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ABSTRACT

We characterise the thin-film structural properties and photoluminescence of femtosecond (40 fs, 800 nm) pulsed laser deposited Er**-doped
zinc-sodium tellurite glass on Si as a function of laser fluence. The laser fluence regime required for the formation of films composed of
nanoparticles without droplets is found, the composition and crystallinity of the deposited material is reported and the photoluminescence of
the films is characterised in dependence of film thickness.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5097506

. INTRODUCTION

Tellurite glasses are particularly well suited as hosts for rare-
earth (RE) ions due to their high rare-earth solubility and low
phonon energy.l" In particular, the 1432 = *1y5) transition of Er**
ions is centred at 1.54 ym, which lies in the low loss C-band of silica
and can therefore be exploited for telecommunications. As such, the
fabrication of Er’*-doped tellurite-based glass thin films is of inter-
est for optical applications including sensors, waveguide amplifiers
and lasers.””

Pulsed laser deposition (PLD) has proven to be a valid and effi-
cient technique for the stoichiometric transfer of material from tar-
get to a film on a substrate, which is not possible with the growth of
films from atomic species.” Nanosecond (ns) PLD has been used by
several research groups to form Er’*-doped tellurite thin films.” '’
However, micrometer sized droplet formation resulting from vio-
lent subsurface heating effects during vaporisation of the target and
gas phase condensation of the large volume of ablated material by
the high energy pulses is a characteristic of ns-PLD that limits the
capability of this technique.'' "> Due to the non-thermal energy
deposition and lower pulse energies required for femtosecond (fs)

laser ablation, the formation of droplets can be avoided provid-
ing that the laser fluence is not too high.'>'* The formation of
nanoparticles in ns-PLD occurs during gas phase condensation of
an atomised plasma plume confined in a pressurised atmosphere.
This is significantly different in fs-PLD, where nanoparticle gen-
eration occurs in vacuum and is thought to be due to mechani-
cal fragmentation of the highly pressurised fluid undergoing rapid
quenching during the hydrodynamic expansion.'”'” The major-
ity of fs-PLD fabricated nanostructured films result from the ran-
dom stacking of nanoparticles (NPs), typically in the 10 - 60 nm
range'lfxl{lh 18

Er**-doped zinc-sodium tellurite glass NPs have recently been
incorporated into polymers for low-cost integrated optical ampli-
fiers using the fs-PLD technique.”’ Similarly, the ultrafast laser
plasma doping (ULPD) technique ablates a rare-earth (RE) doped
zinc-sodium tellurite target onto a heated silica based substrate such
that the subsequent interfacial dissolution forms RE-doped hybrid
tellurite-silica thin films.”" >

The species (ions, nanoparticles and droplets) in the ablation
plume are a direct consequence of the fs laser and target properties.
The high energy ions and electrons (atomic species) typically only
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make up a few percent of the total ablated matter."* At a fixed fs
laser wavelength, pulse width, spot size and repetition rate, the laser
fluence relative to the target ablation threshold is the key parame-
ter dictating the particle size distribution in the ablation plume.'*"*
The ablation threshold of Er’*-doped zinc-sodium tellurite glass in
atmosphere irradiated with a fs laser of pulse duration 100 fs and
central wavelength of 800 nm has been characterised previously.” It
was found that the single shot ablation threshold was 0.32 J/cm? and
dropped to a multipulse value of 0.14 J/cm? at a spot size of 32 um.
A characterisation of the nanoparticles and droplets in the fs abla-
tion plume for tellurite glass does not exist in the literature and is
the purpose of this work.

Structural characterisation is achieved through scanning elec-
tron microscopy studies of vacuum depositions on silicon substrates
at varying laser fluences. The composition of the depositions and
the crystalline structure are studied with energy dispersive X-ray
spectroscopy and grazing incidence X-ray diffraction, respectively.
The effect of the target glass surface roughness on the laser ablation
threshold was also investigated. The radiative spontaneous emis-
sion (SE) rate of the Er’*-doped films was measured using time-
resolved photoluminescence (PL) spectroscopy and compared with
a quantum-electrodynamical model for the average SE rate for ions
inside multilayer dielectric structures. An increase in decay rate for
very thin films is observed due to the electric field confinement
within the film and an increase in the non-radiative recombination
processes. The latter is due to a combination of Auger quenching
and energy backtransfer, which are known to limit the efficiency
of room temperature Er’* ion doped/deposited silicon based light

25-28
sources.

