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Abstract

Herein, we present a design analysis and optimization of open-cladded plasmonic waveguides on a Si;N4 photonic waveguide
platform targeting CMOS-compatible manufacturing. For this purpose, two design approaches have been followed aiming to
efficiently transfer light from the hosting photonic platform to the plasmonic waveguide and vice versa: (i) an in-plane, end-fire
coupling configuration based on a thin-film plasmonic structure and (ii) an out-of-plane directional coupling scheme based on a
hybrid slot waveguide. A comprehensive numerical study has been conducted, initially deploying gold as the reference metal
material for validating the numerical models with already published experimental results, and then aluminum and copper have been
investigated for CMOS manufacturing revealing similar performance. To further enhance coupling efficiency from the photonic to
the plasmonic part, implementation of plasmonic tapering schemes was examined. After thorough investigation, plasmo-photonic
structures with coupling losses per single interface in the order of 1 dB or even in the sub-dB level are proposed, which additionally

exhibit increased tolerance to deviations of critical geometrical parameters and enable CMOS-compatible manufacturing.

Keywords CMOS metals - Photonic integrated circuits - Plasmonics - Silicon nitride - Surface waves

Introduction

Plasmonic waveguides have attracted significant research in-
terest due to their unique features and unmatched advantages.
By supporting surface electromagnetic waves known as sur-
face plasmon polaritons (SPPs), plasmonic waveguides can
confine and guide light below the diffraction limit at sub-
wavelength scales [1, 2] reducing the size of optical compo-
nents down to that of nano-electronic transistors. However,
inherent high propagation losses of plasmonic waveguides
stemming from their metallic nature, in conjunction with the
broad adoption of noble metals like gold (Au) and silver (Ag)
hamper their broad deployment in photonic integrated circuits
(PICs). To overcome those limitations and fully exploit the
profound benefits of plasmonic technology, two technology

< E. Chatzianagnostou
evachat@csd.auth.gr

Department of Informatics, Center for Interdisciplinary Research and
Innovation, Aristotle University of Thessaloniki,
57001 Thessaloniki, Greece

Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR 6303
CNRS-Universite de Bourgogne, 21078 Dijon, France

directives have to be followed: (1) selectively co-integrate
nano-scale plasmonics with low-loss photonic components
and (2) replace noble metals with alternative CMOS-
compatible counterparts enabling volume manufacturing of
high-performance plasmo-photonic ICs.

Some remarkable efforts to co-integrate specific plasmonic
and photonic waveguides in hybrid structures and functional
modules were recently reported [3—23]. While the vast major-
ity of these structures exploit silicon (Si) as the photonic wave-
guide platform [3—15], silicon nitride (SizN4) has been also
deployed [16-22], as a cheaper technology alternative offer-
ing wider wavelength transparency from visible to infrared as
well as photonic waveguides with lower propagation losses
and relaxed fabrication tolerances [24, 25]. Moreover, silicon
nitride is a commonly used material in CMOS electronic fab-
rication processes (etch masking, passivation, strain engineer-
ing), therefore enabling CMOS-compatible integrated photon-
ics [26]. Regarding the plasmonic structure, the two dominant
waveguide types in literature are based on metal stripes
[12-20] and metallic slot configurations [3—11, 21, 22]. A
key challenge when integrating those types of plasmonic
waveguides with photonics in order to minimize overall chip
losses is to maximize the power coupling from the photonic to
the plasmonic part. Regarding stripe-based plasmonic
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waveguides, the required photonic-to-plasmonic waveguide
transition has been accomplished so far by either end-fire
[12-17] or directional coupling schemes [18-20]. In the me-
tallic slot configurations, the power transfer is achieved by
exploiting the directional coupling mechanism [3-5, 22] or
by means of mode conversion from the photonic to the plas-
monic mode [6-11, 21]. However, in most cases DLSPP
waveguides [12—15] or embedded in dielectric material plas-
monic structures are reported [3-5, 8, 11, 18, 19] leaving
biosensing applications far behind their performance limits
due to the partial exploitation of the electromagnetic field at
the metal interface. On the contrary, uncladded versions of
SPP waveguides may be leveraged as very efficient transduc-
ers in integrated sensors due to the extraordinary exposure of
the optical field at the metal-analyte interface [10, 20]. In
addition, adoption of noble metals has been the dominant
tendency regarding the plasmonic material. Although individ-
ual studies relying on CMOS-compatible metals like alumi-
num (Al) and copper (Cu) have reported promising results [3,
6,17,21,27-31], a systematic approach to study and evaluate
the capabilities of such materials and structures on SizNy-
based photonic waveguides is missing.

Towards this direction, in this paper, we present a system-
atic methodology to efficiently co-integrate those two funda-
mental types of plasmonic waveguides on a Si;N4 photonic
waveguide platform towards (i) low-loss plasmo-photonic
structures and (ii)) CMOS compatibility. In parallel, we focus
on open-cladded, liquid-loaded structures that may be subse-
quently adopted as optical transducer elements in integrated
biosensors, although applications like ultra-short intercon-
nects, optical switches or electro-optic modulators [7, 9, 13,
15, 17] are also possible. In this framework, two different
routes were followed for the design of the interface between
the photonic and the plasmonic waveguides. In the first case,
an end-fire, in-plane coupling approach was used to couple
light from a Si3N4 bus waveguide to a thin-film plasmonic
waveguide with finite width [32]. The second approach con-
cerns a hybrid plasmo-photonic waveguide configuration
which exploits off-plane directional coupling to vertically
transfer light from a SizN, ridge waveguide to a metal slot
waveguide. Before proceeding to the CMOS-based design
analysis, we present a thorough numerical investigation of
both thin-film and slot configurations using gold as the refer-
ence metal in order to extract a general design route for each
coupling scheme applicable to different materials and plat-
forms and to allow for validation with already reported exper-
imental relevant results [16, 22]. Coupling efficiency in the
proposed configurations has been optimized beyond the re-
ported values in [16, 22] by the implementation of plasmonic
tapering schemes leading to coupling loss even in the sub-dB
region. Relying on those outcomes, we extended our investi-
gation to account for CMOS compatibility by replacing gold
with the low-cost materials of aluminum and copper in the
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plasmonic waveguides paving the way towards volume
manufacturing of plasmo-photonic integrated circuits. Data
from experimental characterization have been used for the
refractive index of all the investigated metals (Au, Al, Cu)
[31]. Furthermore, the fabrication tolerance of the proposed
structures with respect to key geometrical parameters has been
examined demonstrating high tolerance to possible structural
deviations.

