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ABSTRACT

Optical technologies are increasingly considereduse inside high-performance electronic systensviercome the
performance bottleneck of electrical interconneatsen operating at high frequencies and provide fsgked
communication between electronic chips and modie$/mer waveguides are a leading candidate teeimght board -
level optical interconnections as they exhibit faxeble mechanical, thermal and optical propergedirect integration
onto conventional printed circuit boards (PCBs).ndwous system demonstrators have been reportegcent years
featuring different types of polymer materials apdo-electronic (OE) PCB designs. However, all desteated polymer-
based interconnection technologies are currenthspa, which limits the length of the on-board$n&nd the number of
components that can be connected in optical bustaotures. In this paper therefore, we presenkworvards the
formation of low-cost optical waveguide amplifiethat can be readily integrated onto standard PGBsombining two
promising optical technologies: siloxane-based pely waveguides and ultra-fast laser plasma imptema(ULPI).
Siloxane-based waveguides exhibit high-temperateséstance in excess of 300°C and low loss atrdiffewavelength
ranges, while ULPI has been demonstrated to prodecg high dopant concentrations in thin films wittalues of
1.63X10°1 cnT1? recently reported in Er-doped silica layers. Hame present detailed simulation studies that denatest
the potential to achieve a net gain of up to 8 dBfoom such structures and report on initial experital work on Er -
doped polymer films and waveguides demonstratinmt pluminescence and good lifetimes.

Keywor ds: EDWA, polymer, plasma implantation, optical intenmects, erbium

1. INTRODUCTION

Optical interconnect technologies have recentiyngdia lot of interest for usein short-reach conination links inside
high-performance systems such as data centresugredcomputers. The main arguments supporting teefieptics in
such environments are related to the performangargdges they offer over conventional electriciisons. Key benefits
of optical links include lower power consumptionigler bandwidth and increased density [1]. One h& kading
candidates for the implementation of board-levdiagb interconnects are polymer waveguides. A nassof polymer
materials which exhibit favourable mechanical, thedrand optical properties for direct integratioma p rinted circuit
boards (PCBs) have been developed in recent yeatslieg the formation of low-cost high-speed ogtlzackplanes [2,
3]. A number of successful system demonstrators baseious types of such polymer materials and implating
different optical bus architectures have been requd, 5, 6] Siloxanes are one of the leading types of polyn&tenals
as they exhibit all the necessary properties tdstind the manufacturing processes of PCBs (saoéflow), good
environmental stability, long lifetimes and low @pgtion at the datacommunications’ wavelength of 850 nm (~ 0.04
dB/cm) [7]. High-speed datatransmission over pelymultimode waveguides has been achieved using85w-cost
vertical-cavity surface-emitting lasers (VCSELs)ithwrecord values of 40 Gb/s and 56 Gb/s demoredratver 1 m long
polymer multimode waveguide using non-rettorzero (NRZ) and 4-level pulse amplitude modulatiFAM-4)
respectively [8] There is currently a great interest in migrating this technology to longertelecommunications’ wavelengths
(1310 nm and 1550 nm) and single mode waveguidesder to enable the direct interface of boardllgy@ymer



waveguides with the emerging high-performance $itphics chips and photonic integrated circuits §IGased on Ill-
V materials. This has led to advancements in polystauctures engineered specifically for telecomications C-band
(1550 nm) with the material loss of less than @B%cm in thin fims [9] and under0.8 dB/cm in slagnode waveguides

9]

However, all polymer-based optical backplanes treate been implemented so far have been purely yagsshich
imposes a limit not only on the length of the oratiblinks but als@nthe number of components that can be connected.
As aresult, theris great interest in developing optical amplifiersitalle for integration onto PCBs. Whilst erbium-eaip
fiore amplifiers (EDFAs) have been greatly succekiaflong-haul optical links [10], no practical egalent erbium-
doped waveguide amplifier (EDWA) for use in boaggdl optical interconnects has been demonstrataough various
materials and doping approaches have been studééd@me encouraging results have been reportegtént years [11,
12, 13], high-gain, power-efficient and PCB-comblati EDWAs are still to be demonstrated. It has beemtified
however, that for such devices much higher ion eot@tions are needed due their desired much ghemigths than
EDFAs, onthe order of a few centimetres for prdtapplications [14]As a result, in order to reach the required erbium
concentrations with minimal ion clustering and ggirenching a number of fabrication techniques Hzeen employed,
such as atomic layer deposition [Li§uid phase epitaxylb] or RF-sputtering [17] with some good resulisit of these,
ultra-fast laser plasma implantation (ULPI) appéarse most promising [18]. Using this method enbioped tellurite -
modified silica (EDTS) thin fims with extremely dt rare-earth ion content of 1.63168°1 cm?® have been demonstrated,
while maintaining a long erbium lifetime of 9.1 mehich is essential for efficient optical amplifigan [19].

