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Abstract—We report on fabrication of high-confinement and low
loss silicon nitride (Si3 N4 ) waveguides using the photonic Dam-
ascene process. This process scheme represents a novel fabrica-
tion approach enabling reliable, wafer-scale fabrication of high-
confinement optical waveguides. A reflow step of the silica preform
reduces sidewall scattering to values not attainable with conven-
tional etching, and reduces losses and backscattering significantly,
resulting in a waveguide attenuation of 5.5 dB/m. We discuss the
critical aspects of the process in detail and demonstrate the fabri-
cation of high stress Si3 N4 waveguides with unprecedentedly large
dimensions (1.75 µm × 1.425 µm) providing high-confinement at
midinfrared wavelengths. A device characterization strategy al-
lowing for systematic extraction of statistically relevant loss values
is discussed and reveals the effects of the sidewall smoothing.

Index Terms—Optical waveguides, optical losses, optical
resonators.

I. INTRODUCTION

L
OW loss, planar optical waveguides have the potential to be

a key enabling technology for a wide range of applications,

such as delay lines [1], optical gyroscopes [2], [3], ultra narrow

linewidth lasers [4], compact chipscale reference cavities [5],

nonlinear photonic devices [6] such as soliton Kerr frequency

combs [7] or quantum photonic circuits [8], [9]. While opti-

cal fibers have attained linear losses as low as 0.2 dB/km [10]

more than 40 years ago, today most chip-based planar optical
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waveguides suffer from losses ≈1000 times larger, on the or-

der of 0.1 dB/m. Closing this technological gap would enable

miniaturization of devices currently implemented using optical

fibers and reduce the power requirements of active devices such

as lasers or soliton Kerr frequency combs, in addition to lower-

ing their cost through component integration and use of CMOS

fabrication technology.

Among the diverse low loss, planar waveguide platforms sil-

icon nitride (Si3N4) based waveguides, first reported in 1987

[11], have recently attracted increasing interest [12]. Compared

to other platforms, such as silicon-on-insulator (SOI), Silica-

on-Silicon or indium phosphide (InP), Si3N4 waveguides em-

bedded in a SiO2 cladding offer an attractive compromise be-

tween index contrast, low propagation losses and fabrication

using standard CMOS technology [13]. Moreoover, the mate-

rial’s low optical phonon frequencies and large optical bandgap

of ca. 5 eV enables its application in a broad wavelength range

from the mid-infrared down to visible wavelengths, and leads

to negligible two-photon absorption in the telecommunication

band. Si3N4 waveguides exibit a high effective nonlinearity,

ca. 50 larger than optical fiber in the telecommunication band,

making the platform a promising candidate for nonlinear optical

applications, as well as quantum optical and bio-medical appli-

cations operating at wavelengths shorter than 1 µm [14], [15],

as well as mid-infrared photonics [16]. A review of recent re-

search efforts and commercially available Si3N4 platforms can

be found in [17].

The early works employing Si3N4 as waveguide material

were limited by the high tensile stress of stoichiometric Si3N4

thin films [18], [19]. Such waveguides were initially investigated

for application in the visible spectral range [20], and later as

ultra-low loss, though low confinement waveguides for telecom

C-band wavelengths [21]. A high tensile film stress exceeding

1 GPa is intrinsic to stoichiometric Si3N4 deposited at tem-

peratures around 800 ◦C using low pressure chemical vapour

deposition (LPCVD). It makes Si3N4 a prominent material for

elastic strain engineering e.g. for high performance silicon tran-

sistors [22], but provides severe challenges to the fabrication

of optical waveguides. Therefore, plasma enhanced chemical

vapor deposition (PECVD) methods and non-stoichiometric Si-

rich materials [23], [24] are actively investigated as they allow

a significant reduction of the thin film stress and a higher op-

tical nonlinearity. However, despite intensive research efforts
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Fig. 1. (a) Optical ring resonator formed by low loss, high confinement Si3 N4

waveguide (blue). (b) Cross sectional view of a highly confined mode in a Si3 N4

waveguide. (c), (d) Schematic showing the general behaviour of material and
geometric dispersion over wavelength. The anomalous geometric dispersion of
high confinement waveguides can compensate the normal material dispersion,
resulting in anomalous GVD.

high stress LPCVD Si3N4 remains the material of choice for

low loss optical waveguides due to its low content of residual

hydrogen.

The nonlinear refractive index of Si3N4 (n2 = 2.5 ×
10−15 cm2W−1) is about an order of magnitude larger than

