THE AUSTRALIAN NATIONAL UNIVERSITY

Fabrication and characterisation of
tellurite planar waveguides

Khu Tri Vu

January 2012

A thesis submitted for the degree of Doctor of Philosophy of the
Australian National University

Laser Physics Centre
Research School of Physics and Engineering
College of Physical and Mathematical Sciences
The Australian National University












Acknowledgment v

This project is funded by the Australian Research Council under Discovery
Project Grand DP070333 with Dr. Steve Madden is the chief investigator. I also have
had the privilege of working with and being partially supported by the Centre for Ultra-
high bandwidth Devices for Optical Systems (CUDOS). My study was only possible
with financial support from the Australian Government Department of Education,
Science and Training with the International Postgraduate Research Scholarship (IPRS)
and the Australian National University PhD scholarship. I am, therefore, very grateful
to all these organisations.

I also thank all members of the Vietnamese Society in Canberra (ACTVOSA)
and the Vietnamese Embassy in Canberra for providing a home away from home. I
express my thanks to members of University House and Graduate House for providing a
friendly living environment for the duration we stayed there.

Most of all, this is tribute to my family who are always my love and
encouragement at any moment. They are always my motivation for every thing. [ would
like to thank my wife, Uyen Nguyen, for being a patient, devoted and unconditional
companion. My life has been so much more joyful with the arrival of our son, Minh Vu.

For that, saying “thank™ is just not enough.
































































































2.3 Optical properties and applications of tellurite glass 26
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Figure 2.5: Nonlinear index (n,) versus liner index (ng) for a range of glasses and
Miller’s rule (black line) .Source Ref. [151].

The major contributions to the total nonlinear refractive index are [152]:

n, = n,(electronic) + n,(nuclear) + n, (electrostrictive) + n, (thermal) (2.14).
The electronic component is due to the deformation of the electron orbits and exhibits a
nearly instantaneous (typically femtosecond) response. The nuclear term is on the time
scale of nuclear motions, about 1ps. The electrostrictive effect is due to the refractive
index variation resulting from the strain induced by electric field of the laser. The final
term is the thermal effect produced by refractive index change by local heating from
absorption at the laser frequency. The latter two are much slower than the former two
therefore their contributions are generally ignored [152]. For tellurite oxide glasses, the
nuclear contribution to the nonlinear index of refraction is about 20% compared to 10%
in lead silicate glass [153].

Ab initio calculation of the molecular orbital’s energy for TeO, trigonal
bipyramid and TeO; trigonal pyramid show that, for both clusters, the highest
occupied orbital is of the anti-bonding type and essentially combines the 5s atomic
orbital of tellurium and 2p of atomic orbital of oxygen [154, 155]. A large part of this
orbital is localized on the Tellurium atom and is oriented toward the external side of the
cluster. This orbital can be correlated with the Lewis 5s° free pair of Tellurium. The
corresponding electrons are highly polarisable and therefore responsible for

macroscopic high linear and nonlinear indices.










































2.5  Conclusion 40

quality fabrication process has yet been demonstrated for tellurite materials for planar

integrated optics.




































3.4 Deposition and characterisation of Tellurium oxide films fabricated by reactive RF 52
magnetron sputtering
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Figure 3.2: Contour plot of fitted refractive index vs power and pressure at oxygen

flow of 42% (of 15sccm).
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Figure 3.3: Contour plot of fitted refractive index vs power and Oxygen flow at

pressure of 7mTorr.
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Figure 3.4: Contour plot of fitted refractive index vs pressure and Oxygen flow at
power of 30.5 (% of 600W).

There are some notable trends in those contour plots in Figure 3.1. First of all,
the indices are increased with a decrease of pressure. Secondly, as the Oxygen partial
pressure increases, the refractive index reduces. The dependence of index on power is
slightly different. It is inverse saddle like. At low power, the index is high, then at
middle value, it reaches 2 minimum before increases again at higher power.

Highest refractive index is however not the main target. For optical application,
lowest optical propagation loss is also an important criterion. In order to achieve this, it
is generally the case that the films should be stoichiometric and densely packed. Since
non-stoichiometry leads to higher porosity, the first target should be films with a
composition equalling TeO,. Once stoichiometric films are achieved, the highest
packing factor or density should be then targeted. Due to the Lorentz-Lorenz equations
(Equation 2.4 from Chapter 2) [300], then for stoichiometric films the higher the
refractive index the higher density.

The refractive index of Tellurite glasses at 1550nm is around 2.1 as quoted in
the previous Chapter 2. Therefore, it is expected that, high quality Tellurium oxide thin
films should have refractive index in this vicinity. From the DOE results in Figures 3.2
to 3.4, the areas corresponding to refractive index of 2.0-2.1 are around SmTorr

pressure, 02 flow of 40 % (of 15scem) and power of 25% (of 600W).












