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Abstract

We report fabrication and characterisation of the erbium-doped planar waveguide on:a silica-on-
silicon (SOS) wafer- offering low loss and strong light confinement suitable for engineering optical
waveguide amplifier for the C-band (1530-1565 nm) of the optical fibre communication. Here we
describe an ultrafast laser plasma doping (ULPD) technique that.is carried out using the plasma
induced by a femtosecond laser (wavelength 800 nm) with a repetition rate of 10 kHz and a pulse
duration of 45 fs. The ULPD method presented here had been applied successfully for rare earth
materials doping on SOS substrates previously using a fs-laser with a pulse duration of ~ 100 fs and at
a repetition rate of 1 kHz. The fabricated planar optical waveguide layer onto the SOS substrate has
been analysed for thickness, refractive index, optical propagationiloss, photoluminescence intensity,
and photoluminescence lifetime. We report a low propagation loss of <0.4dB/cm in the C-Band, a
long lifetime of 13.21 ms at 1532 nm, and the largest lifetime-density product 6.344 x10'° s.cm™. The
low loss planar slab waveguide and a high lifetime-density product promise the further possibility of
fabricating strip-loaded waveguides on the'SOS platform: The proposed active waveguide fabrication
methodology is potentially useful.for manufacturing planar integrated optical waveguide amplifiers
and lasers compatible with silicon-based photonicintegrated circuits.
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Introduction

Silicon photonic integrated circuits (PICs) have attracted wide-range applications, including arrayed
waveguide gratings,  low power modulators, ultra-wideband multiplexers, waveguides for
supercontinuum generation, and integrated quantum optics [1-6]. Such progress on silicon photonic
platforms (e.g. silica, silica-on-silicon (SOS), and silicon-on-insulator) is attributed to the shortcomings
of the bandwidth from electrical interconnects and improvements in microelectronic technologies
that enable the integration of multiple optical functionalities onto a single on-chip-based platform.
The silica and SOS platforms exhibit excellent wide bandwidth, low power consumption, and low
optical loss of 0.1-0.3dB/cm in the visible and near-infrared region [7,8]. While the refractive index of
silica or SOS matches with silica optical fibre, thus curtailing coupling losses. More importantly, silicon
photonic platforms are compatible with mature complementary-metal-oxide-semiconductor
manufacture technologies that enable high-volume optoelectronic device fabrication at a very low-
cost [9].

Numerous demonstrations of silicon-based photonic components have been demonstrated, such as
integrated modulators, light detectors, couplers, splitters, and resonators [10, 11]. Despite these
successes, significant challenges hampered using bare silicon photonic platforms as gain media for
optical waveguide amplifiers and light source generation (laser) applications due to their indirect
bandgap and associated low emission quantum efficiency [12]. Consequently, doping these silicon



photonic platforms with light-emitting luminescent materials can provide luminous properties for
engineering light amplifiers and laser sources. Thus, several promising technologies have been
developed to dope or deposit light emit materials on/onto silicon photonic platforms to overcome
such a drawback. For instance, on-chip hybrid integration or direct deposition of IlI-V semiconductor
materials [13-17], rare earth (e.g. erbium (Er®**)) doped materials[18], and germanium (Ge) [20-22]
on/onto silica and SOS are studied to realise optical components such as integrated laser sources,
optical waveguide amplifiers, and photodetectors. Among these doping techniques, Er3* doped host
materials have long been demonstrated for laser sources and amplifications on silicon photonic
platforms [23-24] to exploit its *l13/2 = *l1s/> radiative transition centred at 1534 nm. This transition
corresponds to low loss and low-dispersion wavelengths lying in the telecommunication C-band (1525-
1565 nm) and L (1565—-1610 nm) bands [25-28] of silica. However, doping of rare-earth ions in silicon
was unsuccessful in realising a practical device due to their poor light-emitting properties at room
temperature and low lifetime-density product [7-12].