Il. EXPERIMENTAL SETUP

A. Sample fabrication

Depositions were performed using an amplified solid-state
Ti:sapphire laser (Wyvern 1000-10, KMLabs) producing an almost
diffraction limited beam (M? < 1.3) at a central wavelength of
800 nm (~ 53 nm full width half maximum) and pulse duration of
~ 40 fs. The maximum pulse energy at a 1 kHz repetition rate was
~4 mJ. The linearly polarised beam exiting from the laser source was
focused onto the target surface with a 56.5 cm focal length plano-
convex lens at a 60° angle of incidence. The elliptical laser spot on
the sample surface was measured prior to ablation and had an area
of A ~ 8.5 x 10”° cm? (Gaussian beam waists of ~ 82 and 33 ym).
The laser energy was determined with a pyroelectric detector and
energy meter (PE50-DIF-C and Starlite Energy Meter, Ophir), and
controlled with a half-wave plate and beam splitting polariser to give
pulse energies E, ranging from 18 to 433 uJ. In this work we report
the average fluence of the laser pulse, F = E,/A. All experiments were
carried out in a vacuum (<1 x 10~ Torr) and at room temperature
(23°Q).

The target was an Er’*-doped zinc-sodium tellurite glass
of composition 79Te0;-10Zn0O-10Na,O-1Er,03 mol.% (1ErTZN).
Fabrication and characterisation of the target glass has been pre-
sented in Ref. 24. The glass was wet polished with P1200 grit silicon
carbide (SiC) sandpaper to the dimensions of ~ 30 x 30 x 3 mm.
The resulting surface roughness R, ~ 108 nm (measured on a
100 x 100 ym region). For investigations into the effect of target
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surface quality on the ablation plume, the target glass was given an
optical polish to R, ~ 5 nm.

The substrate was a polished silicon wafer (P < 100 > B doped,
resistivity of 1-20 ohm-cm, diced into 10 mm by 10 mm squares,
R, < 0.3 nm) placed parallel to and 40 mm above the target surface.
Each substrate was cleaned for 5 minutes in an ultrasonic bath with
acetone and then isopropanol prior to depositions. The Si substrate
was rotated at 5 RPM around its centre to give a uniform deposition
and each deposition constituted the application of 180k pulses per
cm” to the target surface directly below the substrate. Specifically,
the laser rastering involved scanning 180 lines at a speed of 10 mm/s
over a length larger than the substrate (22 mm) and moving the tar-
get in 0.1 mm steps perpendicular to the laser raster axis after each
line (18 mm length in total).

B. Characterisation

Characterisation of the deposited films was studied by using
high resolution scanning electron microscopy (SEM, Hitachi
SU8230). In order to determine the size distribution of the parti-
cles, several SEM images were processed using Fiji."”"’ Deposition
thicknesses d were evaluated on cross-sections after snapping the
substrate from the rear. Elemental identification of the depositions
was performed using energy-dispersive X-ray spectroscopy (EDX)
coupled to the SEM (80mm? X-Max detector, Oxford Instruments).
Point measurements were taken at the centre of droplets to minimise
the effect of surface geometry on the results (the analysis assumes a
flat surface). The strongest peak signal in the spectra correspond-
ing to the Si substrate was not included in the analysis. Sodium and
zinc both exhibit their L emission lines very close to each other and
could not be resolved in the spectra. As a result the relative ratio of
Zn to Na are inaccurate and this also impacts the quantification of
the weight % of other elements as the normalisation to 100% is not
accurate. As a result of these limitations, the compositional results
with the EDX technique are semi-quantitative.

The average surface roughness R, and the root mean square
roughness Rrys were characterised via atomic force microscopy
(AFM) operating in tapping mode (Innova Atomic Force Micro-
scope, Bruker with a ymasch AFM probe of 8 nm nominal tip
radius) and averaging over areas at least several times larger than the
largest features. The data was analysed with the open source software
Gwyddion.”"*

The crystallinity of the 3.32 J/cm® deposition was studied by
grazing incidence X-ray diffraction (GIXRD). This was preferred
over the standard 0/260 XRD configuration to avoid the signal from
the silicon substrate that would otherwise swamp the spectral fea-
tures of the thin film. GIXRD measurements were performed on
an X-ray diffractometer (X'Pert, Phillips) using Cu-Ka« radiation
(1.5406 A) across the 20 range 10 - 80° at an angle of incidence
of 2° and a scan rate of 0.005°/second. The peaks in the measured
diffraction patterns were identified and indexed using the X’pert
High Score Plus software package. The spectral shift in the GXID
spectra was -0.29° and evaluated prior to fitting using a /26 XRD
scan on the same sample.”

