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Abstract. One of the key performance indicators of photonic circuits is the value of optical
propagation losses. Among several factors which impact these losses, the sidewall roughness is
considered as the primary focus of this work. The optical signal, propagating along the photonic
device, scatters on roughness of its element’s surfaces. This decreases the output power, as well
as leads to the higher heating and worse transmission characteristics, which in its turn increases
the noise ratio and creates undesired phase deviations. Thus, the problem of sidewall roughness
simulation (and consequently, losses estimation in microwave photonic circuits caused by it) is
relevant at the design stage of the devices. Therefore, a new, highly efficient model of sidewall
roughness based on a photolithography simulation and imitational modelling of photoresist
exposure is presented. Principles of operation and implementation features of the model are
described. Simulation results, obtained using the new roughness model, are demonstrated and
an approach on their verification with experimental data is suggested. Additionally, theoreti-
cal estimations for the optical losses caused by sidewall roughness in ridge Si waveguides are
discussed.
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AnHoTanusa. ONTrYecKue Mmorepyu pagruo@OTOHHBIX CXEM SIBJIIETCSI OMHUM M3 BaxKHEMIIIMX
ToKazaTejell KauecTBa nx padboTel. Cpean MHOXecTBa 3 (HEKTOB, BIUSIONMINX Ha ONITUYECKIE
TMOTepPU, MOXKHO BBIICJUTH IIEPOXOBATOCTh OOKOBBIX CTEHOK ONTHYECKUX 3JIEMEHTOB
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TaKUX CXeM (Hajee ILIepOXOoBaTOCTh). B maHHO#I pabore mpemiaraercss K pPacCMOTPEHUIO
BBICOKOA((PeKTUBHASI MOEJIb ITOSBJICHMSI IIIEPOXOBATOCTH, COCTOSIIIAS U3 pacyeTa ONTUIECKOi
yactu (oroaurorpacdun, a TakKKe HMMTALMOHHOIO MOACIMpoBaHUsI pe3ucta. OnucaHbl
MPUHLMIIBL  (DYHKIIMOHUPOBAHUSI W OCOOCHHOCTM peaju3alluy TIPeACTaBIEHHONW MOJICIIHN.
[MponeMOHCTPUPOBAHBI pPE3yJIbTaThl MOICIUPOBAHUS, TOJYYEHHBIE C TIOMOIIBIO HOBOIA
MOJIEJIU IIEPOXOBATOCTH, a TAaKXKe TMPEIJIOKEH METON UX 3KCITEPUMEHTAIbHOW Bepu(UKaIluu.
[MpuBoauTCs TeopeTHyecKash OLEHKAa IOTepb B BOJHOBOAHONM CTPYKType, CBS3aHHBIX C
LIEPOXOBATOCTHIO.

KioueBbie ciioBa: 111epOX0OBAaTOCTh, MOJIEIMpOBaHMe (hoTosuTOrpacdum, cirydaitHas TIoTHast
yIakoBKa, MOJIEJIUPOBaHUE TIPOSIBIIEHUS (poTOpe3ucTa, MHTEerpasibHast (POTOHUKA, ONTUYECKUE
noTepu
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Introduction

The research activity in the field of integrated photonics is growing steadily. As a result,
some aspects of microelectronics technology which were earlier ignored, are becoming more
relevant. One of such aspects is a problem of sidewall roughness, which is assumed to be one of
the main components contributing to the energy efficiency of photonic integrated circuits [1].
The signal propagating along the photonic device, scatters on roughness of its element’s surfaces.
This decreases the output power, as well as leads to the higher heating and worse transmission
characteristic, which in its turn increases the noise ratio and creates undesired phase deviations.
This hinders the use of photonic devices in radiolocation and RF transmission circuits.

Most often, due to the low availability of roughness modeling tools, as well as the high
computational complexity of the algorithms used in them, the described problems are identified
only at the stage of testing of the final devices. Thus, the problem of estimating losses in photonic
circuits caused by sidewall roughness is relevant at the design stage. In this work a highly efficient
sidewall roughness model is proposed, which could allow to fill this gap.

Materials and Methods

Roughness simulation, in terms of the model presented, consists of two steps. First step is a
modelling of the photolithography which allows to take the effect of photon shot noise on the
formation of roughness into account [2]. Second step is an application of the original imitational
model of the resist exposure. It is assumed that the etching process used for manufacturing
integrated photonic elements is chosen to be highly anisotropic, which results in inheritance of
roughness features from the resist to the formed structure.

Based on the photolithography modelling data (Fig. 1, a), a region of “Unreliable illumination”
is calculated [3] (Fig. 1, ). In this region there might be statistical deviations in energy, transferred
to resist which may lead to local under- or over-exposures. Thus, it is assumed that sidewall
roughness will be localized inside the “Unreliable illumination” region. Formally this region
could be defined as by equation (1) on the aerial image plane (distribution of intensity over
the resist, obtained as a result of modeling the optical part of photolithography). Here [l.magm
is defined as an average intensity over which photoresist becomes exposed and o, is define
by (2). E(I) denotes an expected value of intensity, which could be substituted with intensity,
obtained from CAD simulations. This reflects the statistical nature of roughness modeling.
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where [ is intensity, 7 is exposure time, A is an elementary area unit on the XY simulation plane
and A is a photolithography wavelength.

The contribution of photoresist effects to sidewall roughness is taken into account by applying
an imitational model of the resist exposure. In terms of this model, the macromolecules of the
photoresist material are represented as tightly packed spheres or as referred further — grains.
The resist grains mass (and, accordingly, size) variations are taken into account by specifying
the grains radii distribution. If resist grain is partially or completely located within “Unreliable
illumination” region, its exposure occurs only with some probability, which contributes to the
roughness of the final structure.