Various fabrication techniques have been reported to fabricate Er®*ions doped silica or. SOS platforms
for optical waveguide amplifiers and lasers. These include reactive RF ion magnetron co-sputtered,
plasma-enhanced chemical vapour deposition, ion implantation, nanosecond pulsed laser deposition
(ns-PLD), and femtosecond pulsed laser deposition (fs-PLD) .[18, 29]. The RF sputtering, ion
implantation, and plasma-enhanced chemical vapour deposition are .disadvantages in many
applications due to the formation of cracks, the clustering of rare-earth.ions in the films, low doping
concentration of Er®* jons, and consequently low optical'gain:<In contrast, the ULPD technique has
emerged as a powerful technique for doping.high-quality thin film:on silica and SOS with a high Er®*
ion doping concentration [18, 30]. For instance, Chandrappan.et al. [18] reported on the incorporation
of various concentrations of Er®*-ions into silicasubstrates at a temperature of 700 °C and a deposition
chamber pressure of 70 mTorr by using fs-laser (centre.wavelength ~800 nm, repetition rate -1.0 kHz,
and pulsed width ~100 fs). The Er** modified silica glass thus prepared using the ULPD exhibited
photoluminescence (PL) properties.such as@an intense PL emission with an emission peak centred at
1534 nm, long PL lifetimes spanning 10 to 13:2.ms, and a lifetime-density product of 0.96 x 10*° s.cm
3. Similarly, Kamil et al. [30] also modified SOS substrates with Er** doped tellurite glass by using the
plasma-assisted technique reported by .Chandrappan et al. [18]. They demonstrated long PL lifetimes
ranging from 10.79 ms to 12:29 ms.of the Er**-ion-doped layer on the SOS substrate by employing
three fs-laser fluences.to ablate the target. These initial results demonstrate that the ULPD technique
has considerable potential for<doping rare-earth ions onto silicon photonic platforms with high
concentrations of rare-earth ions, which overcomes the limitations encountered with the
aforementioned conventional fabrication techniques. The UPLD process involves the ablation of the
target ‘material with fs-laser pulses, followed by the generation of a plasma plume consisting of
energetic nanoparticle species of the target material (near-stoichiometric materials of the target),
which expands at a high velocity and temperature. The plasma plume comprises nanoparticles that
accelerate toward the substrate and then modify the substrate surface to form a homogeneous thin
film through a thermal-assisted diffusion process. The ULPD technology has shown potential for
realising short compact waveguide lasers and optical waveguide amplifiers on-chip with a high optical
gain.

In this study, we report on the fabrication of Er** -doped tellurite glass modified silica (EDTS) planar
waveguides on SOS substrate by employing a high repetition rate of 10 kHz fs-laser with a pulse width
of 45 fs as a function of the laser fluence. The cross-section, thickness and refractive index, planar
waveguide propagation loss, PL, lifetime, and lifetime-density product characteristics were
investigated. The low propagation loss of the planar waveguide and their excellent PL properties are
promising for engineering optical waveguide amplifiers and laser applications at 1.5 um.



Experimental Details

Er3*-ion-doped zinc-sodium-tellurite (TZN) glass used as the ablation target was prepared using the
two-step process, which includes melting and quenching steps to form glass with a molar composition
of 79.75Te0,~10Zn0-10Na,0-0.25Er,0s,. The Er** ion density in the glass was 4.735x10% ions/cm?.
The high purity (>99.99%) analytical grade oxide and carbonate chemicals were utilised to synthesise
25g batch weights with a similar preparation procedure reported elsewhere [18, 30]. The prepared
Er3*doped tellurite glass was finely polished for laser ablation experiments using a KMLabs Wyvern™-
1000-10 femtosecond laser with centre wavelength, pulse repetition rate and pulse duration of 800
nm, 10 kHz, and 45 fs respectively. The laser comprised of Ti: sapphire chirped-pulse cryogenic
regenerative amplifier system, a diode-pumped solid-state laser (Opus 532) oscillator, and a 532 nm
Nd*"YAG laser (LDP-200MQG, Lee Laser). The spot size of the fs-laser on the target surface was ~8.5
x107° cm?. A commercially available SOS substrate obtained from Inseto (UK) Limited of size 30 mm (L)
x 20 mm(W) x 630 um was first cleaned with de-ionized water at a temperature of 50 °C, followed by
acetone and isopropanol for 15 min, and then dried with clean lens tissue. The Er-TZN target material
and SOS substrate were mounted in their respective holders in a customised vacuum chamber (PVD
Products, USA). The distance between the substrate and the target material was 70.mm. The vacuum
chamber was then pumped down to the base pressure of 10 Torr and then brought to 70 mTorr with
high purity oxygen as an ambient gas throughout the sample preparation process. The substrate
temperature was kept at 600°C, while the target was ablated.with laser fluénces of 0.44)/cm? (S1),
0.53J/cm? (S2) and 0.66 J/cm? (S3) for 4-hours at each laser fluence to prepare three samples.
Subsequently, the vacuum chamber was allowed to cool down to room temperature before removing
the fabricated sample.

