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Abstract—Low-cost, high-performance integration technologies
are instrumental for active–passive integrated photonics devices.
The monolithic integration of Al2O3 and Si3N4 is studied, enabling
to combine the promising optical features of Si3N4 with the excel-
lent optical gain characteristics of rare-earth-ion doped Al2O3. The
Al2O3 and Si3N4 layers are separated by a thin SiO2 film and cou-
pled by adiabatically width-tapered Al2O3 and thickness-tapered
Si3N4 waveguides. In this paper, a detailed characterization of the
couplers, as well as a study of the influence of the different design
parameters and fabrication tolerances on the final device perfor-
mance is presented. Test structures are characterized under trans-
verse electric (TE) polarization. Measured loss per coupler is as low
as 0.26 ± 0.03 dB at the wavelength of 1030 nm, and below 0.24 dB
in the spectral window of 1460–1635 nm. Lateral misalignment of
±1 µm results in less than 0.6 dB increase of the coupler loss at
1030 nm, and the tolerance of misalignment goes up to 1.7 µm at
the investigated longest wavelength of 1635 nm without introduc-
ing extra coupler losses. The reported integration technology paves
the way toward a double-layer platform monolithically integrating
Si3N4 and rare-earth-ion doped Al2O3 for active–passive photonic
functionalities.

Index Terms—Monolithic integration, double-layer, vertical ta-
per, adiabatic taper, silicon nitride, aluminum oxide, optical
coupling.

I. INTRODUCTION

INTEGRATION of photonic devices demands an increas-
ing number of optical components to be integrated into a

chip to realize various functionalities [1]. Amongst the different
integrated photonic platforms, silicon nitride shows promising
features [2]–[4] including an intrinsic loss down to 0.1 dB/cm,
a wide transparency window covering from the visible to the
middle infrared (0.4–2.35 μm), relatively high refractive index
of ∼2 and compatibility with CMOS technology [5]. Benefit-
ing from these features, tremendous progress has been made
on applications using Si3N4 photonics, such as beamforming
[6] and programmable signal processing [7] in microwave pho-
tonics, optical combs [8] and supercontinuum generation [9] in
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non-linear integrated photonics, interferometric sensors [10],
fluorescence imaging [11], and Raman spectroscopy [12], [13] in
bio-sensing, and other advanced technologies including LIDAR
[14] and gyroscopes [15]. Similarly as in other commercially
available technologies, i.e., InP and silicon-on-insulator (SOI),
many standardized building blocks and product development
tool kits have been developed for the Si3N4 platform to support
various manufacturing processes and applications in both in-
dustrial and academic scales, e.g., the Triplex platform [2]–[4].
However, the integration of active devices such as lasers and
amplifiers, with Si3N4 to expand its functionalities remains a
challenge. To overcome it, hybrid integration was studied to re-
alize hybrid lasers by butt-coupling Si3N4 and InP waveguides
[16]. Although showing very narrow linewidth originating from
the high-quality Si3N4 external cavity, such integration has small
tolerance to the waveguide misalignment and requires precise
packaging technologies, which limits cost-effective assembly
and large-scale production.

Besides III-V semiconductors, rare-earth-ion doped alu-
minum oxide (Al2O3) is a good candidate for providing
active functionalities to the Si3N4 passive platform using a
cost-effective monolithic integration approach. The Al2O3 host
material can be doped with many rare-earth-ions (RE3+) such as
Nd3+, Yb3+, Er3+, Tm3+ and Ho3+ during the deposition pro-
cess, covering wavelength ranges from the near-IR to the middle-
IR [17]–[19]. For instance, amplifiers with 20 dB net gain [20]
with shallowly etched waveguide spirals (tens of cm) and ring
lasers with on-chip couplers [21] have been demonstrated in a
fully rare-earth-ion doped Al2O3 platform. However, large loss
caused by ground state absorption of the rare-earth-ion limits the
integration of other passive components. It can be improved by
shallowly etching the waveguides resulting in a large footprint.