for SiO2 . Moreover, the high band gap renders two photon ab-

sorption inside Si3N4 waveguides negligible at telecom C-band

wavelengths [6]. This enables applications requiring high in-

tensities inside the waveguide core and is the foundation of the

increasing success of the Si3N4 platform for chip-based nonlin-

ear photonics. Examples are nonlinear wavelength conversion,

Kerr soliton optical frequency comb and coherent supercontin-

uum generation [25] additionally profit from the possibilities

of waveguide dispersion engineering. In this context, especially

microresonators based on Si3N4 waveguides with mode areas

larger than 1 µm2 are of interest. As shown in Fig. 1(b) the

waveguides typically have lateral dimensions exceeding 1 µm

and a height around 800 µm, providing highly confined optical

modes in the telecom C-band. The high confinement of the opti-

cal mode inside the waveguide core allows for tight bending radii

with low propagation losses and results in a higher effective non-

linearity. More importantly it enables broadband engineering of

the group velocity dispersion (GVD) into the anomalous regime,

a key requirement for parametric frequency conversion as well

as pulse compression and dissipative Kerr soliton formation in

microresonators. Fig. 1(c) and (d) illustrate the principle of GVD

engineering for Si3N4 waveguides. The material dispersion of

Si3N4 is normal in the telecom C-band, due to the electronic

material resonances in the UV which dominate the anomalous

dispersion of the phonon resonances the mid-infrared. The ge-

ometric dispersion provided by the waveguide confinement is

anomalous for highly confining geometries and can compensate

the material dispersion, rendering the total GVD anomalous. In

practice, the accurate tailoring of GVD requires control of the

waveguide dimensions on the order of 10 nm [26]. While this is

a significant challenge for CMOS technology based fabrication

processes, additionally the reliable deposition of low loss Si3N4

thin films to the required thickness is a key obstacle for the

realization of Si3N4 for nonlinear applications. Only recently

the introduction of a thermal cycling process enabled for the

first time the deposition of high quality Si3N4 with the required

thickness [27].

The conventional processing scheme for Si3N4 waveguides,

here called subtractive processing scheme, is schematically il-

lustrated in Fig. 2(a) [28]. The waveguides are etched into the

deposited Si3N4 thin film using a patterned mask layer. Then

a cladding material is deposited and annealing drives resid-

ual hydrogen out of the film, reducing the absorption losses.

Such a subtractive processing scheme provides sufficient di-

mensional accuracy and is at the basis of most published works

to date. However, record low propagation losses on the order of

0.1 dB/m [21], [29], [30] were so far only obtained for wave-

guide cross sections with widths exceeding 3 µm. Despite their

low losses such waveguides suffer from a high number of sup-

ported mode families and can not readily be applied for non-

linear optics as the dispersion of the low loss modes is normal.

Moreover, the subtractive process scheme itself entails several

fabrication challenges which have mostly remained unsolved to

date: crack formation, wafer bow and film de-lamination due

to the high tensile stress in the deposited Si3N4 thin films and

critical dimensions dictated by the limitations on aspect ratios

imposed by the etch and the cladding deposition processes. Fi-

nally, with respect to their loss performance, waveguide sidewall

roughness remains critical despite the development of sophisti-

cated lithography and etching techniques.

Fig. 2(b) and (c) show examples of crack formation in Si3N4

thin films. As seen in the scanning electron micrograph shown

in Fig. 2(c) such cracks locally interrupt the waveguide, causing

strong transmission losses and backreflection. The high tensile

film stress limits the deposition thickness of LPCVD Si3N4

in many cases to maximal values between 250–400 nm [31],

[32]. Additionally, stress induced wafer bow, typically visible

after augmenting film stress during annealing, poses limitations

to the fabrication process. The Si3N4 films moreover tend to

peal of the wafer after several days, requiring immediate further

processing after their deposition.

Many basic building blocks of photonic integrated circuits

rely on closely spaced waveguides which can represent critical

aspect ratios for subtractive processing. An example in the con-

text of microresonator based nonlinear optics is the coupling

gap between resonator and bus waveguide. Especially high con-

finement waveguides have a shorter evanescent field leaking out

of the waveguide core. Thus narrow waveguide spacing on the

order of 200 nm can be desirable in order to achieve signifi-

cant coupling of the optical modes between them. For a typical

waveguide height of 0.8 µm this results in an aspect ratio of

about 4:1 which poses difficulties to processes for dry etching

and oxide cladding deposition. Dry etching processes have a

limited anisotropy of the etch rates. As a consequence the re-

sulting waveguide spacing can deviate significantly from the

designed value defined by the high resolution lithography pro-

cess. Moreover, aspect ratio dependent etch (ARDE) rates can

cause slower etching in the narrow gap between the waveguides,
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Fig. 2. (a) Schematic overview of the essential steps within a conventional subtractive process. (b) Microscope image of a crack propagating through subtractively
fabricated Si3 N4 waveguides (blue). (c) Scanning electron micrograph of a crack propagating through two adjacent Si3 N4 waveguides (blue). (d)–g) Comparison
of void formation in between closely spaced Si3 N4 waveguides (blue) for different cladding deposition processes. The wet thermal oxide forming the bottom
cladding is highlighted in white. (d) Void formation observed for low temperature oxide (LTO) cladding deposition. (e) The high temperature oxide (HTO)
deposition process offers better step coverage than LTO but shows void formation for gaps with aspect ratios less than 2:1. (f) The gap is well filled by the TEOS
cladding oxide, but void formation is expected for smaller coupling gaps. (g) Closely spaced waveguides realized by the photonic Damascene process. The gap
has an aspect ratio of almost 4:1.

requiring significant over-etching in order to remove the core

material completely.

During cladding deposition the waveguide gap is expected

to be uniformly filled with the cladding material. Fig. 2(d)–(f)

compares three common LPCVD oxide cladding deposition pro-

cesses regarding their ability to fill the gap between two adjacent

Si3N4 waveguides. The different precursor gasses and process

temperatures, SiH4 + O2 at 425 ◦C for LTO, TEOS + O2 at

700 ◦C for TEOS oxide and SiCl2H2 + N2O at 920 ◦C for

HTO, lead to different deposition characteristics [28]. As can

be seen the limited step coverage of the low temperature ox-

ide (LTO) process leads to the formation of a large void. The

effect of such voids on the waveguide propagation loss is to

date not studied, but excess losses are expected due to the rapid

index change. Moreover, due to the unpredictable geometry of

the void, the coupling rate between both waveguides can hardly

be predicted a priori using simulations. The high temperature

oxide (HTO) process offers better conformality as its deposition

temperature is higher, but is still unable to fill an aspect ratio

of less than 2:1. The TEOS process in Fig. 2(c) is known to

offer excellent step coverage and fills the gap entirely. However,

void formation is expected for narrower gaps and all three pro-

cesses fall behind the aspect ratio of almost 4:1 realized using a

photonic Damascene process, shown in Fig. 2(d).

