 nm were observed until
4 mm from the output of the Nd-SRSO waveguide amd 8 mm from the output of
the Nd-SRSN waveguide. As expected, the guideddkaence at 945 and 1100 nm
decreased when the excitation area moved awayutpaito This is attributed to the
optical loss in the active layer as well as to themam divergence in the planar
waveguide. The larger propagation length obsereetld-SRSN layer is attributed to
a better light confinement in the guiding layer doi@ higher refractive index contrast
(see mode field profiles in Fig. 5.2). The posifioof the peaks correspond to the
typical transitions between internal energy level®Nd®* ions as described in figure
5.5(b). The related integrated intensities in t®-8000 nm and 1000-1200 nm
wavelength ranges are reported as a function oflisiance in the insets of figure
5.7(b) and (c). The exponential decrease with tkamice has been fitted leading to
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the attenuation values of 10.4 and 7.3%cat 945 and 1100 nm, respectively, in the
case of the Nd-SRSO waveguide. For the nitride waide, the attenuation
coefficients are at least two times lower with deetlivalues equal to 4.4 and 2.3°tm
at 945 and 1100 nm, respectively. These measurenadioiv us to believe that a
better luminescence efficiency is obtained in thsecof Nd-SRSN waveguides than
in the case of Nd-SRSO ones. It is worth noticimat the attenuation value at 945 nm
is higher than the one at 1100 nm, because of eéh@bsorption of the 945 nm

radiation by the ground level.

The comparison of the two samples by measuring ghieled PL is not
straightforward. One of the reasons is the diffeeeaf thickness of the active layers
for both matrices (1.m for Nd-SRSO while it is of 0.380m for Nd-SRSN). The
other concerns the difference of the excitationssreection of the Nd-SRSN and
Nd-SRSO matrices. Consequently, lifetime measurésnbave been performed to
determine their luminescence efficiency. The flsopnce decays of Nd-SRSO and
Nd-SRSN planar waveguides were found to bei®7 2 and 5us =2, respectively.
We notice that the lifetime in the nitride matr $maller than the one in SRSO

attesting the presence of non-radiative defects.

With these measurements, we can notice a highemtnsity of Nd-SRSN
waveguides than Nd-SRSO ones. Indeed, the guidedelicence by top surface
pumping was observed for some more important lefrgth the output in the case of
Nd-SRSN waveguide. These measurements confirmthibagpontaneous emission is
encouraged in the Nd-SRSN matrix because of higlinRinsity and a low lifetime,
whereas the lower PL and a higher lifetime in tasecof SRSO matrix should ensure

to achieve a better stimulated emission.
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5.3.3 Pump and probe measurements

Top pumping blue laser

— b
o= ]
Monochromator ___] S10) \\\b

— >

Figure 5.8: Schematic diagram of pump and probesueaments.

The pump and probe measurements, as shown in fg8réave been performed
on the rib-loaded waveguides. The pumping source msodulated blue laser (443
nm) with an average power of 250 mW. The pumpigbtlwas focused by means of
a cylindrical lens in normal incidence resulting anpumping elliptic area of size
5x0.5 mm with major axis oriented along the wavdgld rib. The probe source at
1064 nm, coming from a fiber laser, was chopped iajetted into the waveguide.
The output signal was focused by lenses on the olwomator entrance, the disperse
signal on output of monochromator is detected wighchronous detection system
locked to the chopper frequency of the signal. His tsystem the probe signal is
continuously detected and the pump laser is pexadigti(every 1 minute) switched on
and off.
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Gain measurement - top pumping - blue diode
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Figure 5.9: Measured signals for the pump and prabg@eriments of Nd-SRSO
waveguide.

The measured signal is displayed in figure 5.9tk Nd-SRSO waveguide.
Before 1600 seconds during measurement, one caerveébsan increase of PL
intensity by about 40% when the pump is with respeche PL intensity without
pumping. Let us consider the signal enhancemenk &SEhe ratio of intensities with
and without pumping”. Thus, one can obtain this SE value as high asSudh
value is higher than the one reported fotf*Eystem by Daldosso et&l. This is
mainly due to the advantage of using the*Nibns in a four-level electronic
configuration. Furthermore, using the SE value, car@ roughly estimate the net gain
(g) via the below relatidf?":

SE =exp(gl), (5.1)
where thelL is the pumping waveguide length equal to 0.5 chusTtheg value is
about 0.68 cm (2.95 dB.crit) achieved.

After 1600 seconds, we notice an inversion of theves with an achieved PL
intensity with pumping lower than those without gaing. Such a behavior is not
clearly explained at this time, but could be thsuteof some laser thermal effect

increasing with measurement time.