After processing the initial data and obtaining the “Unreliable illumination” region, a smooth
buffer region is built around it on a distance of two maximum radii from given grain radii
distribution (Fig. 1, b). This ensures that every placed grain would give noticeable impact to final
roughness modeling result as well as there would be minimal number of grains to be processed.
Over the smooth buffer region, a grid data structure and a grid-based buffer are built with cell size
of four maximum radii from given radii distribution (Fig. 1, ¢). The former one allows to address
paced grain’s location by their number and numbers of placed grains by the number of grid cell.
This allows the close packing algorithm to compute in linear time with respect to the number of
balls to be processed. The latter one allows to efficiently calculate if placed grain is inside valid
region and thus is used as a shape to be filled. The close packing algorithm, used in this work is
a highly optimized for photoresist modeling 2D realization of 3D version of algorithm, presented
at [4]. The result of the application of this algorithm could be seen at Fig. 1, c.
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Fig. 1. Lnitial data for unreliable exposure model: aerial image and exposed resist contour (marked as
purple). Initial topology polygons are presented with green lines (a); Buffer region (marked as black)
is built around “Unreliable illumination” region (marked as white) (b); Result of the close packing
algorithm application on a grid-based region (marked as black), built around buffer region, shown
on Fig. 1, b )(¢); Grains labeling: blue ones (in contrast to green ones) are exposed by chance (d);
Exposed grains (marked as yellow). Initial resist contour (marked as transparent purple) is presented
for comparison (e); Result of the patching and smoothing algorithms application. Initial resist contour
(marked as transparent purple) is presented for comparison (f)
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The final step before exposure simulation is grains labeling (Fig. 1, d) — algorithm defines,
which grains from close packed ones fall into “Unreliable illumination” region and which ones
are definitely exposed. Consequently, unreliable grains are processed using the criterion, described
further in this work. Remaining (exposed) grains could be seen at Fig. 1, e. Finally — patching
algorithm is applied between each neighboring grain which returns their convex hull — this and an
additional spline interpolation algorithm allows for overall smoothness of the final result (Fig 1, f).

To simulate the exposure process — an exposure probability function is calculated for each of
the unreliable grains, which could be expressed as (3). Each unreliable grain is split into 3 parts
— reliable one, which is located in the definitely exposed region, unreliable one — according to
the name, and underexposed one, as shown in Fig 2, a. Those correspond to values Ain, Aur, and
Aout in (3) — which represent the fractions of overall grain area. Important to note that sum of
this values equals to one.

P(Exposure) =4, +4, -P(I) +0-4, 3)

where P(/) is derived from Poisson cumulative distribution function and Ain, Aur and Aout are
fractions of grain area, defined by Fig. 2, a.

For photoresist that becomes exposed over low intensity values, P(/) in (3) has the meaning
of probability that less than the threshold number of photons (proportional to Iimaging)
strikes the grain in average over its area. This probability is calculated using the Poisson
cumulative distribution function (Fig. 2, b), which is built for each grain by the average
number of photons over all yellow points shown in Fig. 2, a. Respectively, for photoresist
that becomes exposed over high intensity values, P(/) should be calculated as 1 — P(/) for
low intensity resist.
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Fig. 2. Location of intensity points (yellow) that are averaged for each grain for probability

calculation. Additionally, 3 split parts, calculated for each grain are shown — each corresponding

to one of three fractions of area, used in (3): red part corresponds to A4  fraction of grain area,

blue part corresponds to A  fraction and green part corresponds to A, fraction (a); Probability

calculation that less than threshold number of photons will strike the grain on average (y axis value,

corresponding to horizontal black dotted line). Calculation is performed with the use of Poisson
cumulative distribution function (b)

Results and Discussion

As could be seen on Fig. 3, a — resulting distribution of grain sizes (grains are shown on
Fig. 1, ¢) is closely matched with initial one. It is also worth noting that overall running time of
all applied algorithms is close to linear in respect to number of grains needed to be processed (as
shown in Fig. 3, b). Results of high-precision modeling are shown on Fig. 3, c¢. Initial number
of resist grains was about 3.5k. Full computation time needed to achieve the result presented was
about 13s.

Sidewall roughness inflict and therefore highly correlated with optical losses. In agreement
with Yap-form Payne-Lacey model [5], losses caused by sidewall roughness scattering in ridge
optical waveguide can be expressed as (4):
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where o is root-mean-square roughness, d is ridge waveguide half width, 8, M is a propagation
constant. g(¥) and f(x, y) are functions described in [5].

By measuring these losses one can calculate device sidewall roughness and, consequently,
verify new roughness model. On this basis, we propose a verification methodology that could be
divided to three steps:

- Fabrication of test waveguide structures;

- Evaluation of numerical roughness characteristics by using a scanning

electron microscope [6];

+ Measurement of the transmission characteristic of the devices obtained.
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Fig. 3. Acquired probability density function (shown with histogram) and original probability density

function (shown as orange curve) of grain’s radii distribution (a); Time vs resulting number of grains

processed by all applied algorithms (b); Results of high-precision modeling. Initial number of grains
was about 3.5k. Running time was about 13s (c)

Conclusion

In this work simulation results, obtained using the new, highly efficient sidewall roughness
model, were demonstrated. Principles of operation and implementation features of the model were
described. An approach on their verification with experimental data was suggested. Additionally,
theoretical estimations for the optical losses caused by sidewall roughness in Si waveguide are
discussed.
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