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Abstract: Developing an efficient method and applying it to study salvédentical
microresonators fabricated by electron beam lithograpteyguantify the worst-case within-
die silicon thickness and resonance wavelength variatmbs 1.55 and 2.11 nm, respectively.

OCIScodes: 250.5300, 200.4650.

1. Introduction

Designing silicon photonic integrated circuits (PICs)i@velength-division multiplexing (WDM)-based applicatso
requires a careful consideration of process variationg. flinctionality of such systems is highly tied to how well
different devices are matched in terms of their central \Wemgths. Some efforts have been made to characterize
process variations in PICs [1-4], in which within-die, viittwafer, and wafer-to-wafer variations have been explore
Also, the silicon thickness variation is identified as thganaoncern. This paper presents a systematic perspective
through developing a computationally efficient method talgtthe impact of process variations on large-scale PICs.
Compared with time-consuming numerical simulations, waalestrate that our proposed method is highly efficient
in terms of accuracy and computation time: an error rate dliemthan 1% and a speed-up of greater thanx100
are achieved. Employing the proposed method, we study @iodé microresonators (MRs) on a %4.5 mnt chip
fabricated by the electron beam lithography system at thetsity of Washington with a high resolution of 2 nm. Our
study quantifies the worst-case within-die silicon thickheariation and resonance wavelength shift to be 1.55 and
2.11 nm, respectively. Moreover, not only do we confirm argjroorrelation among the resonance wavelengths of the
MRs in proximity as in [1], but also we demonstrate that thesa@orrelation can exist among the MRs which are not
in proximity. The proposed method helps evaluate the imphptocess variations on the performance of large-scale
PICs, determining power penalties required to trim/tung.(¢éhermal tuning) faulty devices in such systems.

2. Theory

It is possible to consider design parameters sweeps (a@téraer analysis) in a numerical simulation (e.g., FDTD
simulation) of a photonic device. However, employing suahusations for large-scale PICs is not feasible due to the
computation cost. Our novel contribution is to develop 4 &axl accurate method to study large-scale PICs under
random process variations. Considering an extended vedfidlarcatili's approach [5], we develop an analytical

V777 0 Modulated optical signal -

7 el SRR Y v
{/////// n 3/ A ) Switching stage 1
tI n ne(L) n, TE, TE, IS
774 | | -
/,/////%///A iy / // J J Switching stage 2
o I : : neov)
y w (a) 2g[ | |
, )—»x 2, w . Sw1tch1ng stage m
! n(A)
I
I

L W]
| ng
t (b) © @ @ @ Detectors
w

Fig. 1: An illustration of various aspects of a large-scdlé for WDM-based applications with wavelengths anch
switching stages. All the functional devices utilize MRs;luding wavelength-selective photodetectors and photon
switches. (a) 2D approximation of a strip waveguide baseiarcatili's approach; (b) Coupling region in photonic
switches; and, (c) 2D approximation of the coupler inclgdime symmetric and antisymmetric supermodes.
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Fig. 2: Quantitative simulation results of the proposed etedand comparisons with the results from numerical
simulations, performed in Lumerical MODE, and the effegtivdex method (EIM). "T” and "W” stand for thickness
and width variations, respectively. The resonance waggteshift in (c) is independent of the MR radius. (d) Optical
spectrum of our fabricated TE polarization MR calculatethgigshe proposed method witk=r10 um, I ~ 1 um,
2g = 200 nm, and\ 3 = 1550 nm undep; = +10 nm.

method to study the effective and group indices of the furetgal TE mode in strip waveguides under silicon thick-
ness and waveguide width variations. Applying the devalapethod, Figl(a)illustrates a 2D approximation of a
strip waveguide with a thickness and widthtoAnd w, respectively. The waveguide core, region 1, is silicorhwit
a refractive index ofe (A), where Sellmeier equation is considered to take into adcenthe impact of material
dispersion. The surrounding regions are all from Swdth nj = n, = ns = ng = 1.444, in which the dispersion is
ignored as the light is mostly confined in the waveguide core.

Finding a solution toE, and H; in region 1 that assumes the electric fields)(to be predominantly polar-
ized in the y-direction to satisfy Maxwell's equations, wanccalculate the effective index of the waveguide as
Netf (T,W,A) = 2n\/ngr (A)kd —KZ(T,W,A) —k2(T,W,A). Here, T andW are the thickness and width of the waveg-
uide under variations and they are equaltgo; andw+ py, respectively. We defing andp,, to take into account the
variations in the silicon thickness and waveguide widtepestively. It is worth mentioning thg ,, can be assigned
by a random number generator function that respects the arghstandard deviation of the variations measured in
different fabricationsky andky are the spatial frequencies that can be found by solvingheajee equations for the
TM and TE modes in slab waveguides, dqds the free-space wavenumber. Considering the waveguidienaterial
dispersion, the group index can be definet@d3 ,W,A) = net¢(T,W,A) — A dner 1 (TWA)