To overcome the above issues, monolithic integration of
Al2O3:RE3+ with other passive materials are investigated. For
instance, a monolithic integrated amplifier is firstly explained
by directly depositing the Al2O3:Er3+ onto SOI waveguides
[22]. Monolithic integration of SiO2 layer on top of ridged
Al2O3:RE3+ waveguides was used to produce an ultra-narrow-
linewidth distributed feedback (DFB) laser [23] and a distributed
Bragg reflector (DBR) laser [24]. Gratings with precisely con-
trolled coefficients were fabricated on the SiO2 layer instead
of on the Al2O3:RE3+ layer. These works show the feasibil-
ity of realizing scalable light sources with high performance on
the Al2O3:RE3+ platform. An alternative approach with fewer
fabrication processes for the monolithic integration of Al2O3
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and Si3N4 was also proposed, where waveguides and gratings
were fabricated in the Si3N4 layer [25], [26]. Optical modes
are guided by the co-integrated ridged waveguide rather than
using any waveguide in the gain layer. The method is mostly
applied to make DBR or DFB lasers [19], [27], [28]. In this
waveguide configuration, the mode field intensity is low with
weak mode confinement (especially in the lateral direction) due
to the ridged waveguide configuration. Other microring lasers
have been reported [29]–[31]. In these devices, the Al2O3:RE3+

was deposited into a SiO2 trench on top of segmented Si3N4

waveguides, which guide the resonant pump and laser modes to
and from the active ring resonator cavity. This approach requires
high-resolution lithography, ultra-precise alignment between the
microcavity and Si3N4 structures and high ion concentration to
compensate for the large internal resonator loss.

Contrary to the previous approaches, our monolithic integra-
tion scheme of Al2O3 and Si3N4 waveguides forms a double-
layer platform, where the waveguides in both the Al2O3 and
Si3N4 layers can guide confined optical modes. The modes cou-
ple between the two layers only in a certain coupling region by
applying width-tapering to the Al2O3 waveguides and thickness-
tapering to the Si3N4 waveguides. Here, the Si3N4 platform with
a thin layer of SiO2 on the top serves, after chemical-mechanical
polishing (CMP), as the substrate of the Al2O3 layer. This inte-
gration scheme is not only available for wafer-scale integration
but also capable for selective area growth of active layers [32],
providing full freedom to individually integrate optical functions
on both layers with high integration density and low propagation
losses. In the proposed double-layer configuration, the optical
coupling between the Si3N4 and Al2O3 waveguides remains the
key challenge. To make the platform feasible to integrate various
optical components, it is significant to achieve broadband and
low-loss coupler with high fabrication tolerance to the misalign-
ment between Si3N4 and Al2O3 waveguides. This is the main
objective of the work presented here.

II. DEVICE DESIGN

A. Coupling Principle

For the integration of different materials in a photonic chip,
there are three common ways to achieve high-performance cou-
pling between two waveguides, namely butt coupling [16], res-
onant coupling [33] and adiabatic coupling [34]. Butt coupling
needs matched mode field sizes and either matched effective in-
dices or an anti-reflection coating to obtain efficient coupling.
The resonant coupling requires phase matching at a coupling
length to couple the power from one waveguide to the other,
which is highly wavelength and polarization dependent. The
achievable maximum power transfer relies on the difference
of the propagation constants of the two coupled waveguides.
The coupling efficiency highly depends on the precise coupling
lengths for which the phase matching condition is satisfied. An
adiabatic process means that there is no power transition from the
propagating mode to other modes, such as higher-order modes
or radiation modes [35]. It requires a sufficiently slow varia-
tion of the geometry of the waveguide tapers in the propagation
direction. Adiabatic couplers exhibit therefore a broader

bandwidth and less polarization dependency than resonant cou-
plers [36]. A general guideline for the design of adiabatic tapers
is that the taper length (L) has to be much larger than the beat
length between the two lower order coupled modes in the cou-
pling region [37], i.e.,L = 2π/Δβ, whereΔβ is the propagation
constant difference between the propagating mode and its clos-
est higher order mode (e.g., TE0 and TE1). However, long taper
lengths not only reduce the integration density but also introduce
additional propagation losses. To shorten the length, delineating
curves can be extracted from the wave propagation behavior of
the tapers [38]. Instead of this ultimate optimization, most appli-
cations such as polymer-Si optical I/Os [39], Si-III-V integration
[40] and Si3N4 multi-layer platform [41] divide taper into mul-
tiple sections applying a larger angle to the section less sensitive
to the effective refractive index change. Those approaches are
still limited to the width tapering regime. To overcome this, our
previous work [42] applied the thickness-tapered Si3N4 tapers
(vertical taper) buried inside straight polymer waveguides cores
for the monolithic integration of polymer and Si3N4, achiev-
ing less than 0.2 dB losses over 976 nm to 1635 nm. Vertically
tapering the Si3N4 waveguide permits drastically reducing the
mode mismatch losses at the Si3N4 taper tip avoiding the need
for nanolithography tools. It also permits varying the effective
index of the hybrid mode to achieve adiabatic power transfer
to the Al2O3 waveguide. In this work, we apply both width-
tapered Al2O3 waveguides (lateral taper) and vertical Si3N4 ta-
pers to realize adiabatic couplers. The effective refractive index
of the fundamental mode in the taper region can be gradually
varied to transfer the mode power between the Al2O3 and Si3N4