3.5  Raman spectra 57

Te-O-Te linkage at corner sharing sites). The spectra for this case are in agreement with
those reported in literature [88]. The spectra for films with O/Te < 2 are remarkably
similar to that of the a-TeO2 crystal with relatively narrow peaks at 660cm” and
400cm”’. However, X-ray diffraction measurements showed no indication of
crystallization in any of the as deposited films. In the crystal case, the two peaks at 150
and 120cm” are due to vibrational modes of TeOy units [90]. However, in Tellurium
rich films, the peaks between 100 and 200cm ™’ are dominated by the vibrations of Te-Te
bond [301].
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Figure 3.7: Raman spectra of TeOx thin films, x value is on the right side of the

graph. The curves have been normalized based on the main peaks between 600-

700cm’ and shifted upward by 1 unit consecutively.

In a pure TeO; crystal and in Te rich films, TeOy bi-pyramid structures and Te-
Te bonds dominate. TeO; units are linked by corner or edge sharing Oxygen atoms
resulting in very similar Raman spectra. With the additional of Oxygen, the TeO;
trigonal bipyramid units evolve into TeOs trigonal pyramid resulting in non-bridging
Oxygen in Te=0 bonds with strong stretching vibration at 770cm’ as shown in Figure

2.3 in Chapter 2 [89, 98, 302].
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3.6 Effect of annealing

In general thin films deposited onto cold substrates are expected to be far from a
minimum entropy state immediately after deposition, and therefore perhaps vulnerable
to refractive index drift over time at even room temperature. Hence thermal annealing is
often used to “relax™ the films and remove any possible index drift. Films with various
O/Te compositions from 1.2 to 3.2 were annealed in an Oxygen atmosphere. The
surfaces of films were observed with optical microscopy during the annealing process.

Refractive indices of the films were also monitored.
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Figure 3.8: Effect of annealing at 200°C on the a) refractive indices and b)

thicknesses of samples at different compositions.
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3.7  Thin film propagation loss O

layer, light scattered. A cooled InGaAs CCD camera was used to image the streak of
light propagating along the path. Image processing software written in Labview
captured the image and analysed the scattering streak to extract the propagation loss.
The light streak image was cropped and integrated in the transverse direction. The data
was then plotted against distance on a semi log scale, and a variable degree of rejection
of data lying away from the best fit line was used to eliminate discrete scattering centres.
The reduced data set was then subjected to the same fit/reject procedure to leave a data
set with minimised discrete scattering to which a best fit line was used where the slope
of the straight fitting line is the loss per length (dB/cm). Figure 3.9 shows an example of
the front panel of the software. A critical assumption is that the films are homogenous

throughout the wafer and the lens vignetting is negligible.
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Figure 3.9: Front panel of the Labview software to calculate propagation loss of

thin film

The propagation losses at 1550nm were determined from observation of the
licht streaks from a set of as-deposited TeOy thin films on thermally oxidized silicon

substrates with film thickness of around 1.5um and composition O/Te ratios of 1.6 to
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2.4. The results are shown in Figure 3.10. The minimum loss observed was less than
0.1dB/cm at 1550nm, which is the first time such low losses have been reported in this
material and is even more remarkable given that this is an as-deposited Tellurium Oxide
film. As argued above, an excessive level of Te in the films, x<2, is expected to produce
high losses and this is indeed observed. However, the loss curve dips to a minimum
right at the stoichiometric point before gradually increasing as the Oxygen content
increases. There are two possible explanations for the increase in the loss. Firstly, the
Oxygen rich thin films are relatively more porous and inhomogeneous than the
stoichiometric TeO; films. This leads to a potential increase in scattering loss in Oxygen
rich films [300]. The losses of Oxygen rich films would be expected to be lower when

they are annealed to lower porosity [278].
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Figure 3.10: a) light streak image acquired by the camera, in the O/Te=2.0 film for
a length of 6¢m, light propagates from right to left; b) data analysis with fitting to

obtain a slope of less than 0.1dB/cm; ¢) propagation loss at various O/Te ratios,

3.8 Conclusion
This chapter has reported the fabrication method for high quality Tellurium dioxide thin

films. A pure Tellurium target was used in a reactive RF sputtering system and
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Tellurium oxide films were formed in Argon and Oxygen plasma chamber. Using a
DOE study, the optimum conditions for film deposition were obtained. Propagation
losses at 1550nm of light in the planar films were as low at 0.1dB/cm in stoichiometric
films. Other properties of the films have also been studied. It was found that the films
are robust to annealing even at 300C. Therefore, reactive RF sputtering is a suitable

technique for Tellurium dioxide film fabrication for planar devices.

































4.2 Plasma etching study of Tellurium oxide and chalcogenide glasses 73

significant columnar growth. The structure has the appearance that something has
grown on the outside of the mask and the etched waveguide. Considering the fluoride
compounds of Tellurium, Tellurium hexafluoride-TeF, is a volatile compound, but
Tellurium tetrafluoride-TeF,;, which has melting point and boiling point at 129°C and
195°C [85], respectively, is not volatile at the set table temperature of 20°C . This
results in re-deposition and micromasking making the side walls rough and forming
columns on the surface. Other halogen compounds of Tellurium also have melting
points at elevated temperature. In the particular case of TeF,, it might have been
possible to overcome the lack of inherent volatility by raising the table temperature to
the maximum 90C, but this also comes at a price in terms of increased chemical (ie
isotropic) etching. In the light of this, the inherent unsuitability of other halogen based
plasmas, and the corrosive nature of halogen based etchants and their environmental

unfriendliness, a move to another etch chemistry was decided upon.