PL measurements were performed using a fluorescence spec-
trometer (FLS 920, Edinburgh Instruments) at room temperature.
A 976 nm excitation laser source (BL976-PAG500976, Thorlabs),
which resonates with the *Ijs;, —*I112 transition of Er’*, with a
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power of 375 mW was focused to a spot size of approximately 1 mm
at an angle of 45° to the sample normal (the target was excited on
the edge at 0° to avoid radiation trapping effects). The 1.54 ym
centred PL band, corresponding to the 4 132 -4 15/2 transition of
Er** was also collected at 45° (90° for the target) and initially spec-
trally analysed with a single grating monochromator, detected with a
liquid-nitrogen cooled photomultiplier tube (Hamamatsu) and then
analysed with a photon counting multichannel scaler (PMS-400A,
Becker and Hickl) with an overall time resolution of 10 us. The
steady state emission PL spectra of the samples were acquired in
0.5 nm steps from 1400 to 1700 nm with a 0.2 s dwell time. For
the time-resolved PL measurement a 0.1 ms excitation pulse, mod-
ulated electronically at a frequency of 10 Hz, was accumulated over
400 sweeps and fitted with a single exponential curve. Due to the
reduced signal to noise ratio of the two lowest fluence depositions,
a pump time of 5 ms (to steady state) was used to maximise the sig-
nal and 2000 sweeps were collected. The fits to the decays all had a
chi-squared value of less than 1.1 and flat residuals indicating a good
fit.

lll. RESULTS AND DISCUSSION
A. Physical and structural properties

SEM images for depositions at six fluences increasing from
close to the predicted ablation threshold (the multipulse value
Fin(o0) = 0.14 J/cm?)™* are shown in Fig. 1. It is apparent that with
increasing fluence, the deposition rate increases along with the par-
ticle size. At the lowest fluence of 0.2 J/cm?, the particles are in
the nanometer size range and well dispersed with an area coverage
on the substrate of only ~1.65%. The size distribution of the NPs
is shown in Fig. 2 and followed a log-normal distribution with an
average radius of 12 nm and a standard deviation of 8.6 nm. No
nanoparticles had a radius of more than 65 nm.

For ablations at and above 1.25 J/cm?, Fig. 1 shows the presence
of a second distribution of much larger particles, known as droplets,
that increase in size with laser fluence. Estimates of the maximum
sizes of the droplets from the SEM images are presented in Fig. 3
and quickly reach micron size even at a relatively low fluence of
1 ]/cmz. The surface roughness, given in Table I, increases in an

ARTICLE scitation.org/journall/adv

FIG. 1. SEM images of depositions at
a spot size of A = 8,57 x 10~° cm?
and varying laser fluences; (a) F = 0.20
Jlem?, (b) F = 0.73 Jlem?, (c) F = 1.25
Jlem?, (d) F = 2.05 Jicm?, (e) F = 3.32
Jlem?, (f) F = 5.31 Jlem?.

exponential manner with laser fluence and was too rough to measure
at the highest deposition fluence.

Comparing Fig. 4 with the cross-sections in Fig. 1 it is clear
that the films are formed through the random stacking of NPs and
droplets, as is typical for fs-PLD.'” The thickness of the films showed
an exponential increase with laser fluence, as given in Table I and

0.08 Distribution
Log-normal
0.06
2
£ 0.04 1
0.02 1
0.00 T T T 1 I

T
0 10 20 30 40 50 60
Radius [nm]

FIG. 2. Particle size distribution for a deposition at 0.2 J/cm?. Bin sizes were 5 nm.
The fitted log-normal distribution (black line) had an average radius of 12 nm and
a standard deviation of 8.6 nm.
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FIG. 3. The maximum particle sizes (marked with x) and corresponding film thick-
ness (marked with circles) against laser fluence. Values are measured from SEM
images of several locations on the sample.
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TABLE I. Physical and photoluminescence properties of depositions at varying laser
fluences. d is the thickness, 7 is the photoluminescence lifetime and FWHM is the full
width at half maximum of the photoluminescence spectra.