waveguide core. A broadband performance can be achieved by
this taper configuration. To make the Si3N4 and Al2O3 waveg-
uides work independently, a double-layer monolithic integration
scheme is proposed.

B. Device Structure

A 3D schematic of the double-layer Al2O3-Si3N4 platform
is shown in Fig. 1. A 200 nm thick single-stripe Si3N4 layer
on a ∼8 μm thick thermally-oxidized Si is employed. The
top Al2O3 layer is separated from the Si3N4 bottom layer by
a thin LPCVD SiO2 film. The thin SiO2 film is polished by
chemical-mechanical polishing (CMP) in order to remove these
height variations and obtain a good surface uniformity of the
SiO2 film for Al2O3 layer deposition, and to protect the Si3N4

waveguides during the dry etching process of the Al2O3 waveg-
uides. Otherwise, the height variations of the deposited SiO2

film due to the topology of the Si3N4 waveguides underneath
can cause misalignment-dependent deformation of Al2O3 wave-
guide cross-sections leading to lower tolerant and performant
couplers. A SiO2 film thickness, tspacer, of 200 nm is cho-
sen based on the capabilities of the in-house CMP process. The
Al2O3 waveguides are fully etched and there is no Al2O3 slab
layers on top of the Si3N4 waveguides except in the coupling
region, avoiding influencing the properties of the Si3N4 waveg-
uides. Fig. 1(a) to (d) show the cross-sections (CS) with corre-
sponding field distributions of the fundamental TE mode in the
coupling region at several locations along the adiabatic coupler,
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Fig. 1. 3D schematic of the coupling section of the double-layer Al2O3 and
Si3N4 photonic platform. The cross-sections at (a) the Al2O3 waveguide core,
(b) the tip of Si3N4 vertical taper, (c) the tip of Al2O3 lateral taper and (d) the
Si3N4 waveguide core. The intensity profiles of the fundamental TE mode at
the corresponding cross-sections are also shown.

namely at the Al2O3 waveguide core [CS (a)], the tip of the
Si3N4 vertical taper [CS (b)], the tip of the Al2O3 taper [CS (c)]
and the Si3N4 waveguide core [CS (d)]. The confined mode in
the Al2O3/Si3N4 waveguide core at both tips [CS(b) and CS(c)]
has a slightly different effective refractive index from the mode
of the Al2O3 [CS(a)] or Si3N4 [CS(d)] waveguides. This differ-
ence in effective refractive index causes mode mismatch loss,
which can be seen from the difference in their field distributions.
Afterwards, the mode continues propagating inside the coupling
region. The power of the mode is then adiabatically transferred
from one waveguide to the other. The mode mismatch losses and
the losses occurring in the coupling region constitute the total
loss of the Al2O3-Si3N4 coupler in the double-layer platform.

C. Simulation Results

The same design methodology as reported in [42], [43] was
performed to determine suitable parameters for the optical
couplers. The methodology combines a 2D mode field calcu-
lation with a 3D eigen-mode expansion (EME) method. The
former calculates the mode mismatch losses at the taper tips and
the latter computes the coupling loss originated from the taper
region. The 2D mode field calculations were implemented in
the Optodesigner (Synopsis) while the 3D EME calculations
were performed using Lumerical Mode Solutions (Lumerical).
In the design, a width of 1.4 μm is used for the Si3N4 waveguide
and the thickness of the Al2O3 layer is 700 nm. To satisfy adi-
abaticity for both Al2O3 and Si3N4 tapers, the thickness of the
Si3N4 waveguide is vertically tapered down to ∼30 nm with a
taper angle of ∼0.013° while the width of the Al2O3 waveguide
is laterally tapered from 1μm to 0.8μm with a length of 800μm.
The 0.8 μm Al2O3 taper tip width was chosen due to the limit
of the standard UV lithography (EVG620). These dimensions