In this work, we present a hybrid approach to f&DWASs suitable for board-level optical interconrsebly combining
an EDTS layer fabricated using ULPI with polymerten&ls. The performance of the EDWA is studiedifeo different
device configurations (channel and strip-loaded egandes) using suitable models and its optimumgiesi terms of
optical gain is explored in each case. Additionally-doping the EDTS with ytterbium is investigatedrder to further
improve the performance of the proposed EDWA ardfiifly optimum Er-Yb ratio for different waveguideometries.

The rest of the article is organised as followsséwetion 2, the siloxane polymer waveguide techgwénd ultra-fast laser
plasma implantation (ULPI) process used in thisknare described. Experimental studies on the olgiicgperties ofr-
doped thin films and parameter extraction for afieplimodelling are reportedin section 3. In sectipamplifier studies
for two device configurations are presented togetiith the results of the device optimisation. Hinasection 5 provides
the conclusions.

2. TECHNOLOGIES
2.1 Ultrafast laser plasma implantation

Femtosecond lasers can be reliably used for mag@igessing, micromachining and surface ablat@e]. [The erbium-
doped thin film described in this work has beenritated using the ULPI process [ 1). Thkurite glass
targetds prepared using standard glass melting and quegghocesses [21], which provides good control ef rifoler
concentration and ratio of erbium and ytterbiumsiam the final deposited layer. The addition of ¥ieions has been
proven to improve the pump power absorption as agllimit photoluminescence quenching of the matef22]. The
high-energy femtosecond laser pulses are thentosaulate the prepared tellurite glass target. dbh&orbed laser beam
generates highly energetic plasma that expendsrtisveaheated-up substrate surface in low-pressepesition chamber
environment. The thermally-assisted diffusion resii a homogenous Er-doped thin fim layer that & used in
integrated optics systems [23]. Although the ULRdgess has been mainly used for rare-earth ioramsgtion into silica
glass [24], attempts have been made using othetgibs, including polymer substrates [25]

The sample characterised in this paper was prepaiad a target glass with the following compositgbTeQ-5.5Z2n0O-
7.15Na03-1.3Yh03-0.65E603. The deposition process was carried out urad@s mTorr Q atmosphere and lasted 4
hours resulting in 2.5dm-thick EDTS layer.
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Figure 1. ULPI schematic showing formation of the EDTS glass layer.

2.2 Siloxane polymers

The polymer waveguides described in this wprk (Fégd are made using siloxane materials prepared by Domiy:
Dow Corning® WG-2020 Optical Elastomer (core) anaDCorning® WG2021 Optical Elastomer (cladding). These
materials possess the necessary mechanical archloptoperties for PCB integration: they can beilggsepared and
patterned; they can withstand the high-tempera¢er800°C) required for solder reflow and laminatiprocesses; they
exhibit long environmental stability and appropeidifetimes in typical opto-electronic systems [28he polymers can
be usedto create a wide range of waveguides amdguide components with a variety of fabricatiorthoels. They can
be deposited by a range of methods (spin-coatingtad-blading or drop casting) on various substdtgass, silicon,
FR4) and then patterned with UV photolithographybessing or direct laser writing [289]2 The nominal refractive
index (RI) differenceAn between the core and cladding materials is 0.0075%0 nm allowing the formation of single
mode waveguides with relatively large dimensionst@7.5 ).

Figure 2. Images of polymer waveguides deposited on EDTS glass layer (a) top viege {iEve.

3. OPTICAL CHARACTERISATION

Optical characterisation of the erbium-doped sangpleerformed in order to extract the key paransetequired for the
amplifier simulation studies. The photoluminescefiRlg emission spectrum and lifetime of the EDT8elaare measured
at a room temperature using the FS920 spectroffieteburgh Instruments,UK) under an 980 nm laseddiexcitation.
The pump light is prevented from reaching the spastterby using a long-pass filtter with a cut-off wavelengthl100
nm The PL emission spectrum of the thin fim was relear around erbiumi,2 to lis/2 transmission band.