Rrys FWHM
F [J/cm?] d [nm)] R, [nm] [nm] 7 [ms] [nm]
0.20 20 +20 75 125 2.35+0.08 -
0.73 240 + 150 138 181 2.69+0.03 -
1.25 500 + 200 81.5 1235 349003 378
2.05 700 £250 2269 3088 3.50+0.01  37.4
3.32 4000 £1500 577.3 7000 3.45+0.01 387
5.13 24000 + 1500 - - 3364005 374

Fig. 3, which is a due to the exponential dependence in ablated
volume with fluence.”*

The composition of the target glass and the depositions are
reported in Table I1. The average composition of the depositions in
at.% was 17 Te, 68 O, 4.5 Zn, 9.5 Na and 1.1 Er. The reduced tel-
lurium content of the depositions compared to the target of ~9% is
attributed to the fact that the most volatile element (heat of vapor-
ization, 52.55 kJ/mol) in the ablated species, namely tellurium, pref-
erentially evaporates off during early transport in the plume.'” The
reduction in tellurium was responsible for the increase in concentra-
tion of all other elements (note that the total concentration of Zn and
Na must be compared). The small variations in composition with
laser fluence were not significant enough for any further conclusions
to be made from the semi-quantitative EDX data. The Er’*-doping
concentration, assumin§ the density of the target pigrrzny = 5.24
glcm®,** was 8.78 x 10°cm™. This is 3.4 times higher than in the
target which had a Er’*-doping concentration of 2.58 x 10*°/cm’.
Changes in composition between the NPs and droplets may be pos-
sible due to the different formation processes in the plume but

scitation.org/journal/adv

can not be measured with EDX due to the small spatial resolution
required.

The GIXRD pattern of the film deposited at a laser fluence
of 3.32 J/cm? is presented in Fig. 5. The peak of the Si(100) sub-
strate at 20 = 69.8° is not observed, confirming that all peaks are
from the deposited material. The diffraction peaks indicate that
the material exhibits crystalline phases and is not amorphous like
the target. Finding an exact match to the broad overlapping peaks
of the multiple crystalline phases with the existing ICDD database
was not possible and so the approach used here was to identify
the known crystal structures and compare them to the measured
GIXRD pattern.”* The spectra is dominated by peaks centred at
20 = 26.28° and 26.58°. The broad nature of the high intensity spike
indicates the presence of additional peaks, however these could not
be spectrally resolved. The peaks were indexed to tellurium oxide
(y-TeO, (101) and (120), ICCD reference code: 04-014-3924) and
zinc tellurium oxide (Zn,Te;Og (-311)/(310), ICCD reference code:
04-012-2189). All other peaks were much smaller with a relative
intensity of <4%. A sharp peak with the next highest intensity at
20 = 56.80° corresponded to Zn,Te;Og (-331)/(-117). The rest of
the spectra contained broad and weak peaks corresponding to mul-
tiple crystalline planes. The broad peaks at 18.10°, 38.15°, 44.43°,
54.77° and 56.80° were indexed to Zn,Te;Og, while the peaks at
54.14° and 55.94° were indexed to y ~TeO,. The remaining peaks
at 29.09°, 36.66°, 42.70°, 59.65°, 76.91°, 77.38° and 77.83° resulted
from combinations of the various crystalline planes of Zn,Te3Og
and y—TeO,. Tellurium was present in both the crystalline structures
due to it being the highest concentration element in the deposited
material.

A comparison with previous research shows that the forma-
tion of crystalline phases in ultrafast laser depositions of tellurite
glass is not surprising. Kumi-Barimah et al.'” observed crystallisa-
tion for NPs implanted in polymer heated at 373 K (100°C) from
the selected area electron diffraction (SAED) patterns, however they

FIG. 4. Cross section SEM images of depositions at a spot
size of A = 8.6 x 10~° cm? and varying laser fluences; (a)
F =1.25 Jlcm?, (b) F = 2.05 Jlem?, () F = 3.32 Jlcm? and
(d) 5.13 Jlcm?. Note that (d) has a different scale bar to the
otherimages. The Si substrate is indicated with text and the
depositions with arrows.

50.04m
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TABLE II. The atomic composition of the 1ErTZN target glass and the depositions at
different laser fluences.

Element [at. %]

Te O Zn Na Er

Target 1ErTZN" 26.3 61.6 5.0 6.7 0.4
F [J/cm?]