The cross-section and elemental composition of sample S3.(the thickest of the three samples) were
examined by focused ion beam (FIB- FEI Helios G4 CX DualBeam) and high-resolution transmission
electron microscopy (HR-TEM-FEI Tecnai TF20) via scanning of transmission electron microscopy
(STEM) and energy-dispersive X-ray spectroscopy (EDS). The refractive index and film thickness of the
sample S3 were measured with alMetricon’s Model 2010/M prism coupler with a laser source of
wavelength 633 nm and 1310 nm for TE polarisation mode. The waveguide propagation loss at
these wavelengths was measured by coupling the laser to the fundamental mode (TEO). The
refractive index of all three samples fabricated was also measured by spectroscopic ellipsometry
(Woollam M2000XI) for comparison. The surface roughness of the samples were measured using
profilometry(XXXX). The.down-conversion PL emission and lifetime of Er3* ion centred at ~1530 nm
were measured by .employing.an FS920 Spectrofluorimeter (Edinburgh Instruments, UK) for all three
samples prepared. The Er**:doped-TZN modified SOS thin film samples were excited with a 980 nm
semiconductor laser diode powered by a benchtop diode laser controller (LDC4005, Thorlabs Inc.).

Results and discussions

Figure 1 (a) illustrates a multi-layer TEM micrograph cross-section of sample S3 prepared using FIB-
FElI Helios G4 CX DualBeam equipment. The cross-sectional analysis of the films confirms the formation
of an Er®* ion-doped tellurite glass modified silica (EDTS) layer with the undoped silica and silicon,
which are distinguishable. The thickness of the EDTS layer was 1.334 um. In comparison, the initial
silica layer thickness of 3.0 um decreased to 2.480 um after the doping via thermal assisted diffusion
of fs-laser induced plasma of Er** -doped tellurite glass target into the silica layer. High angle annular
dark-field (HAADF) cross-sectional STEM image was utilised for energy-dispersive X-ray spectroscopy
(EDS) analysis of the as a grown layer. Figure 1 (b) shows a uniform and homogeneous distribution of
elements Si, Er, Na, Zn and Te throughout the entire cross-section of the EDTS layer. The five
chemically distinct EDS mappings correspond to the silica and EDTS layer.



Furthermore, the spatial distributions of the various constituent elements across the EDTS layer
(sample S3) were obtained using an EDS line-scan profiling analysis, as shown in Figure 1(c). The
section marked by the dash lines represents the boundaries of the EDTS layer. The elemental signals
for Si, Te, Zn, Na, and Er are homogeneously distributed across the measured thickness of the EDTS
layer. From the EDS-line-scan profile, the Si and Te are comparatively higher on both the top and
bottom of the EDTS layer, representing the silica layer being the host material and a higher nominal
concentration of Te in the target glass composition. This clearly shows that the Er** -doped tellurite
glass elements are intermixed with a top portion of the SOS, as shown in Fig 1 (b), resulting in the
modified layer expanding to the pristine silica layer.
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Figurel: (a) TEM, cross-sectional image of EDTS buffered on-silicon thin film, the bright top layer is Ir metal
coating usedfor preparation of the lamella (b) High angle annular dark-field (HAADF) cross-sectional image of
S3 with STEM-EDS elemental colour mapping of silicon (Si), erbium (Er), Sodium (Na), zinc (Zn) and tellurium
(Te), (c) EDX line scan profile of Er**-doped tellurite glass modified silica layer.