In this specific study using this method, we look at the reroaavavelength shift in MR-based photonic switches
under process variations (see Fig. The MR is on resonance when the round-trip optical ph@sejs an integer

multiple of 2, i.e., @(T,W,AyR) = Zme”(TW/\MR)L”(TM = m2m, whereL, is the optical round-trip length that
equals 2w (T,W) + 2. Here,r(T,W) is the MR radius under silicon thickness and width Val’l(ﬂl@lmdlc is the

coupler length (see Fig(b)). Considering the first-order approximation of the wavegudispersion (smc et +0),

Apt/wneff)\raR 0 A
————, whereAyz is the initial resonance wavelength
ng(t,WAyR)

with no variations, andy, , Nett is the effective index variations under the thickness angegraide width variations.
As Fig. 1(b) indicates, the coupling region in MR-based photonic svégchonsists of two directional couplers
(DCs). We consider supermode theory to study the stralgbtigh coefficients, and the cross-over coupling coeffi-
cient,k, in a DC (see Figl). We assume a symmetric and lossless couplerkiet,s*> = 1, while the optical losses
of the coupler are incorporated into the round trip loss efehtire optical cavity. The effective indices of the first
two eigenmodes of the coupled waveguidEE{, symmetric, and E;, antisymmetric, modes in Fid.(c)) determine

the coefficientsk (T,W,A) = |sin ( [ne”TEo(T’W’A);ne”TEl(TW’A LI can be calculated based on the

2D approximation of the DC indicated in Fiy(c) (i.e., a five-layer slab waveguide structure), in whigfl ) is the
effective index of the slab waveguide in theirection in Fig.1(b), andn;=1.444. The optical spectra of the photonic
switches under variations can be simply calculated usiagrtathodology presented in this section.

we can calculate the resonance wavelength shifdgs =

3. Results, Fabrication and Discussion

The quantitative simulation results of the proposed mogelsformed in MATLAB, are indicated in Fig. We con-
sider strip waveguides wittv = 500 andt = 220 nm (same in our fabrication), and a variation rangg; af €[-30,

30] nm (only in our simulations). Also, the central waveldng\, is at 1550 nm. As the figure indicates, compared
with the numerical simulation results, our method indisatery high accuracy with an error rate of smaller than 1%.
Particularly, our method achieves a speed-up of greatertféx. Fig. 3(a)illustrates the unit cell of the fabricated
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Fig. 3: (a) The unit cell of the fabricated MR (top) with a ndscopic photo from part of the chip; (b) Resonance
wavelength shift for devices placed at different positi@Gasnd y) on the chip wheh,f}lR = 1550 nm; and, (c) Dif-
ference in the resonance wavelengths of each MR MR (@nd MR;) with respect to their distance, where 1770
comparisons are made (orange data points). The purplendieates the median, while the green line indicates the
thickness variationg) associated with the maximum resonance wavelength difterdepicted by the red line.

MR with two fiber grating couplers (FGCs) designed for 1550qumasi-TE operation on a 127m pitch. 60 copies

of the same MR are placed between(@® and 4.2 mm apart on the chip. The optical spectrum of thedated MR

is depicted in Fig2(d) (whenp; = 0), in Which/\,\(}IR = 1550 nm and the free-spectral-range (FSR)nm. All of the
devices are automatically tested and compared with eaen tutstudy the difference in their resonance wavelengths
with respect to their distance on the chip; (60 choose 2J70 comparisons are made.

The resonance wavelength shift was found to be smaller teR$R of the MR. Fig3(b) indicates the resonance
wavelength shift (i.e.AMwr = Amr — Agr NM for i€[1,60]) versus the physical position of the MRs (see also Fig
2(c)). We can attribute the deviations to the thickness vamedigp; >> py [1-3]. SinceAAyr > 0, based on our study
pr > 0 (i.e., thickness is 22t nm). The worst- and best-caAdur (por) are found to be 2.11 (1.55) and 0.64 (0.47)
nm, respectively. We indicate the resonance wavelengtardifce (with its maximum and median) for each pair of
MRs (y axis) versus their physical distance (x axis) in Bifz). Considering the median and its standard deviation
(o =0.07 nm), we can observe a strong correlation between tbaaase wavelengths of the MRs and their distance,
both for the MRs in proximity €2 mm) and for those-4 mm apart. Fig3(c) also indicates a variability of 0.24 nm
for two MRs at a distance 0 apart. Employing our method, tiekittess variation (wittu[mean]= 0.61 andr = 0.17
nm) associated with the maximum resonance wavelengthrelifte is depicted in Fig(c). The thickness varies with
a small deviation in Fig3(c) which results in the strong correlation among the resonaeelengths of the MRs.

The proposed method in this work can be integrated into réiffesilicon photonics design tools, enabling the
real-time performance evaluation of PICs under procesati@ns. As a case study, we applied our method to an
MR-based photonic switch consisting of four MRs for swit@hfour wavelengths, and we found out that the optical
signal-to-noise ratio (OSNR) at the drop port of the switelreéases by 7 dB on average wiggn=1.55 nm.
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