Figure 3(a) shows the obtained normalised PL eoissipectrum in the 1450 nm to 1650 nm range. Thextspm
demonstrates a strong peak at 1534.4 nm and wifith at half-maximum (FWHM) range of 24.2 nm. Evbiough the
exact spectralshape ofthe emission depends drostenaterial, comparable performance has beesrobd from similar
types of materials [29]Figure 3(b) presents the decay of the normalisexhsgmeous emission intensity light at 1534 nm
with time. The lifetime of the Er ions in the maatris calculated by finding amount of time it takéor signal to
exponentially dropto the 1/e level. In this catis, estimated to be 12.07 ms. The existence of aratgstable time that
the erbium ion remains in thesl2 energy level is a key parameter for the implemgonaof efficient optical amplifiers.
The long lifetime observed for the EDTS layer condi the great potential of the ULPI fabrication gges for forming
high-gain waveguide amplifiers.
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Figure 3. Optical characterisation results for an Er-doped thin film. (a) PL intgrsiile. (b) M etastable lifetime

The measurement of the erbium lifetime and thaotifre index of the doped layer (1.63 at 1550 nifojwathe estimation
of the effective emission crossction ce between the excited 162) and ground (k2) levels using the shape of the
photoluminescence spectrumas shown by the Flichthaaenburg equation [30]:

A% 1, (A
— e,peak’e
Oe (A) 8mcn?t [1,(D)dA (@)

Here, lepeakis the wavelength at the emission peaik, the lifetime of the metastable level, n is téfeactive index of the
glass, c is the velocity of light angt1) the fluorescence spectrum. Eq. (1) is used taitke the emission cross section
for the EDTS layer used here and is shown in Figurén order to implement a full EDWA model the @mmponding
absorption spectrum is calculated based on McCumbepry [31] using the emission cross section ex@cbove
According to the procedure proposed by Miniscald @uimby [32] and confirmed for a range of various materials s¢he
two quantities are related with the equation below:

hv— h(v-vy)
o) =a,Me" Tkt =g,(v)e et

@

whereoa andee are absorption and emission cross-sections resplch and k are Planck and Boltzmann constalniss,
the temperature; is the net free energy required to excite oneolr from ks/2to l13/2 andv corresponds to the wave
frequency.Eq (2) is used to calculate the corresponding absormiross-section of the fabricated EDTS layer &nd
plotted in Figure 4

The obtained results show that the fabricated saeyiibits absorption and emission peaks of vanjlasi magnitude of
4.7 x1021 cn?, which agrees quite well with previous reportsaosimilar Er-doped tellurite-based glass thin fig8].
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Figure 4. Emission and absorption cross-sections of the EDTS layer

4. WAVEGUIDE AMPLIFIER STUDIES
4.1 Waweguide configurations

In this work we study two simple waveguide desitret can be easily implemented using the Er-dopgéripresented
above: (i) channel and (i) strip loaded waveguféigure §). The channé&r-doped waveguide can be fabricated by
common lithography and etching processes, whilesthip-loaded waveguide requires only the formatafra polymer
waveguide on top of the Er-doped layer. In botlesate dimensions of the waveguide that ensurdesingde operation
can be obtained and depend on the refractive isdi€the glass layer, the polymer materials anatieration wavelength.

Polymer cladding Polymer strip

EDTS core

SiO, substrate SiO, substrate

Figure 5. Investigated waveguide geometries: (a) channel, (b) strip-loaded witmé&mtdemode shown\E 1550 nm).

Both of the above structures are simulated usingritiave® simulation package in order to check tlabiliy of the
designs for the formation of a high-gain EDWA aretafmine their optimum parameters. The key paramdty the
EDWA simulations are listed in Table 1 below forth@onfigurations.



Table 1. Key waveguide simulation parameters extracted.

Parameter Channel Strip-loaded
Overlap factor at signal wavelength (1550 nm) 0.87 0.98
Overlap factor at signal wavelength (980 nm) 0.97 0.99
Effective Er overlap area [ 4 16.2

Both of the above geometries show high overlapofactvith theEr-doped area, which indicates efficient pumpinghef t
dopantions. The main difference between the twofigarations can be noted when comparing theirctiffe overlap
areas. The strip-loaded waveguide exhibits x4 larger affecEr overlap area which indicates its strongsteptial for
forming higher gain amplifier. However, both configtions are studied in the next sections, as tla@welwaveguide is
a typical configuration and provides a referencégemance for the strip-loaded EDWA.