TABLE I
REFRACTIVE INDICES OF THE MATERIALS IN THE DESIGN

Fig. 2. Mode mismatch lossαab between the cross-section CS(a) and CS(b) at
different wavelengths. The Si3N4 taper tip has a width WSi3N4

of 1.4 μm and
its thickness, tend, is 30 nm. The Al2O3 waveguide core has a width WAl2O3

of 1 μm and thickness tAl2O3
of 700 nm.

support single-mode (SM) condition for both Si3N4 and Al2O3

waveguides in the wavelength range of 1480–1635 nm. The re-
fractive indices of the materials employed are shown in Table I.
Three wavelengths are considered in the simulations, 980 nm
(i.e., corresponding to the pump wavelength for both Yb3+ and
Er3+), 1030 nm (i.e., the emission wavelength of Yb3+) and
1480–1635 nm (i.e., comprising the Er3+ emission band). The
tolerance analysis focuses on the influence of lateral misalign-
ment, Δx, between the Si3N4 and Al2O3 waveguides, which is
introduced by the lithography process, and the thickness varia-
tion of the thin SiO2 spacer film, which depends on the CMP
process.

1) Mode Mismatch Losses at Taper Tips: In Fig. 2, the mode
mismatch loss, αab, calculated from the overlap between the
fundamental modes of the CS (a) and CS (b) is depicted. The
loss is below 0.04 dB for all considered wavelengths and mis-
alignments. Smaller wavelengths have a more confined mode in
the Al2O3 waveguide core and they are therefore less affected
by the tip of the Si3N4 vertical taper. Such low mode mismatch
loss stems from the very small thickness of Si3N4 taper (i.e.,
30 nm), which contributes less to an effective refractive index
change between the CS (a) and CS (b). Further tapering of the
Si3N4 thickness (i.e., towards 0 nm) does not bring any further
improvement. It is important to highlight that such reduction of
the mismatch losses can also be achieved by laterally tapering
the waveguide width to a sufficiently small value (i.e., tens of
nanometer) [44], which requires a high-resolution lithography
technique such as electron-beam lithography or DUV (193 nm)
stepper lithography.

In addition, in Fig. 2, the trend of the mode mismatch loss
with lateral misalignment is different for the different wave-
lengths. The loss at the shorter wavelengths (i.e., 980 nm and
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Fig. 3. Mode mismatch loss αcd between the cross-section CS-c and CS-d at
different wavelengths. The width of Si3N4 waveguide is 1.4μm and its thickness
is 200 nm. The dimension of Al2O3 taper is: 0.8 μm × 700 nm.

1030 nm) continuously reduces. However, the loss at the longer
wavelengths (i.e., 1480, 1550, 1630 nm) firstly rises and then
gradually decreases. As the misalignment increases (i.e., around
0.8 um of misalignment), the fundamental mode of CS (b) is
highly affected by the Si3N4 taper tip, which distorts the mode
leading to the lowest mode overlap with the mode of CS(a). As
the misalignment increases further, the CS (b) mode is less af-
fected by the Si3N4 tip due to the fact that the tip is cut-off. The
CS (b) increasingly resembles the mode of CS (a) therefore de-
creasing the mode overlap losses. This indicates that the Si3N4

taper tip in the hybrid cross-section [CS (b)] has the most influ-
ence on the mode in the Al2O3 waveguide core [CS (b)] at these
longer wavelengths. For larger misalignments (i.e., >1.5 μm
for the shorter wavelengths and >2.2 μm for the longer wave-
lengths) the mode mismatch losses steadily decrease to almost
negligible. The reasons are that for such misalignments, the
mode is completely confined in the Al2O3 waveguide core of
the CS (b) since the thin tip of the vertical taper is cut-off.