134



In the case of Nd-SRSN waveguide, we did not olesenvy variation of PL
intensity between pumping on and off (data not stfjow other words, the SE value
was found constant and equal to 1. It is possikptaned by the low lifetime of Nt
emission attesting of the presence of numerousadiative deexcitation paths.

5.4 Conclusion

We have studied the optical properties of waveguio@de of Nd-SRSO or
Nd-SRSN materials. Both waveguides have low optimsses of less than 1 dB.¢m
at 1064 nm. It is worth to note that no additiooptical loss has been measured at
1064 nm originating from the spectroscopic propertof Nd* ion (four-level
system). Top surface pumping experiments at 488onnplanar waveguides have
evidenced guided PL in both doped matrices. Thesighals at 945 and 1100 nm
were observed until 4 mm (Nd-SRSO) and 8 mm (NdI$Rffom the excitation
area. We have noticed that the PL intensity in@gdisiearly with pumping powers
with no saturation in the range of applied powd@ilse nitride waveguide possesses
higher emission intensity than the oxide one. Bmathe pump and probe
measurements showed a significant signal enhandeot#ained from Nd-SRSO
waveguide pumped by blue laser, while no enhancemas observed for Nd-SRSN
waveguide. It results in a significant net gairdd8 cni* (2.95 dB.crit) achieved for

oxide waveguide.

As a consequence, the realization of these wavegda&lices with notable
guided PL and signal enhancement at room temperajens the route towards the
fabrication of 1064 nm laser based on Nd-dopedaSeld materials. It represents a

further step towards the realization of silicon raghotonics devices.
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Summary and future perspectives

(&) Summary

The objective of this thesis concerns the fabreatf a compact and low cost
planar laser, which is compatible with CMOS tecloggl In particular we have
studied two different systems, Nd-SRSO and Nd-SRSN.

First of all we have investigated the Nd-SRSO fildeposited by reactive co-
sputtering or classical co-sputtering. Both apphesacare favorable to achieve an
intense Nd" emission. To optimize this emission, we have esmjied the films
compositions via tuning the deposition paramefersexample, power densities of Si
and NdO; targets. The optimal film was achieved with 4.%@8i excess (from FTIR
measurement) and 5.0x2@t.cmi®*Nd content (from RBS experiment). This film was
separately submitted to two annealing approaches] thermal annealing (RTA) and
classical annealing (CA). For the former approaemarkable visible emission has
been observed froma& 1000°C annealed films due to some recombinati@aroing
from radiative defect states, while a{>IL000°C, the visible emission mechanism is
attributed to radiative recombination in Si-nps. Wave demonstrated that the *Nd
ions can be effectively sensitized by both thedealestates and Si-nps. For the CA
approach, the defects emission was quenched forID00°C annealed films while
higher temperatures arrow Si-nps luminescence. &ve Bhown that there are Si-nps
which play their sensitizing role towards the*Nibns for all the involved T layers,
since the N& PL was noticed in both low and high @nnealed layers under a 488
nm non-resonant excitation. A remarkable intensithancement has been recorded
for both visible emissions (from defects or Si-npsid infrared peaks (from Kd
ions) under forming gas annealing. This providgar@mising way to optimize the
luminescence intensity. Finally, the optimal lajrem PL intensity point of view was
used to fabricate a waveguide structure. The obtloievice has less optical losses
than those produced similarly in the case of theoBs and notable guided PL has
been observed. It is interesting to note that &igant signal enhancement, proving
the existence of a net gain, was observed in thgopand probe measurements. These
results show that Nd-SRSO film is a very promisiain media on the way to achieve

a laser cavity.
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For Nd-SRSN films, we have only focused the work thre reactive
co-sputtering approach using Si and,Q¢ targets under Ar+Nplasma since, no
Nd** emission was observed from the layers depositetldsgical co-sputtering. The
films compositions have been optimized by adjustirggnitrogen gas ratio and M2
target power density. It was found that the maximidi® PL corresponding to the
layer containing a Si excess of 13.5 at.% (fromREieasurement) and a Nd content
of 5.0x10° at.cm® (from RBS experiment), which are both much higttemn the
concentration achieved in the case of the oxiderixnaAfter either RTA or CA
processes, the film shows an intenseNemission which increases with, TThis
results in a broad band of maximum PL intensity %9-1000°C range before slightly
decreasing for higheral This optimal & range is wider than in the case of Nd-SRSO
film that can be attributed to a less diffusivitiyatoms driven by annealing in nitride
material. This allows to achieve a NdPL intensity three times higher in the nitride
layer than in the oxide one. Additionally, we didtnobserve any emission
improvement under forming gas annealing in conttagbure nitrogen gas. This is
another difference to the oxide matrix. For the SRISN waveguide, optical losses
are low and comparable to Nd-SRSO device. The ghldé high and has a longer
propagation length than the oxide one due to adnigidex contrast with a better light
confinement in nitride layer. However, one did achieve any signal enhancement in
the pump and probe experiments, ascribing to adasay time of N& PL in the
nitride matrix and/or thin thickness (0.g8) of the corn layer. These results confirm

that spontaneous emission is encouraged in theR&NSsample.
(b) Future perspectives