The rest of this paper is organized as follows: firstly, the
detailed design analysis including fabrication tolerances of
both end-fire and directional coupling schemes is presented
for the case where gold is utilized as the plasmonic metal
material. This analysis provides the functional characteristics
for both thin-film and slot configurations that are subsequently
used for the design of the CMOS-compatible configurations.
In the next section, plasmonic tapering methods are investi-
gated to further enhance coupling efficiency. Following the
optimization section, extension of the Au-based designs by
replacing gold with the CMOS fab compatible materials alu-
minum and copper as the plasmonic metal is described. A
comparative overview is presented in the next section, while
in the last section, a brief summary and concluding remarks
are provided.

Design of Gold-Based Structures

The SizNy-based waveguide platform selected in this work is
based on a 360 nm x 800 nm Si;N, ridge waveguide (ngi3ng =
1.996 [33]) located on top of a 2.2 um thick buried oxide
(Si0,) substrate (nsjo, = 1.444 [34]) and cladded by a
600 nm low-temperature oxide (LTO), (1o = ngjo»). Such a
Si3N4 waveguide layer can be developed in a CMOS fab
either at the front-end of line (FEOL) process using low-
pressure chemical vapor deposition (LPCVD) or at the back-
end of line (BEOL) using plasma-enhanced chemical vapor
deposition (PECVD) at the cost of additional losses at
1550 nm [26].

To identify the supported photonic modes for this configu-
ration and detect their modal characteristics, a thorough eigen-
value analysis was conducted using a commercial-grade
finite-difference-based eigenmode solver [35]. It was found
that this waveguide can support two fundamental photonic
modes at the wavelength of interest, i.e., 1550 nm: the
quasi-TE and the quasi-TM. These modes are then used for
the excitation of the surface plasmon polariton in the direc-
tional coupling (slot waveguide) and end-fire (thin-film
waveguide) scheme, respectively.

The cross-sectional geometry of the SizN, waveguide
along with the electric field distributions of the two fundamen-
tal supported modes are depicted in Fig. 1. For this waveguide
and air as the over cladding, the effective indices obtained
with 2D eigenvalue analysis are nee =) =1.577 and
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nei™ = 1.517 for the quasi-TE and the quasi-TM photonic
mode, respectively.

End-Fire Thin-Film Structure

In what follows, we present the detailed design analysis of the
first coupling scenario that relies on an end-fire configuration
adopting gold as the plasmonic metal. It consists of the SisNy
photonic waveguide and an Au-based thin film with finite
width plasmonic waveguide. The metallic stripe (75, =0.26—
11.0009i [31]) resides on a SiO, substrate and has a thickness
of 100 nm. Additionally, it is open-cladded (without any di-
electric on top) so that it can be potentially exposed to any
surrounding medium. In our design approach, a water layer
(Mwater = 1.311-0.0001348i [34]) has been adopted as the
overlying medium (over cladding) so as to optimally mimic
the aqueous environments potentially found in biosensing ap-
plications. The 2D cross-sectional geometry of the whole
structure can be seen in Fig. 2a.

This plasmonic thin-film configuration has been numeri-
cally analyzed by the same eigenmode solver to detect its
supported modes and specify their modal characteristics. It
was found that this structure is capable of supporting a funda-
mental TM plasmonic mode mostly concentrated above the
metal layer and exhibiting a maximum on the metal-cladding
interface. Although the modal properties of the plasmonic
mode are strongly dependent on the refractive index of the
overlying material, the geometry of the Au stripe and espe-
cially its width (w,,) is also a crucial parameter that affects the
modal characteristics of this plasmonic waveguide. More spe-
cifically, when w,,, is decreased the plasmonic mode’s prop-
agation losses are increasing till the cutoff width of approxi-
mately 4.5 um, below which the plasmonic mode cannot be
supported. Figure 2b shows the plasmonic mode of interest for
wau =5 um (slightly above the cutoff width). The effective
index derived from this eigenmode study was neg=1.315-
0.002631i leading to a propagation length (Lgpp) equal to
48 pm, that is the e-folding distance of the optical intensity.

In order to efficiently transfer the light between the photon-
ic Si3N, waveguide and the thin-film plasmonic structure,
spatial mode matching between the photonic and the plasmon-
ic mode should be achieved. The polarization of the plasmonic
mode field components dictates that coupling is possible only
to the fundamental quasi-TM mode of the Si;N, waveguide.
Therefore, the spatial distributions of the quasi-TM photonic
and the TM plasmonic mode should be spatially matched.
More specifically, given the field distributions of these two
modes for the initial geometry setup, the extent of the photonic
mode at the x-axis (Fig. 1¢) is quite smaller compared with
that of the plasmonic mode (Fig. 2b). Additionally, the two
modes are not center-aligned along the y-axis. Consequently,
the Si;N, mode cannot fully contribute to coupling, since its
lower part is hidden by the metallic stripe. In order to improve
spatial matching, both widening the SizN4 mode with respect
to the horizontal (x) direction, as well as centering the two
modes along the vertical (y) direction is necessary. The
Si3N, mode widening can be achieved either by reducing
the SizN, ridge width, as this tends to relax mode confine-
ment, or by broadening the physical width of the SisN,4 core
which will naturally expand the photonic mode horizontally.
In this work, we chose the second route considering that
narrowing the Si;N4 would increase the propagation losses
while cumbering fabrication requirements. Moreover, eigen-
mode analysis revealed that the photonic mode exhibits mar-
ginal ng; changes in the order of 0.001 for Awgn=1 pum
when wg;y increases above the cutoff width of the plasmonic
waveguide (wg;y > 4.5 wm). With respect to the center align-
ment along the y direction, it can be accomplished by intro-
ducing a vertical offset (/o) between the two waveguides
along this direction. Following this rationale, in what follows,
critical geometrical dimensions of the interface will be varied,
in pursuit of maximum coupling efficiency.