At the tip of the Al2O3 taper, the mode mismatch loss, αcd,
between the CS (c) and CS (d) is found to be bigger than the loss
at the tip of Si3N4 taper (Fig. 3). For instance, αcd is <0.075 dB
at the short wavelengths and <0.25 dB at the long wavelengths
when the lateral misalignment is zero. Here, the Al2O3 taper tip
has a relatively large dimension (i.e., 0.8 μm width and 700 nm
thickness), leading to more impact on the variation of the effec-
tive refractive index for the mode transferring between the CS
(c) and CS (d). Therefore, the mode overlaps between the hybrid
cross-section and the Si3N4 waveguide core is smaller than that
between the CS (a) and CS (b). This can be clearly seen by the
more interrupted field distributions shown in Fig. 1(c) and (d).
Furthermore, the dimension of the Al2O3 taper tip has negligi-
ble influence on the mode mismatch loss when the Al2O3 taper
shifts too far away from the Si3N4 vertical taper.

2) Coupling Loss of the Taper Region: To study the adia-
baticity of the coupling region, an EME simulation was done
based on the 3D structure of the tapers. The fundamental TE
modes of the hybrid cross-sections, i.e., CS (b) and CS (c)
are regarded as the input/output modes. The power transition
loss between them is considered the coupling loss of the taper
region, αbc. The length of the taper region is equal to the length

Fig. 4. Coupling loss of the taper region αbc between the cross-section CS-b
and CS-c calculated using 3D EME. The length of both Al2O3 and Si3N4 tapers
is 800 μm.

of the Si3N4 vertical taper, which is 800 μm calculated from
the taper angle determined by the tapering process (seen in
Section III) and the initial and final Si3N4 thicknesses. We firstly
performed convergence tests for the different simulation param-
eters. A mesh size of 2 nm in the vertical direction and 5 nm in
the lateral direction are employed due to the thin layer of Si3N4

vertical taper.
In Fig. 4, the calculated coupling loss, αbc, as a function of

the lateral misalignment shows that the coupling efficiency and
tolerance to lateral misalignment gradually rises towards longer
wavelengths. When the Al2O3 taper and the Si3N4 taper are
separated over a certain value of lateral misalignment, i.e., with
Δx of ∼0.6 μm for 980 nm and 1030 nm, and Δx of 1.3 μm
for 1480 nm and 1550 nm, and Δx of 1.4 μm for 1630 nm,
the coupling loss raises rapidly. This wavelength dependence
of the tolerant range originates from the difference in mode size
at the studied wavelengths, which has an impact on the coupling
strength during the mode transition. At the longer wavelengths,
further increase of the lateral misalignment leads to resonance
coupling [33] due to the large mode size. Eventually, the cou-
pling loss significantly increases when the Al2O3 and Si3N4

tapers are separated too far away and coupled modes do not
spatially overlap anymore.

The power transfer in the taper region is visualized horizon-
tally (top-view) and vertically (side-view) at the wavelength of
1550 nm in Fig. 5. For zero-misalignment [Fig. 5(a) and (b)],
the adiabatic coupling between the Si3N4 and Al2O3 wave-
guide cores through the taper region is clearly demonstrated. At
the large lateral misalignment of 1.8 μm [Fig. 5(c) and (d)],
some resonant patterns along the propagation direction can
be seen from the intensity profiles. This phenomenon verifies
the resonant coupling effect as expected in Fig. 4. Furthermore,
we find that the resonance coupling effect can be reduced while
enhancing the tolerance to lateral misalignment by reducing the
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Fig. 5. Intensity profiles of the fundamental TE mode transition in the taper
region at the wavelength of 1550 nm: (a) top-view and (b) side-view for the
case with zero misalignment; (c) top-view and (d) side-view for the case with
misalignment of 1.8 μm.

SiO2 thin film between the Si3N4 and Al2O3 waveguides. Nev-
ertheless, the demonstration of the monolithic integration in this
work focuses on utilizing 200 nm SiO2 film because of our cur-
rent developed process.

