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because of known fabrication issues which will be solved in a second fabrication run
later this year,

This work was supported by ERC project NOLIMITS and the Marie Curie Actions in
the Career Integration Grant.

. - nad
Figure 2. SEM pictures of the gratings fabrication process. Top left shows patterned SiCh, gratings (2
EBL), top right shows gratings covered with Ge and Ag (3™ EBL). Bottem center shgws the tapered
waveguide patterned on the InP membrane over the buried metal gratings (47 EBL].
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Silicon on Insulator (SOI) is getting a mature platform for dense integration of
wavelength filtering devices dwe to the high index contrast of siticon. This brings a
weakness to this platform, i.e. extremely precise fabrication is required, especially for
these devices. High thermo-optic coefficient of silicon (1.86 %107 K') is another issue to
this platform since it affects device performance because of ambient thermal
Muctuations (shift in resonance by 80 — 100 pm/K). In this work we propose a method
and tested it on a Mach-Zelmder interferometer (MZI) filter and showed indeed it is
possible to improve the tolerances to fabrication (waveguide geometry) and ambient
thermal variations. The method is based on different mode confinement in either arm of
the devices and it can be achieved by different waveguide widihs or polarizations or
both at the same time. The fabricated device shows a shift of less than £65 pménm in
line-width variations and o smaller than £15 pm/K in thermal variations over a
wavelengih range of 40 nm which is more than a 10 times bnprovement with respect fo
conventional devices.

Introduction

Silicon on Insulator (SOI) is a promising platform because of its high refractive index
contrast that enables dense integration of micron — sized photonic integrated circuits.
The high index contrast and submicron waveguide dimensions can translate a small
change in the waveguide width (shift in resonance by 1 nm/mm) and height (shift in
resonance by 1.5 nm/nmy} into a strong change in the effective refractive index [1], as
shown in Fig. 1. This brings a weakness to this platform, ie. extremely precise
fabrication is required, especially for the wavelength filtering devices. While fabrication
technology improves systematically, the required fabrication control will ultimately
dictate the yield of larger circuits. Another important issue is the high thermo-optic
coefficient of silicon (1.86x10* K™*) which affects device performance because of
ambient temperature variations (shift in resonance by 80 — 100 pm/K). Fabrication and
thermal variations can be actively compensated (e.g. with thermal tuning), but this will
drive up power consumption and complicate the device with active control circuitry.
While fabrication technology is systematically improving, the required fabrication
control will ultimately dictate the yield of larger circuits. Pre-fabrication or post-
fabrication trimming [2] of the components can be used to correct the effects of the “last
nanometer” fabrication offsets. However it comes with a significantly increased cost of
the whole fabrication process. Other techniques inveolve the introduction of
compensating materials such as polymers or TiO: [3, 4], but this again complicates
fabrication and also faces CMOS compatibility and reliability issues. In this paper, we
present a technique to make a wavelength filter tolerant to line-width variations by
design, without changing the fabrication process itself. We demonstrate a fabrication
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tolerant MZ] filter by using a different mode confinement in the two arms .[}f thﬂ..: filter.
This can be accomplished by using waveguides of different widths, or using different
polarizations in the waveguides. This technique has already been used to make- ﬁltl{:rs
tolerant to thermal variations [3], but here we extend it to tolerance to fabrication
variations and even to multiple effects {(waveguide width and thermal variations) at the
same time.
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Fig. 1. (a3 SEM image nr<l made prafile of waveguide, (b) Sensitivity of spectnam position to heigh, () width and, (d) temperature
varsalion for @ corverdional FIR filler with waveguide widlth 450 nm and thickness 2200 nm a2 a wavelength of 1550 nn

Proposed Solution
The wavelength sensitivity of an FIR filtering device to parameter X can be expressed as
42 _ Amdnefs (1
o g dX
where X can be replaced by the waveguide width(w), height (f), temperat_ure {?:J or any
other influence. We assume here that the influence affects the entire device uniformly.
Aw 18 the wavelength of operation, and n, is the group index. To colmpensa-tel the
wavelength sensitivity due to the fabrication variations, we introduce demgllq variations
such as different waveguide width in each arm. The modified expression for the
sensitivity then becomes

d
L A . dRerp L, “ef,rlj =0 (2

ax Ngyly—Ngala ax X o N
which we fry to minimize. For a device tolerant to width variations the condition for
zero sensitivity at wavelength Ag and for a given free spectral range (FSR) becomes

diterya

i S dw {3}

Ly ditegry J.-'dw
For the filter to be width tolerant the length ratio of the arms should be inversely
proportional to the sensitivity of the effective index of the waveguides in both arms. The
assumption we make here is that the linewidth change induced by the fabru?atwn
process is similar for the waveguides in the two arms. This is gﬁne.rally true if the
lingwidth change is caused by global or long-range effects, such as lithographic dose

variation or a change in etch rate, and the device is sufficiently compact.
To make the devices fabrication as well as thermally tolerant we introduce orthogonal
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polarizations (TE and TM) in the two arms arm of the filter. For width along with
thermal tolerant, the wavelength sensitivity with respect to temperature { % ) becomes

zero and (2) should satisfy
dne KK I1:"[8 .
Lo =5 = g @

where Lyy, Ly and d—“z‘%ﬁ,%‘ﬁ are the length of TM, TE arm and their

corresponding waveguide thermo-optic coefficients (TO} . The combined condition of
being tolerant to width and temperature at wavelength Ay and at temperature T, for a
given FSR becomes

dn TM
e _ Toru _ Ty, (5)
Lrp TOrE mteff-TE,.-'dw

Physically it means that a variation in width or temperature gives an identical change in
phase in each arm.