Towards this objective, a detailed power overlap integral
analysis between the two modes has been performed. This
analysis aims to provide a qualitative indication of the appro-
priate cross-sectional geometry along with the necessary ver-
tical offset so that optimum performance is achieved. The
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vector overlap integral (OI) calculation has been performed by
using the following equation

mEph x Hy"2 dS‘2

ol (1)

- mEph X

where E, H describe the vector of electric and magnetic field
distributions, whereas the distinction between photonic and
plasmonic mode is denoted with subscripts (E,;, H,j, for
the photonic and E,;, H,,;, for the plasmonic). Equation (1) is
evaluated on the cross-sections (S) of the two waveguides
under study.

Equation (1) is expected to provide the fraction of the guid-
ed power that can be transferred from the photonic to the
plasmonic mode and/or backwards. The overlap integral anal-
ysis was conducted varying the Au-stripe vertical position
(along y direction) with reference to the basic Si;N, wave-
guide (Fig. 3a, denoted as /¢ in Fig. 3b). That was repeated
for several combinations of the Si;N, waveguide and Au-
stripe widths (wsin/Way) as presented in Fig. 3c.

For each width combination, a local maximum is observed
for the overlap integral with respect to /e This maximum
tends to take larger values as both waveguide widths increase.
Simultaneously, the mode matching is optimum when wyg;y is
adjusted to a value almost equal to wx,. The final selection of
the appropriate cross-sectional dimensions though has been a
compromise between the maximum spatial matching efficien-
cy, low plasmonic propagation losses and the whole end-fire
structure compactness.

As such, the optimal geometrical characteristics for the Au
stripe and the SizN, photonic waveguide have been chosen so
that the metal film is wide enough to achieve an overlap inte-
gral value above 50% and reasonable plasmonic propagation
losses (0.05 dB/pum) in compact dimensions. Thus, the exact
cross-sectional dimensions for the Au stripe and the SizNy4
waveguide core were chosen 100 nm % 7 um and 360 nm x
7.5 um, respectively, yielding a spatial matching capability
(overlap integral value) almost 52% for a vertical offset dis-
tance, Ao, 400 nm. Figure 4 depicts the mode profiles for
the two selected waveguide cross-sections. The effective indi-
ces obtained at 1550 nm are neﬂ“ph =1.608 for the photonic
and nempl =1.317-0.00143i for the thin-film plasmonic mode

H,;"2 dS|'|ﬁEpl x Hy "z dS| ,
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with the latter exhibiting 0.05 dB/um propagation losses and a
propagation length, Lgpp, of 86 um. To guarantee that only the
fundamental mode of the selected Si;N, waveguide will be
excited, a linear taper can be used between the basic SisNy
waveguide (360 nm x 800 nm) and the finally selected cross-
section (360 nm x 7.5 um) to achieve adiabatic transfer be-
tween the two quasi-TM photonic modes (Fig. 1c and Fig. 4a)
[16].

Going a step further, the aforementioned waveguide struc-
tures have been combined in an end-fire interface configura-
tion as the one shown in Fig. 5a. The 3D model of this struc-
ture represents a single transition from the photonic to the
plasmonic waveguide and has been numerically simulated
by means of a commercial-grade simulator based on the
finite-difference time-domain (FDTD) method [36] in order
to verify the extracted results from the 2D overlap integral
analysis and calculate the light coupling efficiency of the pro-
posed structure. The opposite direction of propagation (from
the plasmonic to the photonic waveguide) has been also ex-
amined leading to similar results. A side-view geometry of the
proposed interface can be found in Fig. Sb illustrating the
main parameters under investigation. As can be seen, apart
from the vertical offset, /e, Which was previously de-
scribed, an additional parameter (L) has been introduced
representing a longitudinal offset at the photonic-to-plasmonic
interface providing also the fabrication tolerance of the struc-
ture in metal deposition inaccuracies. Moreover, water has
been utilized as the surrounding medium of the structure.

Figure 5c¢ depicts the coupling loss of the proposed thin-
film-based coupling scheme calculated for two different cases.
Firstly, varying the /g between 0 and 1 pm for a fixed
Lofrser = 0 um (blue curve) and then varying the L between
0 and 1 um for the optimum /e, obtained from the first
analysis (red curve). This 3D parametric analysis confirmed
that the optimum value of /¢ is equal to 400 nm leading to a
minimum coupling loss (or maximum coupling efficiency) of
—1.91 dB matching the overlap integral analysis. Regarding
tolerance to deviations of /i, the insertion loss increases
only by 0.5 dB when /e varies =200 nm from the optimal
value (400 nm) and remains below 1 dB for /g Variation
between —270 nm and +400 nm from the optimal value
(400 nm). As far as the longitudinal offset (Logpser) 1S
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concerned, the 3D FDTD simulation study proved that a small
increase of coupling loss is observed when L increases.
Specifically, only 0.28 dB of excessive loss is observed when
Lo frser increases from 0 to 500 nm revealing an increased tol-
erance of the proposed plasmo-photonic interface to structural
deviations of few hundreds of nanometers. Moreover, we note
that even in the extreme case where L reaches its extreme
value of 1 um extra loss remains below 1 dB.

In all the above cases, coupling losses were calculated by
launching the quasi-TM mode of the 7.5-um-wide photonic
waveguide as excitation and measuring the power that has been
coupled to the TM plasmonic mode at a distance of 1.5 pm away
from the front-end of the Au stripe. To ensure that the calculated
power transmission refers only to the TM plasmonic mode and
not any power coupled to potentially excited radiation modes, the
coupling loss was calculated with the aid of a built-in mode
expansion technique offered by the FDTD-based simulator [36].

Fig. 4 Electric field distribution
of the a TM photonic mode of
interest and b the TM plasmonic
thin-film mode. The dimensions
utilized for the two structures
have been derived from the over-
lap integral analysis

y axis (um)

6 -4

To investigate the broadband behavior of the thin-film con-
figuration an additional study has been performed.
Specifically, the 3D interface model has been electromagnet-
ically simulated through FDTD analysis in a wavelength re-
gion between 1500 and 1600 nm. Figure 6 shows the coupling
loss and the Lgpp variation within this range. Interestingly,
coupling loss is slightly affected by this wavelength sweep
(0.2 dB to 0.4 dB absolute deviation from the coupling loss
calculated at 1550 nm) revealing a 1-dB bandwidth greater
than 100 nm whereas an absolute deviation of 4 pum to
14 pum from Lgpp =86 um at 1550 nm is observed.