The refractive indices and thicknesses of the bare silica layer and EDTS buffered SOS substrate were
initially measured by the spectroscopic ellipsometry method from the spectral range of 600 to 1200
nm. These measurements were carried out at room temperature with angles of incidence of 60°, 65
°,and 75°. The real part refractive index was obtained by fitting Psi ({)) and Delta (A) data point spectra
with the Cauchy dispersion equation. Figure 2(a) illustrates the comparison between the refractive
index curves of samples S1, S2, S3, and untreated silica layer-on-silicon in the wavelength range from
600 to 1200 nm. The real part refractive index was obtained by fitting Psi () and Delta (A) data point
spectra with the Cauchy dispersion equation. The refractive indices thus obtained for samples S1 and
S2 range from 1.61 to 1.55 in the wavelength range 600 to 1200 nm, as shown in Figure 2(a), whereas



sample S3 has a refractive index varying between ~1.66 and 1.64 in the same wavelength range. The
film thicknesses obtained using ellipsometry were 0.480 um, 0.571 um, and 1.317 um for samples S1,
S2 and S3. The average surface roughness measured using surface profilometry (Bruker DektakXT
stylus Profilometer) was found to be 14nm, 13.7 nm, and 10 for samples S1, S2 and S3 respectively.
This clearly demonstrates that the refractive index and thickness of the EDTS layer increased
substantially with increasing laser fluence to 0.66 J/cm2 compared to that prepared at lower fluences.
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Figure 2: (a) Comparing refractive indices of the EDTS layer (sample »S3)‘and untreated silica layer on-top of
silicon measured by using ellipsometry (b) Prism coupler measurement with dips (marked blue on the right-hand
side) in the curve corresponding to the guided modes of the waveguide and effective refractive indexes of sample
S3. It also shows the radiation modes of the silica and silicon combined substrate directly beneath the EDTS
layer. The red dot line approximately indicates the interface between the EDTS and silica layers.

Furthermore, a Metricon’s prismacoupler system was utilised to validate the film thicknesses and
refractive indices of samples S1, S2 and S3. Figure 2(b) shows the guided modes obtained for sample
S3 measured by prism coupler..The surface refractive index and film thickness at a wavelength of 633
nm were 1.654 and ~1.340 um for sample S3, which correlates closely with the ellipsometry and TEM
cross-sectional measurements. The refractive index obtained from the EDTS buffered-on-silicon
samples are slightly higher<than those reported previously[18]. Furthermore, the measurements
revealed the effective indexes for three different guided modes occurring at TEO(1.6405), TE1 (1.6003)
and TE2(1.5364)~[shown in Figure 2(b)]. In contrast, the coupling of light from silica-on-silicon
produced the ‘radiation modes from which the refractive index and thickness of the silica layer are
calculatedias 1.4519 and 2.45 um, respectively. However, we could not determine the guided modes
for samples S1 and S2, owing to the low film thickness, which does not support guided modes at
633 nm.

In addition, the TEO mode obtained from the EDTS planar waveguide was utilised to carry-out
waveguide propagation loss measurements using a prism coupler. Propagation losses of 0.51 +0.02
dB/cm and 0.42+0.02 at 633 nm and 1310 nm wavelengths were obtained for the TEO mode of a
waveguide of length 1.63 cm for S3. From these measured values we can safely say the propagation
loss in the C-band can be <0.4 dB/cm as the losses are expected to be lower at these wavelengths in
silica/silicate glass-based waveguides. The optical loss result obtained from the fs-PLD fabrication
technique is lower than Er®* doped TeO, glass and siloxane polymer composite thin film deposited
on silica substrate using excimer (193 nm) laser -PLD [31]. Here, a propagation loss of 1.03 dB/cm at
633 nm laser was reported for Er** doped TeO, glass and siloxane polymer composite thin film
fabricated onto silica substrate at 100°C. It has been reported that propagation loss of rare earth ions



doped host materials such as TeO, and Al,0s thin films deposited on silicon photonic substrates
depends mainly on the deposition technique. For example, Suarez-Garcia et al. [32] reported a
propagation loss of ~2.5 dB/cm at 632 nm on amorphous Al;0s thin films grown on silicon substrate
using an ArF laser beam (193 nm, 20 Hz). Similarly, a propagation loss of as low as ~0.4 dB/cm at 633
nm was reported using atomic layer deposition and reactive sputtering to fabricate Al,Os thin films
[33,34].
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Figure 3: (a) Normalized PL.spectra of the Er-TZN target glass and EDTS layer-on-silicon samples (S1, S2, and S3)
at various:laser fluencesjby excitation using a 980 nm semiconductor diode laser at room temperature. (b) PL
decay curve for. Er-TZN target and EDTS layer-on-silicon samples, (c)Fs-laser fluence dependence on the PL
lifetime on the fabricated thin films