II. THE PHOTONIC DAMASCENE PROCESS

The copper interconnects in today’s microprocessors were en-

abled by the invention of an additive patterning process, which

is commonly referred to as “Damascene process” or “dual-

Damascene process” [33]. As the dry etching of copper is chal-

lenging the process scheme relies on electroplating it onto a

structured substrate and subsequent planarization. Recently, it

was shown that a photonic Damascene process meets the com-

mon challenges for high confinement waveguide fabrication de-

scribed above and enables high yield, wafer-scale fabrication of

high confinement Si3N4 waveguides [34]. Within the process,

schematically shown in Fig. 3, the core material layer is de-

posited on a substrate that is pre-structured with the waveguide

Fig. 3. Schematic process flow of the photonic Damascene process. 1. The
waveguides are patterned using electron beam lithography. 2. The filler pattern
is defined using photolithography. 3. The preform is etched using an amor-
phous silicon hardmask. 4. The required thickness of high-stress, stoichiometric
Si3 N4 is deposited. 5. Excess material is removed using chemical mechanical
planarization, resulting in a flat top surface. 6. The cladding oxide is deposited
and annealing densifies the deposited thin films.

and an additional filler pattern. Subsequently chemical mechan-

ical polishing (CMP) removes the excess Si3N4 material, pro-

viding a planar and smoothly polished top surface. This process

scheme enables several advantages over conventional subtrac-

tive processing: A dense filler pattern surrounding the waveg-

uides allows to locally relax the tensile film strain of LPCVD

Si3N4 thin films, efficiently suppressing crack formation and

wafer bow. The planarized top surface prevents void formation

even for cladding deposition processes with low conformality.

Moreover, a planar top surface is beneficial for heterogeneous

integration of advanced optical materials and devices via bond-

ing, as recently demonstrated for LiNbO3 [35]. Finally, a reflow

of the oxide preform at high temperatures prior to Si3N4 deposi-

tion reduces the waveguide sidewall roughness and enables low

loss values of ∼5 dB/m even for highly mode-confining wave-

guide geometries. In the following the most important aspects

of the individual processing steps are discussed.

A. Filler Pattern Based Stress Management

The success of the photonic Damascene process is closely

linked to the dense filler pattern surrounding the waveguides.
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After defining the waveguide pattern by electron beam lithogra-

phy, photolithography is used here to add the filler pattern around

them. Such patterns cover the whole wafer and are commonly

applied to homogenize structure density and limit microload-

ing effects during reactive ion etching, thin film deposition and

CMP [36]. In the context of high stress Si3N4 thin films we

demonstrated that such filler pattern can additionally prevent

crack formation after film deposition. The mechanical impact

during CMP can cause extensive cracking and a well designed

filler pattern is critical to the high yield fabrication of Si3N4

waveguides using the photonic Damascene process.

Crack formation occurs if the tensile stress in the thin film

surpasses the breaking stress threshold and the available elastic

energy distribution determines the crack propagation. Nam et al.

demonstrated that surface structures can control the cracking in

Si3N4 films and that a stair-case structure with critical dimen-

sions of 5 µm can efficiently stop crack propagation in Si3N4

films by locally lowering the available elastic energy [37]. This

technique was quickly adopted for Si3N4 waveguide fabrica-

tion [29], [38] providing crack-free regions on the wafer that

improved the yield of subtractive process schemes. With such

approaches cracking and peeling can still occur outside of the

defined zones for waveguide fabrication. Preventing crack for-

mation entirely is thus different as it entails stress management

and a reduction of the elastic energy on the wafer-scale. The

thick SiO2 bottom cladding layer separates the Si3N4 from the

Si substrate and its crystalline structure has thus little influence

on the film’s internal stress field. Hence, a dense substrate to-

pography can dictate the local stress field inside the thin film and

reduces the overall strain significantly. This enables the elegant

use of the dense filler pattern used for process control also for

stress management. Within the photonic Damascene process this

approach efficiently releases the stress in thick LPCVD Si3N4

thin films and allows for crack free film deposition up to 1.52 µm

thickness.

Fig. 4 gives an overview over different examples of filler

patterns evaluated for stress management and crack preven-

tion. All are defined using photolithography and composed of

rectangles measuring 2 µm by 20 µm forming regularly tiled

elements. These dimensions are chosen to reproduce typical

waveguide pattern densities with typical waveguide widths be-

tween 1.5–2 µm and minimum distance of optically independent

waveguides between 10–20 µm. Actual waveguide recess struc-

tures are not visible in Fig. 4, but their position is indicated

as blue dashed line within the continuous protection structures

surrounding them. The patterns were etched 1.4 µm deep into

a 4 µm thick SiO2 layer of a 700 µm thick Si substrate. Sub-

sequently LPCVD Si3N4 was deposited up to a thickness of

1.52 µm within a single deposition step. For most patterns fine

cracks in the Si3N4 film form after deposition and their density is

evaluated based on optical microscope images. Only the pattern

shown in 4(d) alleviates the stress sufficiently to yield crack free

deposition. The influence of topography on the film stress distri-

bution is illustrated in Fig. 4(a). As the chosen pattern provides

mostly film stress modulation in the vertical direction, the stress

can build up in the horizontal direction (indicated by red arrows)

leading to crack formation. The direction of the cracks formed is

Fig. 4. Comparison of stress relaxation properties of different filler patterns.
All rectangles forming the pattern have dimensions of 2 µm by 20 µm and
are etched 1.4 µm deep in the SiO2 preform. The continuous lines forming
a protection around the waveguide (indicated as blue dashed lines) are also
2 µm in width. The optical micrographs compare the crack formation after
deposition of a 1.52 µm thick Si3 N4 film on the preform. a) Filler pattern with
preferentially horizontal direction causes vertical cracks which are redirected
by the continuous protection recess. The red arrows indicate the local direction
of the tensile stress. b), c) Cracks run approximately vertical but less directed
than in a). d) No crack formation is observed after deposition indicating that the
denser topography allows for sufficient stress release.

additionally influenced by the continuous protection structures.