This design analysis has been also experimentally verified
in [16] showing the practicability of our design process.
Specifically, for a fabricated structure with L, equal to
575 nm for the left (photonic-to-plasmonic) and 850 nm for
the right (plasmonic-to-photonic) side of the plasmo-photonic
structure, an insertion loss of —2.3 +0.3 dB per single inter-
face was measured which is in agreement with the expected
theoretical ones for the above Lgo: values (see red curve in
Fig. 5¢, —2.3 dB and —2.6 dB for Lygee =575 nm and
850 nm, respectively).

Hybrid Slot Structure

The second coupling scheme investigated in this work adopts
a hybrid plasmonic slot structure extending the structure re-
ported in [3]. Specifically, in the cited study the whole struc-
ture is embedded in silica excluding any aqueous applications
of such a hybrid configuration. In this work, we examine an
open-cladded hybrid slot waveguide and we optimize cou-
pling efficiency in a water filled slot. Moreover, we deploy
Si3N, for the photonic waveguide platform instead of silicon.
As such, the proposed hybrid structure consists of the previ-
ously described Si;N, ridge waveguide (photonic part) and an
Au-based plasmonic slot element (plasmonic part) located on
top of the LTO cladding of the photonic waveguide. The LTO
cladding acts as a spacer between the two parts of the hybrid
composite. The hybrid structure resides on a silica (SiO,) sub-
strate and is surrounded by a water layer to optimally mimic a
potential biosensing environment. The cross-sectional geom-
etry of this waveguide is depicted in Fig. 7a. Due to its hybrid
nature, this structure is capable of supporting modes with field
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0
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distributions in both the photonic and plasmonic part. In order
to transfer light vertically from the photonic to the plasmonic
part and/or backwards, the directional coupling mechanism
was exploited [37, 38]. More specifically, this hybrid struc-
ture, if properly designed, can support modes that exhibit
quasi-even or odd symmetry allowing for power exchange
between the two branches. This power exchange can be con-
sidered as the result of the beating between the two supported
modes of different symmetry. Our design analysis aims at
maximizing this power transfer between the two branches by
optimizing the geometry of the hybrid structure. For this
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Fig. 6 Coupling loss (blue curve) and plasmonic propagation length (red
curve) versus wavelength for the thin-film interface configuration
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purpose, a two-step design approach has been followed.
Firstly, the 2D eigenvalue problem of the structure was solved
in order to detect the two hybrid modes and secondly, the
power exchange mechanism was verified through a 3D
FDTD simulation at 1550 nm.

Beginning with the 2D modal analysis of the hybrid slot
waveguide, all the possible geometrical combinations were
taken into account so that the hybrid modes can be supported.
Three main geometrical parameters have been investigated:
the widths of the Si3Ny core (ws;y) and the plasmonic slot (w-
slot) as well as the thickness of the oxide cladding layer (/-
cladding)- The height of the Si;N, core has been retained equal
to that of the basic Si;N, ridge waveguide described in the
beginning of this section, i.e., 360 nm. The thickness of the
metal layer was set to 100 nm like the case of the end-fire
configuration.

A finite-difference-based eigenmode solver has been also
employed for the solution of this eigenmode problem [35].
Figure 7d—f summarize the results of a thorough parametrical
analysis regarding the three parameters under investigation.
Particularly, Fig. 7d, e contain the variation of the real part
of the effective indices for the quasi-even and quasi-odd
modes with respect to /¢jadding and wsy for several values of
the slot width, wg, (150, 200, 250, and 300 nm), whereas the
propagation length, Lgpp, of the pure plasmonic mode support-
ed by the slot waveguide (without the SizN, waveguide un-
derneath) as a function of wy is depicted in Fig. 7f. The
design target is to ensure efficient light transfer between the
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Fig. 7 a Cross-sectional geometry of the hybrid plasmonic waveguide
structure. b, ¢ Distribution of electric field dominant components (|Ex|)
and the corresponding electric field profiles [Re(Ex)] along x =0 for the
two hybrid modes of interest at 1550 nm. Geometrical properties: wgpy =
700 nm, wgo =200 nm, and /jadqing = 660 nm. Note the quasi-even and
odd symmetry of each mode. d Effective index values of the two anti-
symmetric modes (red and blue curves) versus LTO cladding thickness

two parts within a minimum coupling length (L.) and achiev-
ing a maximum propagation length (Lspp) for the pure plas-
monic section. Based on this rationale, the optimal geometry
setup has been selected as follows: wgpy =700 nm, wgo =
200 nm and /jaqding = 660 nm. Figure 7b, c illustrates the
electric field amplitude distributions (|£,|) for the two eigen-
modes (quasi-even and quasi-odd) and the corresponding

Fig. 8 a 3D geometry model
utilized for the 3D FDTD
analysis, b side-view of the
waveguide 3D geometry model,
and c electric field distribution
calculated on a plane in the mid-
dle of the metallic slot

Photonic waveguide = ’/

and for various metallic slot widths. The direction of the arrows indicates
increasing slot widths (150, 200, 250, and 300 nm). e Effective index
values of the two antisymmetric modes (red and blue curves) versus
Si3N, width and for various metallic slot values (150, 200, 250, and
300 nm). f Propagation length of the pure plasmonic mode (inset) versus
metallic slot width

electric field profiles [Re(E,)] along x =0 for the selected di-
mensions revealing their antisymmetric nature. The associated
effective refractive indices obtained at 1550 nm are ngyen =
1.5842-0.00199i and nyqq=1.4751-0.00194i for the quasi-
even and odd modes, respectively. The corresponding cou-
pling length (L.) has been calculated equal to 7 um according
to the following equation
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Table 1 Coupling loss

for each light transition Calculation plane Coupling loss (dB)

of the hybrid slot-based
waveguide structure A —-1.07
B —-2.31
™
Le=g—F— (2)
B even_ﬂ odd ’

where the real parts of the effective indices for each mode play
an important role for its minimization [4]. The propagation
length for the pure plasmonic mode has been calculated at
28 um.