3) Total Loss of Double-Layer Transition: The total loss, αc,
of the Al2O3-Si3N4 coupler consists of the mode mismatch
losses at taper tips and the coupling loss of the taper region.
Fig. 6(a) to (c) show the total loss as a function of the lateral
misalignment for different thicknesses of the thin spacer SiO2

film, tspacer, of 100 nm, 200 nm and 300 nm. Propagation losses
of the materials are not taken into account in the calculations.
With the increase of tspacer, the tolerance range to lateral mis-
alignment decreases. This is more apparent at the shorter wave-
lengths due to their smaller mode size and less evanescent wave
penetration depth. In the other hand, for the thinner SiO2 film,
the mode at the taper tips are affected more by the geometrical
changes at misalignments >0.7 μm, giving higher mode mis-
match losses especially at the long wavelengths. Nevertheless,
the increment of the total coupler loss is less than 0.1 dB within a
SiO2 film thickness variation of±100 nm. For the proposed case
with 200 nm thick SiO2 film, for zero misalignment, αc values
at the short wavelengths are less than 0.09 dB being still below
0.22 dB at the long wavelengths. Due to the relatively large di-
mension of the Al2O3 taper tip, the mode mismatch loss, αcd,
contributes a large portion of the total loss within the tolerant
range of the misalignment. To further improve the total loss, this
mismatch loss can be overcome by vertically tapering the Al2O3

taper tip in future developments.
Regarding simulation results in previous subsections, further-

optimization of the waveguide dimensions, taper profiles, and
thin SiO2 film between two layers could potentially enable to
obtain adiabatic coupling with a higher lateral misalignment for
a broader bandwidth of the wavelengths.

III. FABRICATION

Test structures of the Al2O3-Si3N4 couplers consider vari-
ous values of lateral misalignment ranging from −1.5 μm to

+1.5 μm with a step of 0.3 μm (where the “−” and “+” signs
indicate the relatively shift direction between the Al2O3 and
Si3N4 waveguides) in the design of the lithography mask lay-
out. The uncertainty of the lateral alignment in our lithography
process is∼0.3 μm, therefore, the introduced misalignment also
covers the range of the resonance coupling cases.

The process flow of the monolithic integration of Al2O3 and
Si3N4 is presented in Fig. 7(a) to (h) with emphasis on the op-
tical coupling region. The Triplex platform provided by Lionix
International was utilized in this work. The Si3N4 layer is de-
posited by LPCVD technique on thermally oxidized 100-mm
Si wafers [Fig. 7(a)]. The 8 μm thick thermal oxide was found
to be sufficient to avoid light penetration into the Si substrate
during propagation. The Si3N4 thickness is characterized to be
199.6 nm by an ellipsometer (Woollam M-2000UI). Vertically
tapering the Si3N4 layer is obtained by isotropic wet etching
[45], [46]. The etching rate difference between the Si3N4 and
native SiO2 produces a sidewall angle [46] that fulfils the adi-
abatic condition (i.e., 0.013°). After the tapering process, the
fabrication of the Si3N4 waveguides [Fig. 7(c)] is carried out
by a CHF3-O2 process in a plasma reactive ion etching (RIE)
system, in which the Si3N4 waveguides are fully etched and the
thermal SiO2 is partially etched.

Photoresist stripping and standard cleaning procedures are
followed to obtain a metal-free surface for LPCVD SiO2 de-
position on the top [Fig. 7(d)] of the Si3N4 platform. A thick
LPCVD SiO2 film (∼760 nm after annealing) is grown to pro-
vide sufficient sacrificial layer for CMP process. Heaves on the
SiO2 layer exist on the areas where there are Si3N4 structures
underneath. They are then polished away during the CMP pro-
cess with an average SiO2 removing speed of ∼100 nm/min
[Fig. 7(e)]. Through properly controlling the slurry flow and
polishing time, a good uniformity (<40 nm in full wafer scale)
surface and a polished SiO2 thickness of 185 nm are finally
obtained.

The Al2O3 layer is deposited on top of the polished wafer
by the reactive sputtering technique using radio frequency (RF)
power (AJA ATC 1500) [Fig. 7(f)] [47]. During the sputtering
process, the wafer with the bottom Si3N4 layer is heated up to
about 650 °C to reduce the incorporation of OH- groups on the
layer. The height between the wafer holder and target is set to
6.75 inch and the wafer rates during the deposition process. In
this demonstration, the sputtering power for the aluminum tar-
get is 200 W. The flows of Ar and oxygen into the reactor are
selected to obtain a deposition rate of 4 nm/min characterized
in the wafer center. To monitor the thickness of the deposited
Al2O3 layer in wafer-scale, a dummy Si wafer, onto which an
Al2O3 is deposited with the same settings, is employed. Multiple
locations on the wafer are scanned by the ellipsometer, as plot-
ted in Fig. 8(a). The Al2O3 layer thickness gradually decreases
from 720 nm in the center to ∼670 nm towards the wafer edge.
In an area within the 60 × 60 mm2 from the wafer center, a non-
uniformity of <7% is achieved, which can be further improved
by optimizing the distance between the wafer holder and target.
Optical propagation of the Al2O3 layer on the wafer with fab-
ricated Si3N4 waveguide structures after CMP is verified by a
prism coupling system (Metricon 2010/M) at the wavelength of
633 nm. A coupled slab mode propagating in the Al2O3 layer is
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Fig. 6. Total loss per coupler by adding the mode mismatch losses and the coupling loss from taper region at the thickness of thin SiO2 film of (a) 100 nm,
(b) 200 nm, and (c) 300 nm.