Table 4.2 Ar and CHF; plasma etching of TeO, waveguide.

Parameter Values
Pressure 30mTorr
Ar Flow 50scem

CHF; flow 50sccm

ICP power oW

FW power 200W

Rate 55nm/min
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Figure 4.9: Response functions against the varied parameters; a) etching rates of

TeO; and photoresist at various CH; flows b) degree of isotropic etching at various

CH, flows ¢) etching rates of TeO, and photoresist at various pressures and d)

degree of isotropic etching at various pressures.

4.2.8 HyCHy/Ar plasma etching of chalcogenide glasses

Chalcogenide glasses contain Chalcogen elements (S, Se or Te) as substantial

components typically covalently bonded to network forming elements such as Ge, As,

Sb, or Si. These glasses have significant applications ranging from non-volatile random

access memories [338] to integrated nonlinear optical devices [53, 339] due to their

high optical nonlinearity. Chalcogenides have a unique set of properties among optical

glasses that make them an excellent choice for mid-infrared technology and nonlinear

optics. The current etching technology to make devices from these materials uses

halocarbon gases such as CHF; [329] or CF:.[340]. Halogen containing gases are

considered increasingly harmful to the environment. Therefore, an alternative option

which uses more friendly and easier to handle gases would be a big advantage for large

scale industrial applications involving these materials.
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or any other chemical roughening effect which implies the etched sidewalls should also

be smooth barring lithography limitations.

b) ) - 10 15 0 2%

Figure 4.13: Optical profiler images of an a) unetched surface (RMS=0.3nm) and
b) etched surface (RMS=0.8nm) magnifications X350 objective, X2 eye piece.

b) X-ray photoelectron spectroscopy

The etched surface was further studied under X-ray photoelectron spectroscopy (XPS).
XPS involves irradiation of a sample under high vacuum by X-rays of known energy.
This causes the photo-ejection of electrons from atoms near the surface. The emitted
electrons have a Kinetic energy Ei, which is given by: Ex=hv-E,-@, where hv is the
photon energy, E, is the binding energy relative to the Fermi level of the solid, @is the
work function and E, is the binding energy of the electrons. XPS may involve the
concurrent emission of photoelectrons and Auger electrons. XPS can probe the first few
nanometres (~5-10nm) of the surface and give a significant amount of information such
as identification of all elements (except H and He), molecular environment, bonding

structures, depth profile (destructive measurement).
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leading to more anisotropy. The results indicated that operating at 10sccm CH, and

30mT were the best option for etching TeO, in RIE mode in the ICP system.

4.4 Conclusion

High quality RIE etching process using Hydrogen, Methane and Argon has been
demonstrated. Plasma etching of TeO, involved RIE and ICP machines are studied in
details. The quality of etching in the two systems is slightly different from each other.
The RIE machine gives better surface quality but the lack of etch rate monitor leads to
the use of ICP machine in process that requires precise etch rate control. The outcome
of this study is recipes for etching high optical quality TeO, waveguides. The etch

process is also shown to be highly suitable for chalcogenide glass thin films.
























5.1

Waveguide geometry and modelling method
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Figure 5.3: Mode profile of TEO (left images) and TMO (right images) for 4um,
3um, 2um and lpm width TeO, waveguide with 1.81um thick and 0.74um etched
(TeO,_12).



5.1

Waveguide geometry and modelling method

TEI T™I
v A il Intensity (mode 4)
| .o
o0 { 94 4000 | B°°
3500 sqpm . | Wos
3000 07 3000 l 3
_ 2500 A 08 2500 A 7 o8
§ 2000 A0 B os € 2000 0% iy b s
> 1500 { S22 ))) > 1500 (¥4 §5)
=274 ==/ 04 SR\, >
1000 — ——— 1000 — -
03 5
500
0 ] 02 0 02
v 0.1 - - — — 0.1
-4000  -2000 0 2000 4000 4000  -2000 0 2000 4000
a) x (nm) b) X%
Intensty (mode 3) Intensy (mode 4)
4000 09 4000/ -~ — 09
3500 s 3um 3500} os
3000 0.7 3000 07
= J:‘ A\ 06 2500 A A os
2000} =4 f\“\ 0s £ 2000 J“ | E g"\%" .
4500 (( CAI RS2 0)) 04 ™ 1500 (LS9 52 ))) 0.4
1000} = N ' 1000 = ==
500 i o0 03
0 02 0 2
01 3
<4000  -2000 ) 2000 4000 4000  -2000 0 2000 4000
C) x (nm) d)  tnem)

102

Figure 5.4: Mode profile of TEI (left images) and TMI (right images) for 4um and
3um width TeO; waveguide with 1.8um thick and 0.8um etched (TeO,_12).