Similar effects can be observed for the patterns shown in (b) and

(c). Only the pattern in (d) has a higher density of recess lines

provides sufficient stress modulation in all directions to com-

pletely inhibit crack formation. It is noted that for most cases a

deposited Si3N4 thickness of less than the exemplified 1.52 µm

is needed, relaxing the needs for stress dispersing performance

of the filler pattern.

B. Preform Etching With An Aspect Ratio Dependent

Etch Rate

The preform etch process transfers the waveguide and filler

pattern to the 4 µm thick wet thermal SiO2 forming the buried

oxide layer. The processing problem and requirements are sim-

ilar to the contact hole etch step in CMOS technology [39]: a

highly selective etch process for definition of high aspect ra-

tio holes in a SiO2 layer. Amorphous silicon (a-Si) is an ideal

hardmask for etching of SiO2 as it is easy to structure and to

strip and offers high selectivity for SiO2 etching. Here, we use

an a-Si hardmask layer of 0.4 µm thickness and an etch process

based on He/C4F8 . As shown in Fig. 5, the process yields re-

cess structures with sidewall angles of 85◦. The a-Si hardmask

offers excellent selectivity greater than 8:1 but its erosion during

the etch process can still lead to additional sidewall roughness.

Thus a significantly thicker hardmask than needed for selectivity

reasons is chosen to achieve low sidewall roughness.

A particular characteristic of the etch process is its signif-

icant aspect ratio dependent etch rate (ARDE). Also known

as RIE lag, such pattern size dependent etch rates are a
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Fig. 5. Amorphous silicon (a-Si) hardmask based etching of SiO2 preform.
(a) SEM micrograph of a high aspect ratio trench etched into the SiO2 preform
layer with a sidewall angle of 85◦. The a-Si hardmask (green) shows signs of
erosion after the etch. (b), (c) Aspect ratio dependent etch rate (ARDE) of the
process. The etched trench depth depending on the structured opening width of
the a-Si hardmask is measured and shows that for trench widths below 0.5 µm
their height is significantly smaller. The measured values are fitted with an
exponential model shown in red. (c) Cross sectional view of a the ARDE effect.
Parallel lines with varying width were defined in the hardmask and etched into
the preform layer. (d) Illustration of the use cases for waveguides with reduced
cross section in photonic integrated circuits.

common problem limiting the critical dimensions of a process

[40]. We characterize the ARDE of our process by measur-

ing the width and height of adjacent trenches forming an array

as shown in Fig. 5(c). The ARDE effect can be seen as de-

creasing trench depth for smaller widths. Fig. 5(b) plots the

values obtained for a targeted etch depth of 1.2 µm. The data

is fitted to good agreement with an exponential model (height

h = a × exp(−w/b) + c with a = −1.61 µm, b = 0.22 µm and

c = 1.28).

As a result of the ARDE effect designing a trench width

of only 200 nm results in a waveguide of only 300 nm height.

The observed RIE lag does not depend on the local pattern

density and is thus repeatable and controlled across the wafer,

given that the etch reactor provides uniform etch rates. Thus

the ARDE does not result in limitations for pattern designs but

rather provides an additional degree of freedom. In the context

of photonic integrated circuits, this can be a great advantage as

it allows the fabrication of small more area waveguides without

additional effort. Fig. 5(d) illustrates two examples where such

such waveguides with reduced width and height are beneficial.

First, the commonly used inverse taper mode converters for ef-

ficient input-/output-coupling of light at the chip facets [41] can

be realized as true 3D structure. Such tapering in both dimen-

sions not only enlarges the final mode diameter but also reduces

the polarization dependency through an almost quadratic wave-

guide cross section. Using such 3D inverse taper mode convert-

ers, typical samples fabricated using the photonic Damascene

process have a loss of 3 dB per facet [26], [42]. Second, the

ARDE effect allows to fabricate true single mode waveguides

next to the multimoded, high-confinement waveguides. Such

single mode waveguides are important to enable high ideality

coupling to resonators [26] as well as for suppression of un-

wanted higher-order mode families [43]. Moreover, it enables

efficient coupling of the optical mode in a bonded film (such as

LiNbO3) ensuring sufficient mode overlap [35]. In the context

of the photonic Damascene process the ARDE effect can thus

be significant advantage.

C. Preform Reflow for Ultra-Smooth Waveguide Sidewalls

The roughness of waveguide sidewalls is a decisive factor

that demetermines loss performance and backreflection. The

random roughness created during the dry etch process defin-

ing the waveguide causes scattering losses. For tightly confined

modes in a high index contrast waveguide platform such scat-

tering can be the dominant loss mechanism [44], [45]. It is thus

very important to limit the sidewall roughness through opti-

mized lithography and etchings protocols. However, this has

proven to be difficult for typical subtractive processing and di-

verse post-etching smoothing strategies have been developed,

ranging from isotropic etching processes to oxidative processes

[46], [47]. Here, we integrate for the first time a reflow step

of the SiO2 preform into a photonic Damascene process which

allows to significantly reduce the sidewall roughness.