4.2 Channel amplifier

The gain performance of actrlong device is obtained using multi-level rate ations implemented using the VPI
Photonics® software. The model parameters are chtismatch the parameters experimentally obtainededved for
the Er-doped layer. Thelues of unknown parameters such as the ytterbfetimie (1.5 m$, its absorption cross-section
(1.4 x102%cn?) and up-conversion coefficient (0.81823 nmis™1) are obtained from the literature on similar glagstems

[35, 36, 37].
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Figure 6. Channel waveguide EDWA results showing Er:Yb ratio impact on (avalla gain, (b) amplifier efficiency and
(c) gain spectrum for various pump powers at ratio fixed at 1:2.



|Figure g and Figure|7 present simulation resultdéih waveguide configurations focusing on thednant performance
metrics of the EDWA devices. Firstly, the achiewahinplifier internal gain at the peak emission viewgth of 1534 nm

is plotted against the pump power for a range tiEratios|(Figure b(a) apd Figuré 7(a)). Additiiyathe efficiency of

the systemin terms of gain per ImwW of pump powemialysed to find the optimal operating conditiffigure §(b) and
(b)). Finally, after an optimal Er:Yb mis found for a given waveguide configuration| &pectral response is
obtained to assess the performance not only apéak wavelength but across the entire telecommtioitsa C-band

[Figure q(c) anld Figure|7(c)).

The results presented in Figure 6(a) show thabvfiteal gain can potentially reach 8 dB/cm for archel structure when
the waveguide is pumped at a high power of 600 wvever, it is difficult to envisagareal-world systemwhere that
would befeasible, due to the high pump power requiredthedelated effect on the lifetime of such devitieerefore, it
is important to consider both the achievable ghir, also device efficiency as shown in Figure 6@). both graphsa
range of Er'Yb ratios with a constant total dopeasvicentration of 1.63 %! cm3 have been simulated looking for a
system capable of providing high gain while effidig using the pump power. When a more reasonalapppower of
200 mW is chosen, it can be noticed that maximurim g&5.4 dB is possible when the ratio of 1:2 &ested. This also
is the most efficient combination in terms of gpér pump power. Further analysis of this amplifipresented in Figure
6(c) showing the gain spectrum at various pump pswecan be seen thatincreasing the pump inpyidbd the 200 mw
does notresult in a significant increase of théoapgain. The peak gain occurs, as expected tloaremission spectrum
measurements, at 1534 nm with a gain FWHM of 37 wirich covers almost the entire telecommunicati@band.
Whatis more, the internal gain threshold at thakpeavelength occurs at approximately 75 mwW of pyoprer because
of the large concentration of Er ions in the wavidgu
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Figure 7. Strip-loaded waveguide EDWA results showing Er:Yb ratio impac) @eligevable gain, (b) amplifier efficiency
and (c) gain spectrum for various pump powers at ratio fixed at 1:7.



4.3 Strip-loaded amplifier

The same analysis is performed on the second wadkegeometry and the respective results are shoigure 7. The
first key observationis that despite the presefamore erbium ions in the amplifier, due to they&x overlap area, the
achievable gain (5.5 dB) is lower than that achiefrem the channel structure. This is due to thot fhat the highest
considered pump power of 600 mW is inadequate hdese complete erbium population inversion in tiystem.

In terms of the amplifier efficienc 7(mdicates that, based on a practical 200 mW pumpepowtimal Er:Yb
ratio is found to be 1.7. It is worth noticing thahile the efficiency is lower than in case of aachel waveguide, a
reasonable gain of 3.2 dB is achievable at 1534peak. It can also be noticed frfm _Figufe 7(c) thate is virtually no
benefit in increasing the pump power from 150 t@ 20W. This result confirms that when erbium concatidn is
relatively low, much less 976 nm light is needefllly invert the ion population or to reach intafrgain threshold (62.5
mw).

When the two systems are compared, it can be gleaticed that a channelstructure is more efficidne to its compact

size. This is confirmed by both the calculated gefficiency and the required pump power for gaitusation at a given

Er:Yb ratio. In order to optimise the gain peeidong waveguide different Er:Yb ratios of 1:2 and &re chosen leading
to gains of 54 dB and 3.2 dB at 1534 nm when puwmpéh 200 mW for the channel and strip-loaded EDSVA
respectively.

5. CONCLUSIONS

The combination of the ULPI fabrication method asabt-effective siloxane materials can provide higin PCB-
compatible optical amplifiers. The characterisabdthe Er-doped glass thin film fabricated witlettiLPI process shows
excellent optical properties and therefore gredeptal for the formation of EDWAS. In this articleve investigate the
performance of such erbium-doped waveguide amglifieia simulation studies based on the parametittsedabricated
Er-doped glass layers and studying two common wawkgeonfigurations: channel and strip-loaded gegmétis shown
that a lemlong channel-based EDWA with a Er:Yb ratio of t&n achieve an optical gain of 5.4 dB at 1534 nrarwh
pumped with 200 mW at 976 nm. The strip-loaded geonyields slightly worse performance with a pegaln of 3.2 dB
at the same pump power for an optimised Er:Yb rafid:7.
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