1.25 17.0 66.1 53 10.5 1.1

2.05 16.4 69.6 4.3 8.7 1.0

3.32 17.6 69.1 3.8 8.5 1.0

5.13 17.2 67.1 4.5 10.1 1.1

*Calculated from the molecular formula of the target glass. The evaporation of Te during
melting is not taken into account.

were unable to identify the crystals as no peaks were observed in
the XRD patterns. This was likely due to the fact that the polymer
substrate had a large background signal as the GIXRD method was
not used. SAED patterns in room temperature deposited films on
silica have also shown unidentified crystalline phases.”” The crys-
talline phases identified in this research explain the observations in
both these works, as the experimental conditions are similar. We
also note that the substrate temperature during deposition on sil-
ica plays a key role on the film crystallisation. XRD analysis of films
fabricated at 673 K (400° C) on silica-on-silicon has shown the
presence of Zn,Te3;Og with miller indices of (111) and (332) and
Na, TeO3 with miller indices of (022) and (242) crystals.’;(’ However,
for higher temperatures of 843 K (3570°), dissolution between the
deposited target and the substrate glasses forming a hybrid layer
resulted in amorphous films.”*° The term ‘ultrafast laser plasma
doping’ is used for amorphous hybrid films fabricated in this tem-
perature regime and using this technique.””****"" The progres-
sive formation of TeO3, ZnO, Na;,Si,Os5 and SiO; crystalline struc-
tures during annealing above 923 K (650° C) has also been shown
using XRD studies of amorphous hybrid tellurite-silica films by
Chandrappan et al.”’

Intensity [a.u.]

10 20 30 40 50 60 70 80
20 [°]

FIG. 5. Grazing incidence X-ray diffraction patterns of a deposition at F = 3.32
Jlem? on a logarithmic scale. The peaks are identified in the text.
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The NPs and droplets have a similar composition to the target
glass, which has a melting temperature Ty, ~ 850 K (measured for
75Te0,-20Zn0-2.25Na,0-2.25Li,0-0.5NaF (mol%) glassss), crys-
tallisation temperature Tx = 694 K and transition temperature
T, = 565 K (measured for 80TeO;-10Zn0O-10Na;O (mol%) glass”).
Initial NP temperatures (1 mm distance from the target) depend on
the critical point and are typically of the order ~ 2000 K for gold and
silicon.” Assuming a similar heating regime, the NPs and droplets
have a temperature T' > T, and are in a molten state. Amoruso
et al."' have shown that radiative cooling dominates during late
stage plume expansion and occurs at rates of 28 K/us, 6.5 K/us and
0.9 K/us for NPs at T of 2000 K, 1500 K and 1000 K, respectively.
Impact and deposition on the substrate with a temperature < T will
result in a much more rapid quenching that would not favour crys-
tallisation. The formation of crystalline phases must therefore occur
during plume transport and depends on the speed of the species and
the target-substrate distance. This conclusion is supported by the
previously mentioned research that has found crystalline films for all
substrate temperatures that are not > T, (i.e. outside the ultrafast
laser plasma doping regime). Boulmer-Leborgne et al.”” found that
NPs travelled at a few 10* cm/s while droplets travelled with slightly
slower velocities of several 10°> cm/s, regardless of the ablated mate-
rial (metal, semiconductor and insulator). As a result the droplets
undergo longer periods of radiative cooling and are deposited in
a colder and less compliant state. This is seen in Fig. 4(a) and (b)
where the droplets have a highly spherical shape compared to the
hemispherical NPs. We hypothesise that the fast NPs arrive at the
substrate with T > T and so are deposited in an amorphous state
while the slower droplets have crystallised and cooled sufficiently
to T < Ty before deposition. This raises the possibility of forming
amorphous tellurite films through the use of low laser fluences to
eliminate the presence of droplets.

B. Target surface quality

SEM images comparing a deposition at F = 1.67 J/cm® using
an optically polished target of R, ~ 5 nm with depositions at F
=0.20 and 0.73 J/cm” using a rough target of R, ~ 108 nm (as charac-
terised in Section I1I A) are shown in Fig. 6. The volume of material
ablated using an optically polished target is much lower than that of
a rough target. Surface roughness can trap light and enhances near-
field effects leading to an improved light-matter coupling and hence
a reduction in ablation threshold. A second clear observation is the
increased fraction of droplets to NP in the ablated matter. This is an
important consideration for fs-PLD type applications and, as far as
we are aware, this effect has not been reported in the literature.