Design and Fabrication

We have designed the devices using-the IPKISS parametric design framework [4]. To
demonstrate the width and thermal tolerant behavior as given in equation (5), the
designed TM and TE nominal width are 490 nm, and 522 nm and their corresponding
lengths are 180 pm and 87 pm, respectively for an FSR of around 10 nm. The SEM
picture of the fabricated device is shown in Fig. 5. The device uses a splitter
polarization rotator (SPR)} which splits the light into two equal parts and at the same
time rotates the polarization in one arm. This directional coupler device is based on the
phase matching condition of thinner TE waveguide and thicker TM waveguide (n.gx =
Hagrar). The same is used at the output to combine the two modes. The fabricated devices
are shown in Fig, 2.

Fig. 2 {a) SEM image fabricated SPR and (b} fabricated MZ1 with PR

Measurements

We characterized first the SPR separately, The transmission spectrum of the SPR for
cross coupling is shown in figure 3 for different coupling lengths. Tt shows that the
coupling length of 10 um is closest to the desired 3 dB of power transfer from the input
to the TM mode in the other arm. A variation of 1 pm from this length shows a 0.5 dB
variation in transmission in the lower wavelength side of the spectrum.  The coupler
design is sufficiently tolerant such that a width variation of couple of nanometers in
fabrication will not have a detrimental impact. The measured SEM width of the
fabricated device is 502 +5 nm in TM arm and 534+5 nm in TE arm. The simulated
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ansmission using the device parameters from SEM are shown in figure 4(a).
ats are performed on nominal width device at three different temperatures,
nd 50°C on a nominal width device and on varying width devices of £10 nm
he six measured transmission spectra are shown in figure 4(b). The
and thermal insensitive point are situated around 1525 nm,
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sed intensily prafile for the caleulated cross coupling length from the input TE mede 10 ke outp 'fM_ mode a_sud
asiission of the SPR test structure for different coupling lengths. Fig4 (a) Simmulated specira u.ff{plamulu:‘d r:;_es@u
0 e widsh offset and at 30, 40 and 50 °C, (h) Measured transmission, (e} width sensitivity varatson (dis dw and
tivity [di dT} sinoulated and measured

red deviee shows a width sensitivity of less than 65 pm/nm with a standard
f about 15 pm/nm measured over four devices with width offsets of £ 10
0 nm and thermal sensitivity of less than 15 pm/K with a standard deviation
pm/K over the wavelength range of 40 nm. The simulated and mea'lsur:ed
ell as thermal sensitivity is shown in Figs. 4(c) and (d). The width sensﬁ.ivﬂy
ym positive to negative on the different sides of the insensitive poin_t ie.a
sguide will result in either a blue-shift or a red-shift. A similar behavior can
ile varying the temperature of the device.

on

osed and demonstrated width and thermal tolerant compact device with width
less than +£65 pm/ nm and thermal sensitivity smaller than +15 pm/ K m'er‘-'i{]
elength range. These devices can be used for higher order WDM filters like

| PCGs.
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We report the measurement resulis on an ytterbium-activated potassium gadolinium
donble mmgstate (KGW) thin film grown onto a potassium yttvivm double tungstate
(KYW) substrate. The 57.5 ai.% Ybh-doped active laver, in which the material
composition reaches the upper limit of ¥b concentration lattice matched to the K¥YW
subsirate, was grown by liguid phase epitacy and polished to ~32 um thickness. The
measured lifetime indicates that lifetime quenching is vather insignificant. Besides, a
high gain per unit length of about 1050 dBiem was obtained. The results show that this
material is favorable for the fabrication of waveguide amplifiers for short optical
interconnects requiring compact device footprint.

Introduction

Rare-earth-doped amplifiers are well known for their capability of supporting high-gain,
high-bit rate, and broadband amplification. However, it remains a great challenge to
reduce the length of these devices to realize on-chip waveguide amplifiers for emerging
footprint-limited applications, such as photonic integrated circuits, optical sensing
devices, and optical backplane systems, to name just a few, Typical rare-earth-doped
waveguide amplifiers possess a material gain of only a few dB/cm, mainly due to the
small emission cross-sections resulting from the combination of a long emission
lifetime and a fast atomic dephasing time [1], and the limited dopant concentration of
rare-earth ions in the host materials. Therefore, device lengths of tens of centimeters are
usually needed for practical amplification,

In order to achieve high gain per unit length, the amplifier material must exhibit both
high transition cross-sections and high doping concentration [2]. Therefore, in this
work, a laitice-engineered approach [3,4] is employed to maximize the concentration of
ytterbium (Yb) ions in a potassium double tungstate [5] crvstalline film grown onto a
substrate of potassium yitrium double tungstate, KY(WOy): (denoted as KYW
hereafter). The method was applied successfully to fabricate a 47.5 at.% Yb-doped
potassium double tungstate waveguide amplifier with ~1000 dB/em gain at 981 nm [2].
Here we report the successful growth of 57.5 at% Yb-doped layers of potassium
gadolinium double tungstate, KGA(WO4), (denoted as KGW hereafter) onto KYW,
Characterization results show that the thin-film gain material does not exhibit
significant lifetime quenching, Apart from that, a gain per unit length of more than 1000
dB/cm is obtained from pump-probe gain measurements.