This thesis is focused on the understanding of trpowcomposition,
microstructure, and optical properties for Si-baseterials. We have demonstrated
the achievement of an intense Nd emission andeagmia of this work, the existence
of a net gain which is not stable over time. To ensthnd the origin of such a
behavior, further fabrication of waveguides and p&mprobe experiments have to be
carried out to demonstrate the feasibility of aifatSi-based laser. This would require
an optimization of the sensitizer:Nd ions couplingte through the difficult
photoluminescence experiment allowing the detertimnaof the number of optically
active Nd* ions. The possibility of incorporating a higher Ndntent in the nitride

matrix is a promising result that has to be degplgtlyzed in terms of microstructure
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to understand the difference with the oxide mat@xch a work will give important
information on the detrimental problem of the Ndstérization and will allow to
consider new structure to avoid it. This is the f@yachieving an improved device
containing optimal Nd active ions coupled to sersis.
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Propriétés optiques des films minces a base de Sk Nd : vers un amplificateur optique
Résumé:

Cette thése décrit le développement et I'étude déémiaux a base silicium (Si) dédiés a des
applications en photonigue comme I'amplificatiortigpe ou le laser. Des matrices de S&D de
SisN, enrichies en Si contenant des ions de terre rdfeadwt été étudiées. Dans ces matrices, les ions
Nd®*" bénéficient d’un transfert d’énergie de défautebde nanoparticules de Si présents dans la
matrice hote. Cela permet une excitation indirestteefficace des ions Rt sur une large bande
spectral UV-VIS. Ainsi, une émission remarquabls ams Nd* & 920, 1064, and 1300 nm a été
obtenue. Dans le but de développer la couche gugdzetive d'un guide d’ondes a partir des deux
matrices et en choisissant comme figure de mééitei$sion des ions N§ I'optimisation de couches
dopées Nd a été menée. La composition a été medifid¢ermes d’excés de Si et de taux de Nd par la
technique de pulvérisation magnétron. Les deuxioegtiont été recuites par un traitement thermique
classique ou rapide afin de modifier la microstuuetde celles-ci. L’étude des facteurs influendasit
mécanismes d’émission et de sensibilisation des Mudfi* a été réalisées. Dans la matrice de,SiO
enrichie en Si, plusieurs sensibilisateurs des o, & base de Si, ont été identifiés. Pour la matrice
de SiN, enrichie en Si, un mécanisme d'excitation des s dépendant de I'excés de Si a été mis
en évidence. Finalement, un guide d'onde & baSé@jeenrichie en Si dopé Ntla montré un gain net
significatif de 0,68 cr (2,95 dB.crit) & 1064 nm.

Mots clefs: Pulvérisation, Recuit thermique rapidéyanoparticules, Couches minces,
Photoluminescence, Silicium, Néodyme, Guide d’'ondes

Optical properties of Nd-doped Si-based thin films towards an optical amplifier
Abstract:

This thesis focuses on the development and they stfidSi-based materials dedicated to silicon
photonics applications such as optical amplifierlaser. Si-rich Si@ and Si-rich SN matrices
containing Nd*rare earth ions were studied. In such matrices! Mas benefit from energy transfer
from defects states and/or Silicon nanoparticlesemt in the host resulting in an efficient indirec
excitation of Nd*on a broad UV-VIS spectral range. Thus, remarkebiessions of N ions at 920,
1064, and 1300 nm have been observed. In ordezvelap the waveguide active guiding layer from
the two matrices and taking the Xdons emission as a figure of merit, the optimatiof the
Nd-doped layers was carried out. The compositios eagineered in terms of Si excess and Nd
content by magnetron sputtering methods. Both oegrivere annealed by classical or rapid thermal
annealing processes in order to tune the layerstasiructures. Investigations of factors influeigcin
the Nd* ions emission and sensitization mechanisms hase berried out in both matrices. In Si-rich
Si0,, several kinds of Si-based sensitizers towardsNHE ions have been evidenced. While in
Si-rich SiN, an excitation mechanism of Ridions dependent on silicon excess has been shown.
Finally, waveguide based on Si-rich $i®d** layer has shown a significant net gain of 0.68'cm
(2.95 dB.crit) at 1064 nm.

Keywords: Sputtering, Rapid thermal processing, dyanticles, Thin films, Photoluminescence,
Silicon, Neodymium, Waveguide