We have previously reported that the change in ablation thresh-
old in atmosphere of a tellurite glass that is optically polished to one
that has had numerous incubating pulses, which cause roughening,
is Fi,(1)/Fy(00) = 0.32/0.14 = 2.29.”" Additionally, Ben-Yakar and
Byer" observed that for borosilicate glass the change in single pulse
ablation threshold Fy,(1) from vacuum (<7.5 x 107> Torr) to air
was 4.1/2.6 = 1.58 ~ 1.6 and the corresponding multipulse Fg,(c0)
change was 1.68/1.74 = 0.97 ~ 1. The effect of reduced ablation
threshold in atmosphere is attributed to an increase in the efficiency
of plasma-surface coupling (i.e. heating) due to a decreased plume
expansion.”” " Tt may therefore be expected that the increase in
ablation threshold of the optically polished compared to the rough
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polished tellurite glass in vacuum is 2.29 x 1.6 ~ 3.7. Hence, the
F = 1.67 J/em? in Fig. 6(a) should give a similar deposition using
a rough polished target using F ~ 0.45 J/cm”. This agrees well with a
visual comparison of Fig. 6(b) and (c).

We conclude that for fs-PLD type applications the higher sur-
face roughness is not only beneficial in terms of having a smaller
particle size but also results in a reduced laser energy requirement.
In addition to this, the damage that typically occurs to the surface
during ablation typically results in a rough surface and should there-
fore be maintained from the very start of the deposition by using an
unpolished target. The increased droplet fraction from smooth sur-
faces are also relevant for the more unique cases involving the abla-
tion of liquids and requires more fundamental research to explain
this phenomenon.

C. Optical properties

The PL spectra of the 1ErTZN target glass and depositions are
shown in Fig. 7(a). It was not possible to characterise the PL spec-
tra for the depositions at F = 0.20 J/em? and 0.73 J/cm?® as the PL
emission was too weak due to the small volume of deposited mate-
rial and low quantum efficiency (discussed later in this section).
The spectra of all the depositions were almost identical, showing
a Stark broadened peak centred at 1533 nm, like the target glass.
There were no sharp spectral lines in the PL spectra, confirming that
the optically active Er’" ions remain in amorphous tellurite host.
This is expected as the crystalline structures measured via GIXRD in
Section I1I A do not correspond to crystalline phases of erbium. The
full width at half maximum (FWHM) of the target was 68.0 nm and
the FWHM of the depositions, reported in Table [, had an average
of 37.8 + 0.6 nm. Tellurite glass is known to exhibit broadened Er’*
ion fluorescence band and so the narrower FWHM of the deposi-
tion is a result of the decrease in Te concentration that was measured
with EDX in Table II. The reduction in tellurium concentration also
resulted in lower sidebands at 1503, 1555 and 1597 nm. The shoulder
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FIG. 6. Depositions at different laser fluences F using a tar-
get glass polished to (a) R ~ 5 nmand (b, ¢) R; ~ 108 nm.
(a) 1.67 Jlcm?. (b) 0.20 Jicm?. (c) 0.73 Jicm?.

at 1503 nm decreased in relative intensity from 0.43 to 0.39 with an
increase in laser fluence of 1.25 J/cm? to 5.13 J/cm?, which may be
due to increased evaporation of Te during plume transport caused
by the higher heating of the material by the laser.
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FIG. 7. Normalised photoluminescence (a) spectra and (b) decay of the particulate
depositions at varying fluences. Shadowed fill plot in (a) shows the spectra of the
1ErTZN target glass for reference.
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The PL lifetime 7 centred at 1.54 ym of the depositions were all
shorter than the 4.34 + 0.02 ms of the target, as shown in Fig. 7(b)
and presented in Table 1. For depositions at F > 1.25 J/cm® where
the average film thickness d was greater than ~500 nm, 7 was 3.45 +
0.07 ms. The decrease in lifetime from the target to the deposited
films is due to the increased erbium concentration (see Table II)
giving rise to more efficient concentration quenching.”” For lower
fluence depositions, where d was smaller, 7 continued to decrease.
The shortest lifetime measured was 69% of the films with d > 500 nm
or F > 1.25 J/em®. NPs implanted in polymers generated through
fs laser ablation of Er**-doped TZN glass in a 70 mTorr oxygen
atmosphere with F »~ 1 J/em? (spot size is estimated) exhibited iden-
tical spectra with a FWHM of 39.2 nm and a similar lifetime of 7
~ 4 ms."” The role of low pressure oxygen background is therefore
not important in determining the PL of ablated material. This may
be expected at such low pressures as collisions of the plume species
with the background gas atoms is almost negligible."*°

A decrease in PL lifetime with a decrease in laser fluence
was observed for F < 1.25 J/cm?. As all the lifetimes were mono-
exponential it may be expected that the compositional differences
between the NPs and the droplets are small. The decrease in lifetime
can therefore not be attributed solely to the lack of droplets for these
low fluence depositions. Furthermore, the similarity in the PL spec-
tra confirms this conclusion. The difference in 7 is attributed to the
film thickness as explained in the remainder of this section.