Fig. 7. Process flow of the Al2O3-Si3N4 integrated double-layer photonic
platform: (a) LPCVD Si3N4 film deposition; (b) vertical tapering of Si3N4

layer; (c) Si3N4 waveguide fabrication after RIE etching and resist removal;
(d) SiO2 intermediate layer deposition by LPCVD TEOS technique; (e) CMP
process to ensure surface uniformity; (f) Al2O3 deposition; (g) Al2O3 wave-
guide fabrication after RIE etching and resist removal; (h) PECVD cladding
deposition.

shown in Fig. 8(b). The thickness measured by prism coupling
is 714 nm in the wafer center and 642 nm at the location shown
in Fig. 8(b), showing good agreement with the values obtained
from the dummy wafer by the ellipsometry. To fabricate the
Al2O3 waveguides, standard UV lithography is applied and the
patterned Al2O3 layer is then etched by RIE with BCl3 and HBr
flows (Oxford PlasmaPro 100 Cobra). In our process, the resist
and Al2O3 have similar etching rates (50–55 nm/min) and the

Fig. 8. (a) Thickness profile of the Al2O3 layer deposited on a dummy silicon
wafer for thickness monitoring using the same settings as sample wafer. Dots
are the scan pattern by ellipsometer (Woollam 2000UI). Dashed box indicates
the location for the test unit of the Al2O3-Si3N4 couplers in the layout. (b) A
slab mode in the Al2O3 layer deposited on the top of a CMP polished wafer
with fabricated Si3N4 structures at the wavelength of 633 nm coupled by the
prism coupling system (Metricon 2010/M).
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Fig. 9. (a) Photograph of the Al2O3-Si3N4 integrated coupler chip. Zoom-in
optical gradient images at the tip of Al2O3 waveguide taper tip with the lateral
misalignment of (b) 1.3 ± 0.15 μm, (c) 0.1 ± 0.15 μm and (d) −1.7 ± 0.15 μm.

etching depth is 720 ± 5 nm scanned by a profilometer (Veeco
Dektak 8), which enables to fully etch the Al2O3 waveguides on
the top layer while not damaging the Si3N4 waveguides on the
bottom layer. Eventually, the developed Al2O3-Si3N4 double-
layer wafer is cladded by a thick SiO2 layer (4 μm) on the top,
deposited by PECVD technique (Oxford 80). It is perpendicu-
larly diced into individual dies by the dicing system (Loadpoint
Micro Ace 3), where the coupler chip is shown by dashed lines
in Fig. 8(a).

To characterize the lateral misalignment between Al2O3 and
Si3N4 waveguides, top view images are taken from the fabri-
cated device by a calibrated microscope. They are gradient im-
ages extracted directly from the captured optical images to have
a better contrast of the waveguide structures. Fig. 9(a) to (d)
show a photograph of a test-unit die and the top view images
of the monolithically integrated couplers for different misalign-
ments. The lowest misalignment of 0.1 ± 0.15 μm appears at
the designed +0.3 μm misaligned coupler after fabrication, in-
dicating a misalignment of 0.2 μm introduced during the UV
lithography patterning of the Al2O3 layer, which is within our
fabrication uncertainty, i.e., 0.3 μm.