At a second phase, the hybrid slot structure was used to
couple light efficiently from the pure photonic (input
waveguide) to the pure plasmonic part and backwards as
shown in Fig. 8a. Specifically, when the Si;N, ridge is
excited with the quasi-TE photonic mode (see Fig. 1b), a
set of antisymmetric hybrid modes as those investigated
previously is expected to be excited in the area where the
two parts (plasmonic and photonic) coexist enabling the
power exchange between the two branches. To further
enhance this coupling mechanism, the photonic wave-
guide has been interrupted after a length of L. (see Fig.
8b). This interruption aims at maintaining the coupled
optical power entirely in the plasmonic slot waveguide
and preventing any power from leaking to the photonic
part. After a distance d of the pure plasmonic part, which
was set to 4 um for computational simplicity, a similar
SizN,4 ridge waveguide was included in order to couple
the light back to the photonic plane.

The 3D model of the above configuration has been numer-
ically simulated using the FDTD-based solver. According to
simulation results, this hybrid structure can efficiently transfer
the light from the photonic to the plasmonic branch and/or
backwards with efficiencies over 78% per transition corre-
sponding to coupling losses of only —1.07 dB at the wave-
length of interest (1550 nm). Figure 8b depicts a side-view of
the analyzed geometry model whereas Fig. 8c shows the

Coupling Loss (dB)
- & ©
\] e} N

'
—_
(o)}

-2
1500

27
1600

1540 1560 1580

Wavelength (nm)

1520

Fig. 10 Coupling loss (blue curve) and plasmonic propagation length
(red curve) versus wavelength for the hybrid slot configuration

electric field distribution illustrating the light transfer.
Table 1 summarizes the coupling losses calculated on the
two different planes A and B (shown in Fig. 8c) representing
light transition from the photonic to the plasmonic plane (A)
and back to the photonic plane (B).

A device that exploits the vertical directional coupling
mechanism is quite sensitive to structural deviations dur-
ing fabrication. Taking this into account, we have exam-
ined the loss tolerance of the proposed plasmo-photonic
configuration with respect to deviations of two critical
structural parameters, that is the thickness of the LTO
cladding and the possible misalignment along the x direc-
tion between the plasmonic slot and the photonic wave-
guide denoted as Ax in Fig. 9a. Figure 9b depicts the
coupling loss with respect to /A¢jaqding Variations from op-
timal value (660 nm) calculated by means of 3D-FDTD
simulations for Ax=0 nm. The remaining geometrical
parameters were kept equal to their optimal values and
the interruption of the photonic waveguide retained to
the initially calculated L. value (7 um). As can be seen
in Fig. 9b, the proposed configuration is more tolerant for
thicker claddings. Specifically, for a cladding thicker by

12 water 0
’ o m -0.5
~ 1 Au H § E E -1
g T i dx < 2 g-15/
= 0.5| Acladding - LTO| = 2l
.2 1L o0 &0
5 Ofg = E.-25¢
a Si02 = s 3l
03 8 : 8 -3.5 i H ¢ H H
-1 4 R : : 4 : H : H :
2 -1 0 1 2 -100  -50 0 50 100 0 100 200 300
x axis (um) Ahcladding (nm) Ax (nm)
(@) (®) ©

Fig. 9 a Coupling loss tolerance of the a Au-based hybrid slot structure to b variations of the LTO thickness and ¢ misalignment of the two waveguides

along x direction (Ax)
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Fig. 11 3D geometries for the
investigated plasmonic tapering
scenarios. a Scenario 1 and b
scenario 2

Tapering
section

100 nm from its optimal value, an extra coupling loss of
only 0.6 dB is introduced while for a 100 nm shorter
cladding, excessive loss is about 1.5 dB. However, addi-
tional loss remains below 0.5 dB for a deviation of +
50 nm rendering the structure quite tolerant to potential
variations of the cladding’s thickness. The insertion loss
as a function of longitudinal misalignment is shown in
Fig. 9c where we observe that coupling loss increases
gradually with an increasing Ax. Interestingly, coupling
loss is minimally affected when Ax=100 nm (0.03 dB
of extra loss) while even at Ax =300 nm excess loss re-
mains below 1 dB. Similar results were obtained for a
misalignment to the opposite direction. Thus, the config-
uration under investigation exhibits an increased tolerance
to misalignment issues facilitating fabrication process.
Once again, optimal values have been used for the re-
maining parameters and coupling loss was calculated by
means of 3D-FDTD simulations.

The broadband behavior of the hybrid slot-based struc-
ture was also investigated. Figure 10 depicts the results in
the wavelength range of 1500-1600 nm. As can be seen,
for a wavelength range of 100 nm, changes below 1 dB
were observed with regard to coupling loss revealing a 1-
dB bandwidth greater than 100 nm whereas plasmonic
propagation length was minimally affected.

Experimental characterization of such a hybrid struc-
ture can be found in [22]. Specifically, coupling loss of
—2.24+0.3 dB is reported for a hybrid slot configura-
tion consisting of a 150 nm thick Au-based plasmonic
slot waveguide and a 360 nm x 800 nm SizN, photonic
waveguide. Apart from the slightly different dimensions
of the two waveguides, the coupling loss deviation of
1.17 dB compared to the expected value from the above
numerical analysis (—1.07 dB) is also attributed to the
existence of a thin Ti layer under the Au layer which
contributes to extra losses.

=

Au
2 LTO
mltaper  Lgi3Ng Ql;ta B
N Si02 8
“iaper S
= — Tapering
(a) section (b)

Coupling Efficiency Optimization

An additional design step was investigated as the means to
further improve coupling efficiency to the two aforementioned
plasmonic waveguides. This step includes the implementation
of plasmonic tapering configurations so as to achieve smooth-
er light transitions, and thus reduced coupling losses between
the photonic and the plasmonic waveguides.

End-Fire Thin-Film Structure

Regarding the end-fire thin-film structure, two tapering
scenarios have been studied which are depicted in
Fig. 11a, b. In both cases the inclusion of the plasmonic
tapering section aims at achieving better mode matching
between the injected TM photonic mode and the plasmon-
ic one eliminating modal reflection at the interface and,
thus, increasing coupling efficiency. For this purpose, two
main parameters were investigated for each scenario, i.e.,
the width (Waper) and the length of the taper (Liaper) (see
Fig. 11), whereas the rest of the geometry has been
retained identical to the optimal design presented in the
previous section to allow for comparison.