5.1.7 Bend loss

The waveguide design must also be suitable for use in integrated structures where tight
bending is required (e.g. compact long length amplifier coil). Therefore, a bending loss
simulation was also performed to determine how tightly the Tellurium dioxide
waveguides could be bent without inducing large amounts of radiative loss. The
bending loss was calculated using C2V Olympios. The loss was calculated against the
bending radius for a 4um wide waveguide with 1.81um thick film, 0.74um etch depth.
Figure 5.5 shows the results of the bending loss per turn for the first four modes, TEO,
TMO, TE1 and TM1. Clearly, the fundamental modes TEO and TMO are very robust to
bend with no loss at bends as tight as 400um. The next first order mode TE1 and TMI
can suffer significant bending loss around 700um bend radius. Therefore, for any bend
less than this order, the waveguides will experience significant degradation in

propagation loss especially if significant mode coupling or conversion is present. The
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bend loss behaviours of the fundamental modes are very similar in 4um, 3um and 2um
wide waveguides as shown on Figure 5.6. The TEO losses are always higher than the
TMO due to the lower confinement of the TE modes. The critical bend radius is around
400-500um.

Bendding loss of modes of 4um waveguides
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Figure 5.5: Bending loss at various bending radius for 1.8um thick, 0.8um etched.

The loss axis is measured in dB/turn. Four modes were simulated, TEQ, TMO, TEI

and TM1.
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Figure 5.6: Bending loss of the fundamental mode at various bending radius of

4um, 3um and 2um waveguides with 1.81um thick, 0.74um etched. The loss axis
is measured in dB/turn.
These values are purely based on bending induced radiation loss. The effects of
sidewall roughness and microbending have not been considered. Therefore, in reality,

the critical radii may be larger.
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Figure 5.8: Dispersion calculation of modes in TeO; waveguide (mode 1-4 are

corresponding to TEO, TMO, TEI, TMI, respectively)
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Figure 5.9: ZDWL of TMO for different 1-4um waveguides against different film
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refractive index being close to the slab modes.
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Figure 5.10: ZDWL of TMO mode for 1810nm thick, 1500nm wide waveguides at
different etch depths

Table 5.2: Waveguide dimensions to achieve ZDWL at 1.55um for TeO; rib
waveguide with 50% etch depth.

Waveguide width (um) Film Thickness(nm)
4 1575
3 1675
2 1800
1 1650
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results from simulations solving the nonlinear Schridinger equation by the split-step
Fourier method using the measured input pulse and parameters based on the
experimental setup and waveguide modelling described above, with 65x10 ' m’W '
as shown in Table 5.3. Good agreement with the experimental data is obtained
confirming the non-linearity of the deposited tellurite film at an estimated 25x silica

[137] and that the TeO; displays a very fast nonlinearity.
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Figure 5.17. Spectral broadening of pulses inside waveguide compared with results
from Split Step Fourier modeling of waveguide with measured input pulse with n;

varied to obtain best fit a) temporal pulses and b) spectra
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5.5 Four-wave mixing: ultra-fast wavelength conversion

Four-wave mixing (FWM) is a nonlinear phase matching process resulting from the
third order susceptibility. As the name indicates, the process may involve four different
photons. This interaction would involve four coupled partial differential equations [137].
However, in practice, the FWM phenomena are commonly used as a wavelength
conversion process with only two input sources: one as pump and one as signal. A third
wavelength (idler) is generated in a process similar to parametric conversion (Figure
5.18). The two photons at frequency @, are converted to a signal photon at frequency @,

and an idler at @.

wd kL k2

\

A v k3 + Ak
k4

Figure 5.18: Schematic of four wave mixing effect a) energy transfer b) phase

matching process

FWM can be used to amplify a low signal using a large pump at a different
wavelength in parametric applications or as a wavelength converter when the signal is
converted to an idler using a strong pump. The use of FWM for wavelength conversion
has a number of important applications in optical communication systems. It has been
used in ultrafast demultiplexing in an optical time-division-multiplexed system (OTDM)
[53, 54]. If a high power pump pulse train at the base data rate is injected together and
in phase with the signal multiplex pulse train, the idler wave is generated through FWM
only when the pump and signal are present simultaneously. The idler is therefore
generated at the pump rate. FWM transfers the signal data to the idler at a new
wavelength with perfect fidelity. Recently, with the development of highly nonlinear
waveguides such as in chalcogenide [53], error-free OTDM at 640GB/s has been
demonstrated [54].

Another interesting feature of the idler wave is that it is the complex conjugate

of the signal field [137]. Therefore, FWM process is also referred to as phase
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ps/’km/nm/nm, P=50W, @=0.2dB/cm and =0.6W 'm"'. The difference between the
measured and calculated conversion gains is within 5dB. There are a number of possible
causes for this discrepancy such as the phase matching condition, peak pulse power
deterioration due to SPM and incorrect values of powers, dispersions and the nonlinear
coefficient. Also, there is variation of the waveguide dimension along the length of the
waveguide due to deposition and etching conditions. This leads to variable dispersion.