Figure 3 (a) illustrates normalised PL intensity spectra recorded for Er®* -doped tellurite glass target
and EDTS buffered SOS substrate at room temperature by employing a 980 nm semiconductor diode
laser as an excitation source. The PL intensity peak centred at 1534 nm is assigned to the radiative
transition of the Er3*ions from the first excited state (*l13/2) to the ground state (*l1s2). The PL spectrum
of Er®* -doped tellurite glass target exhibits a full width at half-maximum (FWHM) of 71.8 nm. In
contrast, the FWHM for EDTS buffered-on-silicon substrate samples S1, S2, and S3 are 36.50 nm, 33.48
nm, and 33.30 nm, respectively, decreasing slightly as the laser fluence increases. Thus, such a
decrease in FWHM with increased laser fluence and EDTS film thickness is ascribed to an increase in
Er3* ions concentration, which leads to a high signal-to-noise ratio of the PL emission signal. On the
other hand, the aforementioned EDTS films prepared using a 1.0 kHz femtosecond laser with high
laser fluences and longer deposition time result in a thicker EDTS layer with a higher signal-to-noise



ratio and narrow emission intensity with short FWHM values than those samples reported elsewhere
[18, 30]. In addition, Figure 3(b) illustrates the PL decay of the *l13; to *l1s/> transition level of the Er**
-doped tellurite glass target and thin-film samples S1, S2 and S3 excited with a modulated 980 nm
semiconductor laser. It is observed that the lifetime of ~13.40 ms was achieved for samples S1 and S2;
nevertheless, this decreased by ~21% with increasing laser fluence to 0.66 J/cm? (sample S3), as
depicted in Figure 3(c). The trend in the PL decay lifetime for the EDTS -SOS samples is shown
graphically in Figure 3(b).

The decrease in PL lifetime at higher laser fluence can be ascribed to higher Er®* ion concentrations in
the doped layer, which leads to a reduced overall Er3* - Er®* ion spacing, which allows them to interact
and transfer energy, leading to self-quenching of PL [34,35]. The figure-of-merit quantity known as a
lifetime-density product for Er®*-doped materials was adopted to determine the‘suitability for the
EDTS layer for optical amplifiers and gain materials for compact laser applications. The EDTS)layers
show lifetime-density products ranging from 4.73 x 10*° s.cm™ to 6.34 x'10'° s.cm™ indicating a good
material for applications of optical gain elements at around 1532 nm wavelength. These PL lifetime
results are comparable to those samples fabricated previously via 1.0 kHz fs-laser with pulsed width
of 100 fs and fs-laser fluences of 1.766 J/cm?, 2.12 J/cm? and 2.83'J/cm?[30):where the PL lifetimes
attained range from 10.76 to 12.29 ms, decreasing with high fs-laser fluences. Likewise, Chandrappan
et. al.[18] reported lifetimes ranged from 10.0 to 13.2 ms and a lifetime density of 0.96 x 10*° s.cm™
by depositing Er-doped TZN glass onto silica substrate using the 1.0kHz femtosecond laser.

Conclusion

In summary, a high repetition rate fs- laser (10 kHz) ULPD technique has been successfully utilised to
deposit Er** -doped tellurite glass target into'silicabuffered-on-silicon substrate, increasing the growth
rate of the thin film as compared te the samples fabricated previously by 1 kHz fs-laser. EDTS buffered-
on-silicon waveguides exhibit a high refractive index of 1.654 and low propagation losses of <0.4dB/cm
in the C-Band of fibre optics communication.  Samples prepared at different fluences also have an
average PL FWHM of 34.43nm with‘an accompanying PL lifetime range from 10.53 ms to 13.40 ms.
This study concluded that:a higher repetition rate fs-laser based ULPD is a promising technique for
fabricating good quality rare-earth-doped planar waveguides on SOS with suitable excellent surface
quality to engineer portable, low-cost optical waveguide amplifiers and lasers for the high-speed
internet and data transmissionrapplications, and for silicon PIC.
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