Similar oxide reflow techniques have been employed in the

context of silica microtoroid resonators [48]. Heating the SiO2

above its glass transititon temperature for sufficient time lowers

the viscosity and enables for a surface tension driven reorgani-

zation. Here, we heat the substrates to 1250 ◦C which is slightly

above its glass transition temperature of 1200 ◦C [49]. As shown

schematically in Fig. 6(a) and by comparing Fig. 6(c) and (d) the

sharp corners of non-reflown waveguides become rounded and

the sidewall inclination raises from 85◦ to approximately 80◦.

The top view on two adjacent waveguides in Fig. 6(d) and (e)

illustrates the effect of the reflow on sidewall roughness. While

being well focused, roughness is not visible for the preform

after reflow in Fig. 6(e). Atomic force microscopy provides a

more accurate tool to quantify roughness and record low values

of 1.2 nm rms deviation and a correlation length of 155 nm are

reported in [50]. The photonic Damascene process provides thus

an opportunity to fabricate waveguides with exceptionally low

roughness sidewalls, unattainable with conventional substrac-

tive RIE etching techniques. The effects of preform reflow on

the waveguide losses and backreflection are analyzed in detail

in Section III. Further we note that the smoothingreflow pro-

cess also enables the use of faster lithography techniques ofwith

lower resolution compared to EBL, such as stepper lithography

[50]. This is of advantage as the latter allows to combine the

filler pattern with the waveguide lithography and reduces the

lithography time per wafer from several hours to few minutes.

D. Large Mode Area Waveguides Through

Conformal Deposition

The previously described filler pattern based stress man-

agement allows for crack free deposition and processing of

Si3N4 thin films with up to 1.52 µm thickness. While differ-

ent filler pattern can provide improved relaxation to the film
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Fig. 6. Preform reflow process for waveguide sidewall smoothing.
(a) Schematic representation of the process and its effects on the waveguide
profile. (b), (c) Waveguide cross section resulting from a preform fabricated
without (b) and with (c) reflow step. As can be seen the reflow step leads to
rounded corners of the Si3 N4 waveguide core (blue). (d), (e) Comparison of
sidewall roughness for a preform without (d) and with (e) reflow step. While
vertical striations due to the plasma etch process are clearly visible in (d), no
roughness is perceived for the reflown preform in (e).

compromises have to be accepted e.g. in the planarization pro-

cess. For applications at wavelengths longer than 2.5 µm, in

the mid-infrared wavelength region, such supercontinuum gen-

eration or frequency comb generation [51], [52] waveguides

with larger dimensions can be desirable. As the silicon dioxide

cladding is a major source for absorptive losses in this spec-

tral region, engineering high confinement waveguides guiding a

majority of light in the core area is paramount for low propaga-

tion losses [53]. However, in a subtractive processing scheme,

even when employing stress management techniques such as

thermal cycling or trench definition, deposition up to such film

thicknesses is impossible without extensive film cracking.

As shown in early works [54] and schematically illustrated in

Fig. 7(a) the photonic Damascene process provides a solution to

the above problem through the fabrication of waveguides with

larger depth than width. When defining the waveguide recess

structure with a width larger than its height, the thin film depo-

sition thickness needs to exceed the final waveguide height. For

an inverted aspect ratio the recess structure can be filled by a

thin film with reduced thickness. In case the etched waveguide

recess is filled without formation of voids during deposition, this

approach yields waveguides with width and height dimensions

being exchanged and allows the reduction of film deposition

thickness by about 50%. In fact, a high deposition conformal-

ity of the waveguide core material is of central importance for

the success of the photonic Damascene process. Here, we use

a standard dichlorosilane (DCS) and ammonia (NH3) based

high stress LPCVD Si3N4 deposition process. As can be seen

in Fig. 7(b) the step coverage of the LPCVD Si3N4 process is

excellent. Little difference between the deposited film thickness

Fig. 7. Fabrication of large mode area waveguides through conformal deposi-
tion in inverted aspect-ratio recess. (a) Schematic indicating the final waveguide
mode area in recess structures with the typical larger than high dimensions
and for an inverted aspect ratio. The latter is filled entirely by a thin film with
much reduced thickness compared to the standard approach requiring a depo-
sition exceeding the final waveguide height. (b) Recess structure defined in the
SiO2 preform layer conformally filled by the LPCVD Si3 N4 (blue). The film
thickness on the sidewalls is nearly the same as on the bottom of the recess,
indicated excellent step coverage. (c) Large mode area waveguide recess after
partial planarization. The deposition thickness is significantly less than the final
waveguide height of 1.425 µm.

on the side and on the top of the substrate is observed. This al-

lows filling of trenches with aspect ratios larger than 1:1 without

formation of voids. In Fig. 7(c) the final large mode area of the

waveguide is indicated in the void-free filled recess structure.

In this way very large mode area waveguides providing high

confinement also at mid infrared wavelengths can be realized.

E. Chemical Mechanical Planarization With High Precision

Even though chemical mechanical planarization (CMP) is

heavily used in today’s CMOS technology yielding extraor-

dinarily smooth surfaces, its process control and understand-

ing is still limited. Within the photonic Damascene process the

planarization step is critical in defining the height of the final

waveguides. Ensuring uniform material removal rates and con-

sequently minimal waveguide height variation across the wafer

is a major challenge, driving the choice of process parameters.