Furthermore, the pump is pulsed: the model works best for CW case.
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Figure 5.22: The optical spectra for various CW probe signal wavelengths
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Figure 5.23: Measured and calculated FWM efficiency as a function of signal

wavelength.

The amplitude of FWM efficiency reported here is comparable with the value
reported by Galili er al, 2008 [54] in the As;S; waveguide used in 640Gbit/s
demultiplexing despite the fact that the nonlinear parameter in the As;S; case was an
order of magnitude higher than the waveguide used here,. The lower nonlinearity is

compensated by higher peak power used in the pump (~50W here compared to ~1 TW).
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data were produced using the method of Longerich et al., 1996 [390] using an Excel

workbook. A certified standard, coded 610 from NIST, was used to calibrate the

measurements.
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Figure 6.5: Excimer laser ablation ICP mass spectrometer a) a image of ablated site
and b) a typical mass spectrometer spectrum using exciter laser ablation (x axis is
time and y axis is number of count, the four vertical bars are for selection of the

background and data for calculation of the composition).

A typical spectrum obtained is showed on Figure 6.5. At the time the laser is
switched on, there is a spike due to the sudden flux of the materials from the ablation
chamber to the ICP. After a few seconds, the spectrum stabilises and the count levels
become flat. The flatness of the spectrum indicates that the elements are uniform and
the system is in a good operation condition. The fluctuation is highest in Silicon due to
the fact that the films are deposited on the Silicon substrates. The laser drills to the
Silicon slightly unevenly. This indicates that the laser pulses only drilled to the Silicon
substrate after a number of shots.

Also, the background level for Tellurium is relatively high for both measured
isotopes at round 10* or 10*. This indicates that Tellurium has relatively long lifetime in
the system. The materials could stick to various elements of the system such as the
ablating cells, the tubes, and the torch. Despite that, the background count is around 10
lower than the signal when ablation is on. Therefore, the effect of the background is
negligible. Other contaminants including Ni, Cu, Zn, Ga, Ge, Cd and In are at very low
concentrations at only 100 counts compared to Er at a million counts. These
contaminants are either from the original targets or from the sputtering chamber.

The extracted data of Er/Te ratio against the RF Er gun power are plotted in

Figure 6.6. It is clear that the Er concentration can be accurately controlled by simply
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Figure 6.8: Photoluminescence of Er doped Tellurium Oxide films a) Normalised

emission spectra at various Er/Te and b) Effective width of the emissions.

The Ladenburg-Fuchtbauer analysis (Eq. 6.3) 1/7=(8m’ /¢’ )J'v’o;(v)dv

applied to the spectra gives the radiative lifetime of transition *I,35-"I;s» in Er doped
TeO; films at 2.4ms. This number is smaller than those quoted in the literature using
Judd-Oftelt analysis for bulk multicomponent tellurite glasses of 3.7ms to 4ms [144,
147, 188, 386, 391-395]. Since there has been no Erbium doped Tellurium oxide work
reported in the literature before this work, the comparison is questionable, although the

predicated lifetime is not much less than that for the multicomponent glasses.

6.5.2 Lifetime measurement using all fibre setup

To avoid the Fabry-Perot effects and maximize the collection efficiency of the
photoluminescence signal an all-fibre set up as shown in Figure 6.9 was used. A grating
stabilized 975nm pump was modulated by a pulse train from a function generator, with
typically Sms pulses and ~50Hz repetition rate. A broadband 980nm/1550nm WDM
was used to couple the pump light to a tapered fibre lens. The lens focused the pump to
a spot size of 2.5um (l/e’) diameter at l4um distance from the tip. The beam
illuminated the sample from the edge of the film, top down to the film or via the end
facet of a waveguide. The same lens acted as a collector for the PL signal. The PL
signal travelled backward to the WDM where it was coupled through to the 1550nm
output port. A second identical WDM is used to further suppress the pump signal. An
InGaAs detector (Fermionics) was used to measure the 1.5um PL signal. The electrical
signal was amplified using a low noise pre-amplifier (Signal Recovery Inc.
transimpedance amplifier). The amplified electrical signal was then displayed on a

digital oscilloscope or fed to a data acquisition device attached to a PC. The system had
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Figure 6.10: Typical decay curves for a sample with various pumping on periods.

The fitting is using upconversion expressions as in Equation (6.23) in form of:

I
“[1+Klexp(t/T,)-K

I(r) (6.26)

where K =N,(0)C,7,, represents the upconversion effect, 7, is the lifetime of the
metastable state, /(1) is the normalised signal. The fitting of the data on Figure 6.10

results in Figure 6.11 with a) lifetime 7, and b) upconversion coefficient K. The

upconversion fitting process produces not only good fitting but also reflects the physical
evidence. The lifetime after a long decay is roughly constant. The saturation parameter
K is lower at first because the population N>(0) has not been fully saturated. As the
pump duration increases, the population N, is in steady state and independent of the
length of pumping pulse. At a very short pumping duration, the upconversion is less

profound because the initial population is well below saturation.
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Figure 6.11: Lifetime a) and upconversion effect b) against pumping duration
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6.5.5 Lifetime and sputtering condition

A series of films with different sputtering conditions were fabricated to determine
whether the lifetimes of the films were dependent on the fabrication parameters. In the
first experiment, the chamber conditions and Te target setting were fixed while varying
the RF power of the Er gun to increase the Er concentration in the deposited films. The
dependence of Er content on Er gun RF power in the deposited film is plotted on Figure
6.6. The next set of data is the dependence of lifetime against the Oxygen content in the
film. The Oxygen content is controlled by the amount of Oxygen flow. The starting
point for the Oxygen flow was the condition that obtained stoichiometric TeO-.