After a detailed 3D FDTD parametrical study, the sim-
ulation results revealed marginal improvement of cou-
pling efficiency in the order of 0.07-0.12 dB compared
to the initial scenario without the plasmonic tapering
scheme. The minimal improvement is attributed to the
fact that in both tapering scenarios although the transition
is smoother, a discontinuity and mode mismatch between
the two waveguides still exist. The exact coupling loss
values along with the optimal tapering geometry for each
scenario are listed in Table 2. For comparison reasons, the
coupling loss value for the initial case (without the plas-
monic taper) has been also included in this table.

Table 2 Comparative coupling
loss values for the various thin-

Coupling loss (dB) Optimal tapering geometry

film plasmonic tapering scenarios
Tapering scenario 1

Tapering scenario 2
Without taper

-1.84
-1.79
-1.91

Ltaper = 05 pm Wtaper = 65 pm
Ltapcr =05 pm Wtapcr =45 pm

@ Springer



832 Plasmonics (2019) 14:823-838
-0.8— |+ Ltaper=2pum
Photoni Taperin Au . =) i |=Ltaper=1.5um
Wavcgon.lg s eI:: tiong SLTO  Ltaper Pureplasmonicarea 3 -0.851+ “l-s-Ltaper=1pm
guide . e %
= = Si3N4 [ g2 -09 | Ltaper=0.5um
Si02 . 1 = -0.95] 4 e
=Si %I—— Y 2 i =
—— Sn Pl —g“ Y
R L] e e e
“ o ; R
Ry y Lx Interruption level ) 05 1 15 2 25 3 3 5 4
* Wtaper (pum)
(a) (®) ()

Fig. 12 Plasmonic tapering scheme for the hybrid slot configuration a 3D geometry model for the proposed tapering scenario. b 2D top-view of the
proposed tapering scenario. ¢ Coupling 10Ss Versus wiape, for several Ly, values

Hybrid Slot Structure

In the same rationale, a plasmonic tapering method in the
hybrid slot structure described previously has been also inves-
tigated. Coupling efficiency improvement has been pursued
by introducing a plasmonic taper section that serves as an
intermediate mode transducer between the pure photonic
waveguide and the final targeted hybrid slot structure. The
3D geometry as well as a 2D top-view of the proposed con-
figuration can be seen in Fig. 12a, b. As in the case of the thin-
film configuration, the tapering section is expected to limit the
reflected power from the photonic-to-plasmonic interface ren-
dering the light transition smoother and, thus, the coupling
mechanism more efficient. Towards this direction, the 3D ge-
ometry model of the proposed structure has been parametri-
cally investigated through 3D FDTD simulations.

The two main parameters which have been investigated are
the width (Weper) and the length of the taper section (Laper)
(Fig. 12b). Figure 12c shows the obtained results from this
parametrical study. More specifically, the variation of cou-
pling loss with respect to Wi,per seems to exhibit a local min-
imum (considering its absolute value) for wigper = 1.5 um. As
the length of the taper (Lyper) takes larger values this local
minimum decreases till the value of Liper=1.5 um beyond
which any increase of L., does not offer significant im-
provement. Therefore, the optimal choice for this configura-
tion includes Wiper = 1.5 um and Liaper = 1.5 pm leading to a

Fig. 13 Electric field distribution
for the TM plasmonic mode of
interest for a the Al-based wave-
guide and b the Cu-based
waveguide

y axis (um)

6 -4
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coupling loss value in the sub-dB region of 0.89 dB, providing
a clear added value of the proposed tapering scheme.

Design with CMOS Metals

Having completed the design analysis and efficiency optimi-
zation of both plasmo-photonic coupling schemes with gold
as the plasmonic metal material, we then proceeded to the
deployment of CMOS-compatible metals by replacing Au
with aluminum and copper. In this section, the influence of
the CMOS metals in both optimized plasmo-photonic wave-
guides is evaluated.

End-Fire Thin-Film Structure

As in the case of the Au-based, end-fire thin-film config-
uration, the design study for the CMOS-based thin-film
structure begins with a 2D eigenvalue analysis on the
cross-sections of the waveguides under investigation.
The coupling mechanism for this end-fire structure is ex-
pected to be governed by the same principles as the case
of Au, so spatial mode matching should be achieved in
order to efficiently transfer the light from the photonic to
the plasmonic waveguide. The power overlap integral
analysis described in the previous section has been repeat-
ed leading to similar results for the dimensions of the two

4
2
] . O 00
ok A e. 4 4

2 0 2 4 6 -6 4 2 0 2 4 6
X axis (um) X axis (um)
(a) (b)



Plasmonics (2019) 14:823-838

833

Fig. 14 a Coupling loss versus
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waveguide structures under study (Si3N4 photonic and
thin-film plasmonic waveguide) both for Al-based (n,;=
1.42-15.1i [31]) and Cu-based (nc,=0.26-9.8i [31])
plasmonic structures.

To have a fair comparison between the different metal ma-
terials the same dimensions of the SisN4 photonic and Au-
based thin-film plasmonic waveguides have been retained,
i.e., 360 nm x 7.5 um for the SisN4 photonic core and
100 nm x 7 um for the metallic thin-film stripe. It is shown
that, for these dimensions at the wavelength of interest
(1550 nm), the fundamental TM plasmonic mode is supported
by both the Al- and the Cu-based thin-film waveguides
(Fig. 13a, b) having an electric field distribution similar to
the one of the Au-based structure (Fig. 4b). The effective
indices derived from this 2D eigenmode study were nefﬁAl =
1.312-0.00196i1 and neﬂgc“: 1.319-0.00156i corresponding
to propagation lengths (Lgpp) of 63 um and 79 um for the
Al- and the Cu-based structure, respectively.

An end-fire interface configuration similar to the one
depicted in Fig. 5a has been analyzed by means of 3D
FDTD numerical simulations adopting Al and Cu as the
plasmonic metal material. The effect of both vertical (/4 ser)
and longitudinal (L _) offset distances on induced coupling
loss of the plasmo-photonic interface has been investigated.
Figure 14a shows the results of this numerical analysis for
both Al and Cu. As it can be seen, for both the Al- and the
Cu-based structure the variation of coupling loss with re-
spect to /i,ge; €Xhibits a local minimum (regarding absolute
value) at /1, =400 nm corresponding to stronger coupling.
At the same time, the variation of coupling loss versus Let
exhibits a monotonically decreasing behavior signifying that
the minimum achieved coupling loss is obtained for L=
0 nm for both CMOS metal materials and increases gradu-
ally with increasing L. Moreover, the end-fire structure
based on Cu seems to have better performance in terms of
coupling efficiency when compared to Al. As such, the min-
imum achieved coupling loss for Lymgec=0 nm and 7o =
400 nm has been calculated at —2.94 dB and —1.65 dB for

Al and Cu, respectively. Figure 14b, c illustrate the electric
field distributions along the light propagation direction for
both CMOS metals.