The resulting waveguide top surface’ roughness (RMS approx.

0.3 nm) is negligible compared to its sidewalls and thus of sec-

ondary importance, as well as the overall planarity of the wafer

after CMP.

During CMP the wafer is pressed against a rotating polishing

pad, constantly wetted by an abrasive slurry. In order to remove

the excess Si3N4 a slurry based on fumed silica particles of

30 nm diameter in an acidic environment is used. Optical in-

terferometry allows to precisely track locally the film thickness

and removal rates across the wafer. The parameters for pad and

wafer rotation speed, as well as the pressure between wafer and

polishing pad are chosen depending on the intial wafer bow.

With respect to the planarization uniformity two effects were

found to be dominant in the photonic Damascene process:

the overall wafer bow induced by the highly stressed, asym-

metric coating before polishing and a local loading induced

non-uniformity. The backside Si3N4 thin film needs to be
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Fig. 8. Chemical mechanical planarization in the photonic Damascene pro-
cess. a) Schematic representation of the origin of non-uniform planarization.
Local structure density variations provide different loading and result in lo-
cally varying removal rates during CMP. Asymmetric thin film coating causes
wafer bow and radial non-uniformity. b) Measurement of the wafer bow evo-
lution during planarization for a 525 µm thick Si substrate. c) Example of
non-optimized planarization showing radial and local non-uniformity through
differently colored thin film interference. d) Wafer planarized using an opti-
mized CMP process. The central area uniformily planarized region is about
60 mm in diameter.

removed before planarization as it was found to cause exten-

sive cracking during CMP. This causes an extensive wafer bow

prior to planarization due to the assymetric coating of the wafer.

In Fig. 8(b) such bending is measured via optical reflectometry

and amounts to approx. 90 µm for the 525 µm thick Si substrate

coated with 4 µm SiO2 and 1.04 µm Si3N4 . During planariza-

tion the wafer bow gradually reduces the more Si3N4 is polished

away. In order to achieve good global uniformity and circum-

vent the typical radial non-uniformity caused by changing wafer

bow, an optimized polishing process using a high down force

pressure is used. Additionally an increased substrate thickness

of 700 µm provides a more rigid substrate, limiting the initial

wafer bow.

Non-uniformity caused by local loading differences origi-

nates from different amounts of Si3N4 surface being in contact

with the polishing pad. If areas with largely different loading are

in the vicinity of a waveguide, the removal rates vary slightly

over distances of 10–50 µm, resulting ultimately in local vari-

ations of the waveguide height [26]. In order to reduce such

microloading related effects an optimized filler pattern provid-

ing a uniform loading as well as continuous guard structures

around the waveguide (parallel lines following the waveguide)

were introduced. The waveguide is thus better isolated from

surrounding variations in loading ensuring a controlled and re-

peatable planarization process with a precision sufficient for

octave spanning dispersion engineering [26].

III. LOSS ANALYSIS

The analysis of waveguide propagation losses is important

to improve their fabrication and benchmark different processes.

In general, the process related propagation losses are either

absorptive (e.g. due to overtones of the O-H, Si-H or Si-N

bonds) or due to scattering at the waveguide’s sidewall or inho-

mogeneities inside its core. The attenuation coefficient α for a

straight waveguide or the resonator’s Q factor at a given wave-

length serve as figure of merit and allow the comparison of loss

performance. However, in practice the precise measurement of α
is not trivial, especially in the case of low loss, on-chip waveg-

uides. Unless the waveguides are sufficiently long the excess

losses due to light coupling easily dominate the overall losses.

Thus advanced techniques like optical frequency domain reflec-

tometry (OFDR) techniques relying on backscattering inside the

waveguides are required [55].

Resonators allow to measure propagation losses indepen-

dently of coupling losses or reflections at the waveguide facets.

The resonance Q factor can be expressed through an extrin-

sic (output coupling related) and intrinsic loss rate κex and κ0

as Q = ω/κ = ω/(κ0 + κex). The intrinsic loss rate κ0 origi-

nates from propagation losses and the extrinsic loss rate relates

to the power loss from the resonator to the bus waveguide.

The intrinsic loss rate is related to the attenuation coefficient

α as: α = (neff κ0)/(νλ) = (2πneff )/(cν)Q−1
0 , with neff being

the effective refractive index and ν and λ denoting frequency

and wavelength. Varying the distance between the bus and the

resonator waveguide allows to change κex and the resonator’s

operation regime can be tuned from under-coupled (κex < κ0)

to over-coupled (κex > κ0). In order to infer waveguide propa-

gation losses it is best to measure in the under-coupled regime

with κ0 dominating the total resonator losses.

The random sidewall roughness of the resonator waveguide

causes backscattering of light into the counter-propagating

mode. Such coupling of the counterpropagating resonant modes

can lift their degeneracy, cause splitting of the Lorentzian line

shape and make the resonator an efficient backreflector [56],

[57]. The coupling rate is here denoted as κc and causes per-

ceivable resonance splitting if it is of the same order as κex and

κ0 , as shown in Fig. 9(d). Such splitting varies randomly across

the resonances of the same resonator as the random distribution

of backreflectors does not always lead to coherent build-up of

a counter-propagating mode. This makes the direct calculation

of the associated scattering losses non-trivial. Nevertheless, the

measurement of resonance splitting allows to qualitatively infer

the amount of scattering present in the waveguides.