The decay rate I = 1/7 of an ion is composed of a radiative decay
rate I'ryq and a non-radiative decay rate I'yaq by

['=Trad + Tnrads (1)

where the non-radiative decay rate is composed of the internal non-
radiative recombination rate I'iy; and the concentration quenching
rate due to ion-ion interactions I'q by I'nrad = Tine + Iq.

The spontaneous emission (SE) rate I',q of a dipole is given
by Fermi’s golden rule and is proportional to the refractive index
in a homogeneous dielectric media.”” " Inside stratified dielectric
media, electric field confinement effects due to the index contrast at
the interfaces results in a position dependent I'y,4(z), where z is the
position of the dipole in the axis perpendicular to the interfaces.”
These effects become particularly important for thin films where all
dipoles are close to interfaces as the experimentally measured I';aq
represents an ensemble average of dipoles at all positions within the
film. To investigate this effect, simulations were performed using a
quantum-electrodynamical formalism suited to the analysis of the
radiative SE rate in multilayer dielectric structures derived by Cre-
atore and Andreani.”’ The multilayer dielectric structures consisted
of a variable thickness d Er**-doped TZN layer (approximated to be
the same as the 1ErTZN target migrrzn = 2.04824) bounded by an
infinite Si (ns5i=3.48) substrate (z - —o0) and air (1,;r=1) superstrate
(z = o0) layers. The structures did not support emission into waveg-
uiding modes as the Si substrate had the highest index. The radiative
SE rates normalised to the free space value (Purcell factor, Fp) for a
dipole emitting at A = 1.54 ym as a function of position for two mul-
tilayer structures with a d equal to 50 nm and 1540 nm is shown in
Fig. 8. The decay rates for dipoles orientated perpendicular L, paral-
lel || and randomly Avg = (2/3) || + (1/3). are shown. For Er’* ions
the randomly orientated dipole decay rate is relevant.

Dipoles in the thinner d = 50 nm film have an enhanced decay
rate at most positions within the film originating from the parallel
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FIG. 8. The radiative decay rate of perpendicular 1, parallel || and randomly
Avg = (2/3) || + (1/3)L orientated dipole compared to the free space decay rate
at A = 1540 nm as a function of position in a multilayer structure; Si substrate
is at z > —oo, (a) 50 nm or (b) 1540 nm thick tellurite film, air superstrate is at
z — —infty. The vertical black lines indicate the layer boundaries and the shaded
light blue regions indicate the refractive index of the layer.

component that couples to TE modes. For the thicker d = 1540 nm
film, the SE rate of randomly orientated dipoles is enhanced at the
Si/ErTZN interface and suppressed at the air/ErTZN interface. For
the majority of dipole positions in the film, which are far from the
interfaces, the SE rate is unaffected by the interfaces and equals
what would be measured in a bulk medium. The SE rate for dipoles
located deep in the substrate/superstrate and far from the interfaces,
the Purcell factor tends to the dielectric index as expected.”” *

The theoretical average decay rate for randomly orientated
dipoles averaged over all positions within a film, corresponding to
the experimentally measured 7, for d ranging from 5 to 4000 nm
is plotted alongside the experimental data in Fig. 9 (supplementary
material shows an animation of the average SE rate as a function of
position within the film for the different thicknesses). The theoret-
ical and experimental trends are similar in that 7 tends to the bulk
value after a film thickness of ~500 nm. This is in agreement with
the experimental measurements of Er’* ions implanted in sodalime
silicate glass showing that films thicker than 1 ym had an average
lifetime close to that of a bulk system.’' It is not expected for the
experimental measurements to show the oscillations seen in the sim-
ulations as the surface roughness of the films results in a poorly
defined film thickness. For thin films the experimentally measured 7
drops like the theoretical predictions, however the decrease is greater
for the experimental results.
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FIG. 9. Lifetime measured from the NP depositions at varying fluences compared
to theoretical simulation of the average dipole decay rate within the film. Left
scale shows the lifetime normalised to the bulk value (Purcell factor), which for
experimental measurements is chosen to be 3.45 ms and theoretical calculations
is (1/npuk) ms. Right scale shows the measured lifetime of the depositions. The
1ErTZN target had a lifetime of 4.34 ms.