Regarding tolerance to structural deviations, the insertion
loss remains below 1 dB when /g varies between — 250 and
+ 600 nm from the optimal value (400 nm) for the Al-based
structure and between — 280 and + 370 nm from the optimal
value (400 nm) for the Cu-based structure. Additionally, only
0.3 dB of excessive loss is observed when L increases
from 0 to 500 nm for both CMOS metals and remains below
1 dB even when L reaches the extreme value of 1 um
suggesting again high tolerance of the proposed plasmo-
photonic interface to fabrication inaccuracies of few hundreds
of nanometers.

The broadband functionality of the CMOS end-fire struc-
tures was also investigated in the wavelength region
1500 nm—1600 nm. As illustrated in Fig. 15, small deviations
in coupling loss and in plasmonic propagation length (Lgpp)
are observed for both metals when the wavelength deviates
from 1500 to 1600 nm rendering the CMOS end-fire config-
urations functionally tolerant in this wavelength range

)
=
2 £
= =
g2 =
= Al : : : . |
% 3 ——Al coupling loss | 140
O -3.5|—=Cu coupling loss |

4 }|——Aluminum Lspp |-G . il 30

—Copper Lspp : :
4.5 . . 20
1500 1520 1540 1560 1580 1600
Wavelength (nm)

Fig. 15 Coupling loss (blue curves) and plasmonic propagation length
(red curves) versus wavelength for the end-fire CMOS configurations
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Fig. 16 Distribution of electric field dominant components (|Ex|) for the
two hybrid modes at 1550 nm. Note the quasi-even and odd symmetry of
each mode. a Quasi-even mode of Al-based hybrid structure. b Quasi-odd

mode of Al-based hybrid structure. ¢ Quasi-even mode of Cu-based hy-
brid structure, and d quasi-odd mode of Cu-based hybrid structure

indicating again a 1-dB bandwidth greater than 100 nm re-
garding coupling loss.

Furthermore, the addition of plasmonic tapers was also
investigated yet no improvement was observed for the Al-
based structure while only marginal benefits were detected
for the Cu-based similarly to gold (0.034 dB improvement
in coupling efficiency for the first tapering scenario and
0.09 dB improvement for the second tapering scenario).

Hybrid Slot Structure

The same CMOS materials were investigated in the off-plane
directional coupling scheme based on the hybrid slot structure
described in the first section. Relying on this structure (Fig.
7a), the Au metallic layers are replaced with Al and Cu and the
whole configuration is simulated so that optimal geometry
dimensions are obtained. As already explained, if properly
designed, the structure is capable of supporting hybrid modes
of different symmetry (quasi-even and quasi-odd) which have
field distributions in both their photonic and plasmonic part.
Thus, the power transfer between these two branches can re-
sult from the beating of the two antisymmetric modes.

@ Springer
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Fig. 17 a Side-view of the hybrid waveguide model under study. b, ¢
Electric field distributions calculated on a plane in the middle of the
metallic slot for Al- and Cu-based configurations, respectively

To detect these hybrid modes and determine the optimal
cross-sectional dimensions, we begin with the 2D eigenmode
analysis of the hybrid structure. For this purpose, a thorough
investigation of all the possible combinations of the three main
geometrical parameters (WgiN, Wiot> aNd Z1¢jadding With respect to
Fig. 7a) has been performed for both Al and Cu. Once again,
the height of the Si;N,4 core and the thickness of the metal layer
have been retained to 360 nm and 100 nm, respectively. The
above parametric analysis revealed that the structures with the
CMOS metallic layers behave in a similar manner as the Au-
based structure. As such, the selected optimal geometry has
been the same with the one selected for the Au-based hybrid
structure, i.e., wsin =700 nm, Wy =200 nm, and /Acjadding =
660 nm. For these dimensions, the electric field distributions
(|E,)) for the two eigenmodes (quasi-even and quasi-odd) and
the associated electric field profiles [Re(E,)] along x=0 are
depicted in Fig. 16a—d for both Al and Cu. The corresponding
effective refractive indices obtained at 1550 nm for the Al-
based structure were calculated neyen’ ' = 1.562-0.003219i and
Nogd ' = 1.443-0.0049631 whereas the equivalent ones for the
Cu-based configuration were 7eyen " = 1.592-0.003323i and
Noaa"" = 1.48-0.002456i. These values lead to a coupling
length equal to 6.5 pm for the case of Al and 7 pum for the case

Table 3 Coupling loss

along the CMOS hybrid Metal Plane A Plane B
slot structure
Al -231dB —6.48 dB
Cu -1.38 dB —3.52dB
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Fig. 18 Coupling loss tolerance of the a CMOS-based hybrid slot structure to b variations of the LTO thickness and ¢ misalignment of the two
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of Cu according to (2). Regarding the pure plasmonic wave- The CMOS-based hybrid slot configurations were also in-
guide branch, the propagation length has been estimated at  vestigated in the wavelength region 1500 nm—-1600 nm.
12 um and 21 um for Al and Cu, respectively. Figure 19 illustrates the results of this investigation which

The 3D models of the above CMOS hybrid configura-  reveal that for a 100 nm wavelength range Lgpp is almost
tions have been analyzed next by means of 3D FDTD  stable and changes below 1 dB are observed regarding cou-
numerical simulations. Figure 17a illustrates a side view  pling loss revealing a 1-dB bandwidth greater than 100 nm.
of this 3D geometry model also showing the interruption In the last step, further optimization via the implemen-
of the photonic branch after a length equal to L.. The pure  tation of a plasmonic taper was also examined taking into
plasmonic area is defined by the distance d, which has  account the remarkable improvement of coupling efficien-

been retained at 4 um for comparison reasons. cy in the case of Au. The geometry of the proposed taper
Figure 17b, ¢ depicts the electric field distributions calcu-  is the same as the one utilized for the corresponding Au-
lated on a plane in the middle of the metallic slot when Al ~ based hybrid structure depicted in Fig. 12a, b. Parametric
and Cu are utilized as the plasmonic metal materials, re-  analysis, showed that the coupling loss per single transi-

spectively; whereas Table 3 summarizes the total coupling  tion was further reduced to —2.07 dB for the Al-based
losses calculated on two different planes A and B hybrid structure and — 1.15 dB for the Cu-based structure

representing light transition from the photonic to the plas-  confirming the benefits provided by the tapering approach
monic plane (A) and back to the photonic plane (B). in the slot waveguide configuration. The optimal taper