In frequency domain the full width at half maximum (FWHM)

linewidth of the resonance’s Lorentzian line shape corresponds

to the total loss rate κ/2π. Here, we scan a widely tunable

diode laser across many resonances of a microresonator in or-

der to systematically characterize losses in our waveguides. The

setup used for this purpose is shown schematically in Fig. 9(a).

The resonance’s line shapes are recorded as dips in the trans-

mission amplitude, as shown in Fig. 9(b). In the case of low

losses and correspondingly narrow resonance linewidths, tight

calibration of the laser scan is required to accurately determine

the resonance linewidths. We use a combination of the contin-

uous sinusoidal signal of an imbalanced Mach-Zehnder inter-

ferometer and the regular marker grid provided by a frequency

comb to accurately calibrate the laser scan. Alternative tech-

niques like single sideband modulation [58] or cavity ring down

measurements [29] offer higher precision for very low loss,
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Fig. 9. (a) Setup used for acquisition of calibrated transmission traces of mi-
croresonator devices. Frequency calibration of the scan is achieved through ref-
erence markers provided by a fiber frequency comb, a gas cell and the sinusoidal
signal of an imbalanced MZI. (b) Transmission trace acquired for loss analysis
of a microresonator with 230 µm radius corresponding to 100-GHz FSR. The
resonances belong to the quasi-TE mode family and are under-coupled. (c) Fit
of single resonance using a the model for a Lorentzian line shape. The extinc-
tion on resonance is low due to the under-coupled operation regime. Based on
the fit the total linewidth is estimated to be 45 MHz corresponding to a Q of
4.1 × 106 . (d) Fitted resonance doublet splitted due to coherent backscattering.
The fitted splitting rate is 63 MHz and the internal loss rate is found to be
κ0 /2π = 31.3 MHz, corresponding to an intrinsic Q0 ≈ 6 × 106 .

narrow resonances. However, they allow to infer only individ-

ual resonances, rendering systematic spectroscopy tedious. The

absolute wavelength is calibrated using the absorption peaks of

a fiber-coupled gas cell. Our automated data analysis finds and

fits resonances within the acquired transmission traces and sorts

them into different mode families. As polarization maintaining

fibers are used to couple light on the chip only mode families

of a single polarization are excited. The individual mode fami-

lies are differentiated by their different free spectral ranges and

dispersion properties. Resonances featuring simple Lorentzian

line shapes are fitted using a Lorentzian model and splitted reso-

nances are fitted using a corresponding model [57]. In this way,

depending on the resonator’s FSR, from 10 to 100 measure-

ment points are recorded between 1500 nm and 1630 nm. All

resonators investigated have a constant waveguide cross section

along the ring’s circumference and its dimensions are specified

for the individual measurements.

Fig. 9 shows data acquired for a microresonators fabricated

using the photonic Damascene process with reflow step. The

resonator and bus waveguides are 0.87 µm high and 2 µm wide.

With a radius of 230 µm the resonator features under-coupled

resonances for a gap distance of 950 nm. While most resonances

belong to the quasi-TE mode family, few other resonances are

visible as well. In Fig. 9(c) and d) two examples of fitted res-

onances are shown. While a perfect Lorentzian with κ/2π =
45 MHz is observed in (c) the resonance in (d) of the same mode

family shows strong splitting with κc/2π = 63 MHz. However,

the fitted intrinsic loss rate κ0/2π = 31.3 MHz is lower than for

(c) and corresponds to an intrinsic Q0 of 6 × 106 and an attenu-

ation coefficient of 5.5 dB/m. It is noted that the low number of

points acquired for such narrow linewidth resonances reduces

the precision of the method.

Two parameters corresponding to κex and κ0 are extracted

from fitting of the Lorentzian line shape. Unless prior knowl-

edge on the microresonator coupling regime exists or a phase re-

solved measurement is performed, it remains ambiguous which

parameter corresponds to the internal loss rate κ0 . Therefore,

we measure several microresonators of the same waveguide

cross section with varying distance between bus waveguide and

resonator waveguide. Plotting the transmitted power on reso-

nance against the linewidth allows to compare with the ideal

model of a coupled resonator. Moreover, the coupling ideal-

ity can be evaluated which is the agreement with the ideal

model of two coupled modes in bus and resonator waveguide

[42]. In the ideal case the power transmitted past the resonator

solely depends on κ0 and κex and the laser detuning ∆ as

T = [|κ0 − κex + 2i∆)/(κ0 + κex + 2i∆)|2 . In the case of the

high confinement, multimoded waveguides described in this pa-

per, systematic excess losses due to the intermode interactions

at the resonator coupling section can occur. This phenomenon,

called coupling ideality, causes severe deviations between the

model and the measured resonance behaviour, especially in the

overcoupled regime. Additionally, it renders the estimation of

loss rates erroneous as the excess losses due to coupling into

higher order modes of the bus waveguide are not considered.