For Er’* ion implanted silicates doped to a similar concen-
tration of 2 x 10%° cm™>, in which no clustering occurs, it has
been shown that 100% of the Er** ions are in optically active states
(ie. 100% quantum efficiency).” Furthermore, the low phonon
energy of tellurite glass ensures that internal non-radiative recom-
bination of Er’* ions from the first excited state does not occur
through multiphonon emission.” It is therefore assumed that Tin
= 0 in this case. The Er’* ions are assumed to always be within the
same tellurite dielectric material and so local field effects are not
considered.”

At high doping concentrations energy migration, due to non-
radiative short-range Forster energy transfer between ions, becomes
more efficient and each transfer increases the probability that an
ion coupled to a quenching centre is met. This non-radiative decay
rate is characterised by Tq."” For Er’*-doped silica glasses, OH-
groups are known to be resonant quenching centres.” In this case,
non-radiative decay processes are enhanced for ions close to the Si
interface due to energy backtransfer and Auger quenching with free
and bound charge carriers in silicon.”” These effects are known to
be significant in silica deposited slot waveguides on silicon, where
an increased fraction of Er’* ions are close to Si interfaces and
limits both the possible gain of the structure and maximum Pur-
cell factor enhancement possible.”*” Energy migration effectively
couples ions further from the interface to the Si quenching cen-
tres. As the films get thicker, increasing numbers of ion trans-
fer processes are required to reach the Si quenching centres for
the furthest ions and so the probability of non-radiative decay
decreases. Thus for PL measurements of thicker films, where a
greater fraction of Er’* ions are far from the Si interface, the prob-
ability of non-radiative recombination through energy migration
becomes negligible and so the average decay rate from the ensem-
ble of ions T = TI',g. The radiative quantum efficiency Tyad/(Trad
+ Inrad) = Trad/Tmeas for the thinnest 20 nm film (actually com-
posed of disperse NPs) is 80% and so radiative recombination is
still the dominant process. This value is larger than the 67% quan-
tum efficiency measured for a reactive cosputtered 20 nm Er-doped
SiO; layer on Si (concentration 7.6 x 10 cm™?). The difference is
attributed to a combination of doping concentration and increase in
thickness.
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IV. CONCLUSION

Er**-doped zinc-sodium tellurite glass films formed through
the random stacking of nanoparticles and droplets were deposited
on Si in a vacuum at varying femtosecond laser fluences. For F <
1.25 J/cm? the films were solely composed of nanoparticles with an
average radium of 12 nm. The film thicknesses ranged from 20 nm
to 24 ym at F = 0.20 J/em? and 5.13 J/cm?, respectively. The sur-
face roughness of the films increased with laser fluence due to the
droplets in the ablation plume. The depositions had tellurium oxide
and zinc tellurium oxide crystalline phases that either formed by
thermal quenching during the hydrodynamic expansion and plume
transport or upon impact with the cool substrate. There was a slight
~9% loss in Te content during plume transport due to evaporation,
which resulted in the increase in Er** concentration. The lifetime of
the deposited films was reduced compared to the target as a result
of the compositional changes. For films below ~500 nm, the increase
in the local density of states combined with an increase in the non-
radiative recombination rate due to Auger quenching and energy
backtransfer to Si resulted in shorter photoluminescence lifetimes
and a reduction in quantum efficiency up to 80%.

The characterisation presented here for producing optically
active tellurite-based glass NPs and thin films is directly applica-
ble for optical devices and is also fundamental to the understanding
of the ultrafast laser plasma doping technique. Furthermore, it has
been shown that the femtosecond laser ablation threshold of tel-
lurite glass does not vary for typical doping concentrations as the
material linear absorption is not relevant in the highly non-linear
process.”* Doping the target glass with rare-earth elements other
than erbium is trivial and, as such, films or NPs can be produced that
have a wide range fluorescent bands, providing suitable rare-earth
ion transitions exists, using these results.

SUPPLEMENTARY MATERIAL

See supplementary material for an animation of the simulated
average SE rate of Er’* ions as a function of position within tellurite
deposited films on Si for different film thicknesses.
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