Tolerance of the CMOS-based configuration to varia- dimensions that led to those values were Ligper=2 pm
tions of the LTO thickness and the longitudinal misalign- and Wyper=4 um for the case of Al and Liyper=2 pm

ment between the photonic and plasmonic waveguide  and wiyper=1.5 pum for the case of Cu.
was also examined. The obtained results are depicted in
Fig. 18b, c. Regarding the Al-based structure, coupling
loss is minimally affected for a cladding thickness devi- 0 e — 30
ation of +50 nm (0.16 dB—0.25 dB) whereas for a devi- : i i i i|-—Alcouplingloss
3 ] ; -0.5F R b B e ;.A+Cu couplmg loss |
ation of =100 nm excessive loss remains below 1 dB 010t Aluminum Lspp |25
(0.72 dB—-0.84 dB). As far as the longitudinal misalign- | Copper Lspp I
ment is concerned, only 0.18 dB and 0.76 dB of exces- 1.5 ek Ak A AR AR
sive loss is observed for 100 nm and 200 nm of mis-
alignment, respectively, indicating again a high-tolerant
configuration. Regarding the Cu-based structure, simula-
tion results revealed high tolerance to positive LTO clad-
ding variations (thicker than optimum). However, extra
coupling loss is below 1 dB for a cladding shorter than P : ; ; ; : : : : : .
the designed by 50 nm as well. Additionally, only 1500 1520 1540 1560 1580 1600
0.19 dB of extra loss is observed for 100 nm of mis-
alignment and remains below 1 dB when 200 nm of
misalignment is introduced indicating again a high-
tolerant configuration.

Coupling Loss (dB)

Wavelength (nm)

Fig. 19 Coupling loss (blue curves) and plasmonic propagation length
(red curves) versus wavelength for the two CMOS hybrid slot
configurations
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Table 4  Overview of the investigated coupling schemes

End-fire thin-film structure

Directional coupling hybrid structure

Losses® (dB) Aeg (Lm?) Ly, (utm)  Tolerance—excessive loss

Losses” (dB) A (umz) Ly, (um) Tolerance—Excessive loss

<1dB <1dB

hoﬂ'sel (nm) Lo[Tsel (I]II’)) hclading (nm) Ax (nm)

LS dev. RS dev.® Dev. LSdev. RSdev® Dev.
Au —1.79 10.88 86 =270 + 400 1000 -0.89 0.124 28 -80 +100 +300
Al —2.94 17.63 63 -250 + 600 1000 -2.07 0.158 12 =50 +100 +200
Cu —1.56 9.37 79 —280 +370 1000 -1.15 0.126 21 -100 +100 +200

*With plasmonic taper
® Left side (LS) deviation from optimal value

Right side (RS) deviation from optimal value
Overview and Discussion

In order to compare the investigated coupling schemes and
their performance for the different metals, the main results
derived in this work are summarized in Table 4. Apart from
coupling loss and propagation length, the effective mode area
(Aep) was also calculated for each case according to the fol-
lowing equation

A 7(§§|Epz|2dA)2 3
L e faa

where E,,; describes the vector of the electric field distribution
of the plasmonic mode of interest and A is the area over which
the surface integral and E,; are numerically calculated [39].
Fabrication tolerances of the structures with respect to struc-
tural deviations that lead to excessive loss below 1 dB are also
included in this table. The tolerance is given as deviation from
the optimal value of each geometrical parameter that is
400 nm for /qpe, 0 nm for L., and Ax, and 660 nm for
hcladding

Interestingly, CMOS-based plasmo-photonic configura-
tions exhibit similar performance with Au-based counterparts
providing evidence of the clear potential of low-cost metals to
replace noble counterparts in future plasmo-photonic integrat-
ed circuits. Regarding differences between the two coupling
schemes, the end-fire scenario provides longer propagation
distances for the pure plasmonic parts at the expense of mode
compactness (larger values of A.g), whereas the directional
coupling scenarios can offer nanoscale confinement of light
by reducing the effective mode area two orders of magnitude
but with higher propagation losses in the pure plasmonic re-
gions by factors greater than three. Moreover, the directional
coupling schemes are capable of achieving lower coupling
loss reaching sub-dB values per interface when plasmonic

@ Springer

tapers are introduced for the case of Au and close to 1 dB
values for the Cu-based CMOS-compatible configuration.
Additionally, both coupling schemes are highly tolerant to
deviations of key geometrical parameters as high as few hun-
dred on nanometers both in the vertical (ogets Acladding) and
horizontal direction (L, 2x), with the acceptable horizon-
tal misalignment being even higher in the case of thin-film
(Lorser), thus, facilitating fabrication process.

Conclusion

In summary, we have designed open-cladded plasmonic
waveguides integrated on Si3N,4 photonic platform and we
have investigated methods to optimize the coupling ap-
proaches for their integration with photonic waveguides
targeting CMOS manufacturing. Two approaches have been
implemented (i) an in-plane end-fire interface based on a thin-
film plasmonic structure and (ii) an out-of-plane directional
coupling scheme based on hybrid slot module. Both coupling
scenarios have been thoroughly investigated by means of elec-
tromagnetic simulations so as to efficiently transfer light from
the hosting photonic platform to the plasmonic waveguides.
The study was initially conducted utilizing gold as the plas-
monic metal and that was subsequently extended to the
CMOS-compatible metals of aluminum and copper revealing
similar performance. After exhaustive investigation, we
achieved high-tolerant coupling schemes with insertion losses
per interface even in the sub-dB region for the Au-based hy-
brid slot structure and close to 1 dB values for the Cu-based
CMOS-compatible configurations rendering the reported out-
comes promising for CMOS-manufactured plasmonic-aug-
mented photonic integrated circuits with superior performance
and acceptable chip losses.
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