Fig. 10 shows data acquired for microresonators made from

waveguides with 0.87 µm height and 2 µm width and a radius of

230 µm, corresponding to a free spectral range of 100-GHz. The

comparison between the ideal model with an intrinsic linewidth

of κ0/2π = 60 MHz shown as red dashed line and the acquired

data shows good agreement. All resonators operate in the under-

coupled or critically coupled regime. The fitting value related to

the internal loss rate can thus unambiguously identify for those

resonators. In Fig. 10(b) the mean value as well as the standard

deviation of the extracted internal loss rates κ0/2π is plotted for

the same devices. While individual resonances might feature

lower losses we conclude that in average an intrinsic linewidth

of κ0/2π = 40 MHz can be achieved, corresponding to a prop-

agation loss of 6.7 dB/m. As can be seen the statistical mean

value of the internal linewidth decreases with increasing gap

and correspondingly decreasing external coupling rate. This is

partially due to the reduced contribution of coupling ideality re-

lated excess losses. However, also the fitting related imprecision

of our method is decreasing with reduced linewidth. In general

it is thus most interesting to base an estimation of the internal

loss rate on the measurement of well undercoupled resonances

as the internal loss rate dominates coupling and excess losses.
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Fig. 10. Systematic analysis of resonance data for 100-GHz FSR resonators
with varying coupling gap fabricated using the photonic Damascene process
with reflow step. (a) Evaluation of the coupling ideality by plotting the trans-
mission of the fitted resonances against their total linewidth. With increasing
coupling gap distance the linewidth reduces and the transmission increases,
indicating an undercoupled operation regime in good agreement with the ideal
model (red dashed line). (b) Mean of the internal loss rate extracted through
systematic fitting of the resonances of the devices shown in a). The error bars
indicate the standard deviation associated to the mean value. As can be seen the
lowest mean intrinsic loss rate is ∼40 MHz, corresponding 6.7 dB/m propaga-
tion loss.

Next, we investigate the effect of sidewall smoothening via

preform reflow on the propagation losses and backscattering. We

measure the resonances of the lowest order quasi-TE and -TM

mode families for resonators with 1-THz free spectral range fab-

ricated with and without sidewall smoothing. For the 1-THz FSR

microresonators the quasi-TM mode’s FSR is approximately

10-GHz lower than the quasi-TE mode’s FSR. The measure-

ment setup’s polarization maintaining fibers ensure excitation

of only one of the two throughout the measurement range and

the comparison of FSR between both polarizations allows to un-

ambiguously identify the mode family. The small mode volume

of the resonators renders the splitting more visible [56] and thus

allows for precise fitting. We note that the observed splitting can

vary largely for the modes of different azimuthal order of the

same resonator. This is in agreement with theory which predicts

such variation in the case of statistically distributed scattering

along the sidewall [59]. We thus rely here on mean values cal-

culated based on at least 3 fitted resonances per resonator.

Fig. 11 shows a comparison between values obtained based

on different 1-THz FSR microresonators with varying coupling

gap distance and constant radius of 23 µm, height of 0.85 µm

and width of 1.5 µm. As can be seen the reflow process im-

proves the losses for both TE and TM mode families, reaching

around 100 MHz intrinsic linewidth. We note that the intrinsic

losses are higher than for the 100-GHz FSR resonators shown

in Fig. 10. This is in agreement with the common dependence of

microresonator Q factor on radius [60]. Interestingly TE polar-

ized modes exhibit in both cases lower intrinsic losses than TM

polarized modes, which is contrary to findings made for straight

SOI waveguides [61]. Besides the differences in field strength

Fig. 11. Comparison of mean internal loss rate and coupling rate for the
lowest order quasi-TE and -TM mode families of 1-THz FSR samples with and
without reflow. Each data point represents the mean value for a resonator and is
calculated based on at least 3 measured resonances. Reflown samples (blue data
points) show reduced internal loss and coupling rates compared to non-reflown
samples (red data points). Fundamental TM mode resonances (squares) have
high losses and stronger resonance splitting compared to TE mode resonances
(solid circles).

at the sidewalls, also their confinement in the Si3N4 waveguide

core is different. The TE polarized modes are better confined and

the correlation with lower loss values, while being in agreement

with results obtained for large mode area waveguides, indicates

a loss origin at the waveguide boundary or in the cladding oxide.

Nevertheless, for both polarizations the internal loss rate κ0/2π
and the mean resonance splitting are reduced for samples fab-

ricated with the reflow step. As the reduced sidewall roughness

represents the most significant difference between both sam-

ple types, we attribute the reduced losses and the reduction of

scattering to the reflow induced reduction in sidewall roughness.

IV. CONCLUSION

In conclusion we have presented a novel photonic Damascene

process extended by a preform reflow step enabling the fabri-

cation of ultra-smooth sidewall Si3N4 waveguides that exhibit

low loss and simultaneously high confinement. The challenges

and beneficial aspects associated to the process approach were

discussed, demonstrating record large mode areas as well as

exceptionally low sidewall roughness. The elegant use of aspect

ratio dependent etch rate allow to realize 3D tapered sections

that allow to realize mode filters and efficient on-chip cou-

pling. A methodology for systematic loss analysis based the

linewidth analysis of microresonators was presented. The com-

parison of values acquired for waveguides fabricated with and

without reflow step clearly reveals the improvements achieved

through the additional sidewall smoothening. The loss perfor-

mance achieved approaches the best values reported for high

confinement Si3N4 waveguides fabricated by subtractive pro-

cessing. Most importantly the reported values are the highest

Q values reported for waveguides with dimensions allowing for

anomalous GVD. The photonic Damascene process with re-

flow step is thus especially interesting for nonlinear photonic

applications, and can prove the basis for further loss improve-

ment towards record ultra low loss waveguides for integrated

photonics, as it provides unparalleled roughness advantages

compared to substrative processing.
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Unterföhring, Germany, where he is developing a high-power picosecond laser
system for research on open-air lightning control.

Junqiu Liu was born in Maanshan, China. He started
his undergraduate study in physics in 2008, and re-
ceived the B.Sc. degree from the University of Sci-
ence and Technology of China, Hefei, China, in
2012, and the MSc “with highest distinction” de-
gree from Friedrich-Alexander-Universität Erlangen-
Nürnberg, Erlangen, Germany, in 2016. He is
currently working toward the Ph.D. degree at École
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