Increased Oxygen flow results in higher Oxygen incorporation into the films.
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Figure 6.12: Lifetime of sputtered film with varying sputtering condition a)
lifetime vs Er/Te when the Oxygen flow is kept at 5.6 (O/Te~2.05) and 6.6
(OfTe~2.25) and b) lifetime vs O/Te when the Er target is set at 7.5%
(Er/Te~0.3%) and 12.5% (Er/Te~1.3%)

The lifetime was measured by fitting an exponential function to the tail of the
decay curve. This is when the upconversion effect has become negligible. The data are
plotted on Figure 6.12 with a) showing the lifetime against Er concentration and b)
showing the lifetime against Oxygen content in the films. Clearly, the trends of both set
of data are very similar. At low Er concentration and low Oxygen content, the lifetime
is highest at around 2.4ms. This value is in excellent agreement with one calculated
from the PL spectra using McCumber analysis detailed above. As either parameter
increases. the lifetime was reduced. This trend indicates that there is a quenching
mechanism that depends on the concentration of Er and the amount of Oxygen in the

films.
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photoluminescence spectra with effective bandwidth of more that 60nm and intrinsic
lifetime of 2.8ms. The measured lifetimes depend on a number of factors such as Er
concentrations, O/Te ratios in the films and critically OH contamination concentration.
Therefore, avoiding OH contamination is a very crucial task in producing high lifetime

Er doped TeO; films. However films suitable for experimental amplifiers have been

obtained.
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Table 7.1: Summary of EDWA reported in literatures [244, 407, 408].
Reference Nykolak Ghosh Yan [405] Van De Camy [412]  Li [413] Wong Patel Della Della Valle Bradley
[409] [410] Hoven [414] [406] ‘alle[415] [251] [416]
[411]
Year 11998 1996 1996 1996 1996 1997 2002 2004 2005 2006 2009
Core composition  Soda lime  Soda lime  Phosphate Al O4 Borosilicate  Soda-lime  Phosphate  Phosphate Phosphate Phosphate AL O5
Er/Yb 14600ppm  0.7x10720  5.3x10*°  2.7x10*° 3 et%Er,0; 33wt% 2wt%Er 8wt%Er 2%wtEr,0; 2.3 wt% Er 1.17x10%
concentration em”Er cm™ Er cm” Er 3%wtYb,0; Er,O4 2 wt% Yb 12wt% b 4%wt Yb,O3; 3.6 wt%Yb,0; em?
Technology Sputtering ~ Sputtering  Sputtering  Sputtering  Ion exch. Sputtering  ITon exch. Ion exch.  Fem. writing Ion exch. Sputtering
Length (cm) 4.5 6 S 4 2 1.7 ~2 0.3 34T Sl 54
Gain (dB) 15 net 4.5 net 4.1 net 2.3 intl 9 net 7.2 net - 4.1 net 9.2 internal 16.7 9.2 int.
Gain/length 3.3 net 0.75 net 4.1 net 0.6 2.3 net 4.2 net 3.3 net 13.7 net 2.5 internal 5.3 internal 1.7
(dB/cm) internal internal
Pump (mW) 280 80 21 inside 9 inside 130 40 inc. 120 inc. 150 inside 450 inc. 460 inc. 95 inc.
Threshold (mW) 50 8 20 4 40 - 51 - 200 160 ~7
Pump wavelength 980 975/980 980 1480 978 980 980 980 7s) 975 977
(nm)
Geometry Ridge Ridge Ridge Ridge Diffused Ridge Diffused Diffused Channel Diffused Ridge
Dimension (pm) 1.5x5 1.4x9 1.5x4 0.6x2 6.5x5 1.5x8 6x6 4x4 = 5x5 -
Loss (dB/cm) - 0.1 0:9 0.34 - 0.4 0.8 0.5 0.4 0.4 -
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IPC cladding

S530nm
1350nm Er doped TeO,
S10; cladding
a)
Intensity (mode 1) Intensity (mode 2)
f —— ———————— 09 v - - - 9
4000} — 4 4000+ 2 :
00| TEO i & —l '™MO 08
3000 » 07 3000/ | 0.7
__ 2600} o { | ‘06 _ 2500, s T
E?OOO* i ) ’05 EZOOO | los
»
1500/ bia 7 1500, 04
1000} 1000+ i
03 03
ol 02 ol o2
L . Mo, 0.1
4000 -2000 0 2000 4000 4000 -2000 0 2000 4000
c) x {nen) d) X (ren)

Figure 7.2: a) Schematic, b) SEM image of cross-section of an Er active
waveguide; ¢) and d) are TEO and TMO mode profiles of the 2um wide
waveguides, respectively The spotty surface and angled interface are due to

imperfect cleaving.

Table 7.3: Dimension and fundamental mode properties of Er doped waveguide
(coded 64_4).

Mask nominal Waveguide Overlap with Overlap with Er Effective mode
width (um) width (um) Gaussian (dB) laver area (unr')

TE ™ TE ™ TE ™

4 3.7 1.17 1.13 0.84 0.85 5.85 5.22

3 2.7 1.04 0.94 0.86 0.87 5.28 4.58

2 1.7 1.25 1.02 (.89 (.89 5.31 4.34

| 0.8 2.06 1.65 0.95 0.96 6.43 7.60

The white light loss spectrum for the 2um nominal width waveguide measured
with the 2.5um waist tapered fibre lens is shown in Figure 7.3. A total fibre to fibre
insertion loss of 6.5dB at 1550nm, comprising 3.5dB of mode overlap and facet

reflection leads to 3.0dB of background loss for Sem (~0.6dB/cm). The background loss
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measured emission cross-section agree very well except out in the 1600nm tail region.
The agreement here is compromised as the actual waveguide losses here are uncertain
due to the OH contamination and the effects of top cladding absorption in the IPG film.
The emission cross-section extends to beyond 1630nm. The locations of the peak of the
absorption and emission curves are almost identical at 1533nm and peak value of
7.7x10*m™. Also on Figure 7.4, a maximum pump efficiency curve is plotted. This
curve represents maximum inversion possible versus pump wavelength in the ideal
scenario when pumped in the vicinity of 1480nm. Due to pump stimulated emission, the
population inversion is capped by the value [378]:

_ BA o,(A)

e e\ (7.2)
o, (A)+0.(A)

The pumping efficiency is decreasing as the pump wavelength increases. At 1480nm
the efficiency is around 75%. At lower wavelength, the efficiency is higher but the
absorption cross-section is reduced leading to lower overall pump absorption. The slope
of the efficiency curve at 1480nm is relatively gentle at 3%/10nm. The capped
efficiency is a major disadvantage with 1480nm pumping. Pumping at 980nm can
eliminate this issue because there is no emission cross-section at 980nm compared to
the absorption cross-section. However, this is an object of future experiments where
improvements for 980nm pump coupling into the waveguide have to be made while still
maintaining high quality 1.5um operation.

Absorption, emission cross-section and
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Figure 7.4: Measured absorption, emission cross-section spectra for Er doped

A . 3 =2
Tellurium Oxide thin film. The y axis is normalized to 7.7x10 " 'm™.
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7.4 EDTWA characterisation

7.4.1 Experimental measurement of gain curves

The high reflectivity of the AR coatings on the tapered fibre lens and additional 980nm
propagation losses in the waveguide made pumping at 980nm impractical so gain
measurements were performed using the bi-directional pumping setup shown in Figure
7.5. The 5cm long Er doped waveguide was pumped bi-directionally by two 1475nm
pumps. Each pump could deliver 250mW of broad band (10nm bandwidth) multiple
longitudinal mode output measured at the fibre output after the isolator. The pump
output spectra are highly dependent on the current and temperature as there was no fibre
Bragg grating attached to the diode as shown in Figure 7.6. The observed increase in
wavelength with drive current could lead to slight lowering of the pump efficiency, but
this effect was not too drastic due to the low slope of the pump efficiency curve, as
shown in Figure 7.4. Another issue with this high dependence of pump output against

diode setting is in setting suitable simulation parameters.

1480nm WDM : ) 1480nm
pump 1480nm Ridge WDM pump
1550nm  Waveguide 1480nm

1550nm

Optical
Spectrum
Analyser

Micro-positioning stages WDM

1480nm 10/90
1550nm

Erbium fibre
Tunable laser )
signal

Power
meter

Figure 7.5: Gain measurement experimental setup, the inserted picture show the

pumped waveguide which emits green due to nonlinear process such as ESA.
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Figure 7.6: 1480nm pump output spectra dependence on a) current setting

(temperature=25°C) and b) temperature setting (current at 1200mA)
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An external cavity tunable CW source was used as a seed signal. The power of

the signal at the WDM input was tuned to different levels between -30 to 10dBm. At

powers below OdBm, the tunable laser was used in conjunction with attenuators. Higher

powers were achieved by the addition of an EDFA. The CW laser could be tuned from

1520nm to 1630nm. The pumps and signal were combined and decoupled by broadband

1420-1490nm/1520-1620nm WDMs. Pump and signal were coupled into and out of the

waveguide by tapered fibre lenses made from SMF28 fibre. The lenses provided a

Gaussian beam with waist diameter of 2.5um and working distance of l4um. The

internal gain was measured by the signal enhancement at the output minus the

absorption. The signal enhancement was measured by the signal difference between

pump on and pump off. The absorption was measured at low average power with white

light or supercontinuum sources to avoid bleaching.
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In the first series of measurements, the gain spectrum from 1520nm to 1640nm
at maximum available pump power was measured by seeding with two different types
of light. First, the CW laser was set at different wavelengths. The gain spectra are
shown on Figure 7.7 a). Gain existed from below 1520nm (limited by the pump WDM)
to above 1630nm with a 3dB bandwidth of ~40nm. Peak internal gain of 14dB was
obtained at 1530nm as shown on Figure 7.7 a) for a gain per unit length of 2.8dB/cm.
Even factoring in the total coupling, tapered fibre lenses and propagation losses this still
results in net fibre to fibre gain of 6dB. Most of the off chip losses can ultimately be
eliminated by using existing techniques for low loss mode matching [427] and by
integrating the WDMs. The gain spectrum accuracy was also checked by injecting low
average power supercontinuum light in place of the tunable laser. As Figure 7.7a)

shows the accuracy with the tunable laser is adequate.
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Figure 7.7: a) Measured small signal internal gain, b) pump saturation response at
1535nm 1555nm and 1600nm, ¢) signal gain saturation gain characteristics at
1535nm with both pumps and d) dependence gain at 1535nm on pump temperature

(pump wavelength tuning).

The measured gain curves appear limited by inversion clamping at about 70% as
gauged by the shape of the gain curve [117] due to the 1480nm pumping [428]. Along
with the measured gain data in Figure 7.7 a) are plotted theoretical curves for the gain.

These were obtained from the infinite pump approximation [406] at 100% and 70%
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Figure 7.8: Schematic diagram of major transition of Er in glasses pumping at
1480nm with excited state absorption, cross-relaxation and up-conversions. The
curved arrows indicate non-radiative transitions and solid arrows indicate the

radiative transitions.
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N, +N,+N,+N, =N,

N,.4 are the concentrations of Er’* in excited states 1-4 as in Figure 7.8. The total Er

concentration is Np. A;’s are the non-radioactive rate from level i to level j. Ay; is the

fluorescent rate. R;; and R3; are the pump rate and rate of stimulated emission of the

pump. Upconversion is accounted for with coefficient C; for upconversion from level 2

to 4. The upconversion effect is related to the square of the populations. The excited
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Figure 7.9 a) Gain spectra al various pump power in an ideal 2 level Er doped
system pumped at 1475nm-the pump power on the legend is in mW at each end b)

the gain saturation simulation at 1535, 1555 and 1597nm.

In the ideal case, the system has no nonlinear processes occurring such as up-
conversion. cross-relaxation, ESA and only pumping from level 1 to level 2, and the
stimulated and spontaneous emission from level 2 to level 1. There are no loss
mechanisms in this idealised case. All pump power into the system returns as amplified
signal, stimulated pump’emission, or as ASE. The parameter settings for this case are
tabulated in Table 7.4. The results of the gain spectra calculations at various pump
powers and gain saturation at 1534nm, 1555nm and 1600nm are shown on Figure 7.9.
A very low pump power of 0.0001mw was run (0 obtain the absorption spectrum of the
waveguide. It agrees very well with the measured input absorption. As the pump power
increases, the signal obtains gain very quickly. It takes less than 3mW to obtain positive
gain at 1535nm. The maximum gain is 20dB at 1535nm. The gain appears saturated at

around S0mW pump at each end.
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peak 1530nm gain also experiences a reduction from 20dB to 16dB, once the non-linear

effects are added.
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Figure 7.10: a) Gain spectra simulation with experiment data, b) gain saturation at

1535, 1555 and 1600nm.

7.4.3 Discussion

The gain results achieved in these waveguides are far better than any other EDTWAs
reported in the literature. The only other reported gain in a tellurite waveguide was in a
femtosecond laser written device in multicomponent glass with internal gains at best
reaching ~1dB/cm [248, 420]. The best of these results were achieved in complex
multicomponent tellurite glass waveguide made from only 50% TeO; (NaiP:0q, ZnO,
ZnF> comprising the remainder) doped with 1wt% EnOs, Iwt% CeO; and 2w1% Yb,0;
with a refractive index of 1.66. The measured lifetime in the glass was 9.7ms, reflecting

the large phosphate component in the glass. The index difference between core and
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Additional simulation of the waveguide pumped at 980nm and parameters as
shown on third column of Table 7.4 was performed. The set up is the same as the
1480nm pump but where the absorption spectra of 980nm was taken from Ref. [194].
The background loss of the pump was assumed to be same at the signal at 1550nm at
0.6dB/cm. The internal gain spectra at different total pump powers and the gain
characteristics of signals at different wavelengths (1535nm, 1555nm and 1600nm)
against different total pump powers are shown on Figure 7.11. The maximum gain can
be as high as 27dB over 5cm length. Even with only slight improvements to the current

design, an amplifier with gain per unit length of 5.4dB/cm is possible.
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Figure 7.11: a) Gain spectra simulation with 980nm pump, b) gain saturation at 1535,

1555 and 1600nm pumped at 980nm.
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and the potential for much higher gain can be achieved by pumping at 980nm for higher

pump efficiency.























































