To check the cross-sections in the taper region by scanning
electron microscope (SEM), a coupler sample from another
monolithically integrated Al2O3-Si3N4 wafer without PECVD
SiO2 cladding is prepared by cleaving. Approximately 9 nm
thick gold is sputtered onto it to prevent charging during imag-
ing. The Si3N4 and Al2O3 waveguides on the SEM sample wafer
are fabricated using the same processes described above. The
only difference is that the Al2O3 layer in SEM sample is slightly
thicker (800 nm). Here we show the cleaved cross-sections at
lateral misalignments of ∼0.1 μm and ∼1.3 μm. At the side
close to the tip of the Si3N4 vertical taper, the Al2O3 wave-
guide core and a thin layer of Si3N4 taper buried by the SiO2

can be clearly seen in Fig. 10(a) and (b). At the tip of the Al2O3

Fig. 10. (a) SEM images of the cleaved cross-sections of Al2O3-Si3N4 cou-
plers from a monitor Al2O3-Si3N4 wafer with a thicker Al2O3 (800 nm):
(a) and (b) at the side close to Si3N4 taper tip, and (c) and (d) at the side
close to Al2O3 taper tip.

taper, the narrower width of Al2O3 waveguide and thicker Si3N4

vertical taper can also be seen in Fig. 10(c) and (d).

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Propagation Losses

To investigate the propagation loss of the Al2O3 waveguides
in our device, a non-destructive method [20], [48] is employed,
where top-view intensity images of an Al2O3 spiral waveguide
are captured by an IR camera (InGaAs camera, Xenics Bocat
320) at different wavelengths. The spiral waveguide has a length
of 18 cm and the same width as the Al2O3 waveguide of the
Al2O3-Si3N4 couplers. Its minimal radius, i.e., the radius of
the s-bend in the center, is 250 μm which is designed to have
negligible bend loss (<10−4 dB/cm). Fig. 11(a) shows the light
scattering image of the Al2O3 spiral integrated with Si3N4 wave-
guide at the wavelength of 1030 nm. The input fiber couples the
light into the Si3N4 waveguide core. The mode transfers to the
Al2O3 spiral on the top layer through the Al2O3-Si3N4 cou-
pler, which is pointed out in purple color. Due to propagation
losses, the intensity of the spiral waveguide decays along the
mode propagation direction [Fig. 11(b)].

To extract the propagation loss, the waveguide channel rough-
ness is assumed to be uniform for all Al2O3 waveguides fabri-
cated on the same double-layer wafer. The scattering intensity is
proportional to the mode power confined in the waveguide [48].
Thus, the scattering intensity variation along the light propaga-
tion direction is correlated by the Lambert-Beer law [20], which
enables to imply the propagation loss of the waveguide. Here
the intensity of the pixels in a certain area of the circular path
of the spiral Al2O3 waveguide included within a yellow column
[Fig. 11(a)] are accumulated. Intensities of nine areas at differ-
ent locations separated by a certain length along the propagation
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Fig. 11. (a) Infrared image of the Si3N4 integrated Al2O3 spiral at the wave-
length of 1030 nm. (b) Intensity distribution captured from a certain area in the
infrared image (yellow columns) along the propagation direction. (c) Measured
propagation losses of the Al2O3 waveguide at various wavelengths.

direction of the spiral are extracted. The intensity reduction
along the propagation length is plotted in Fig. 11(b). These inten-
sity values (in logarithmic scale) at different propagation lengths
can be linearly fitted. Its slope determines the propagation loss
(dB/cm). A propagation loss of 2.3 dB/cm for the wavelength
of 1030 nm is demonstrated. By using this method, the prop-
agation losses at other wavelengths ranging from 1020 nm to
1630 nm are obtained, as shown in Fig. 11(c), where the error
bars originate from averaging over multiple independently mea-
sured intensity images of the same spiral, which are considered
as our measurement uncertainty. The wavelength-dependent per-
formance of the propagation loss of the Al2O3 spiral is clearly
demonstrated. Since this work focuses on the demonstration of
the optical coupling of the double-layer platform, the sputter-
ing of the Al2O3 layer has not been optimized yet. The lower
propagation loss of Al2O3 waveguides can be obtained by an
optimal sputtering process, as can be seen by the performance
of Al2O3:Yb3+ ring laser sensors [49].

The LPCVD Si3N4 layer has a very low-loss feature [5],
which is below the measurement uncertainty of the previous
non-conductive method. Hence the propagation loss of the Si3N4

waveguides is characterized by applying add-drop Si3N4 micror-
ing resonators (MRRs). For all-pass or add-drop MRR, its spec-
trum properties are determined by parameters such as the optical
length, dispersion of the waveguide, coupling efficiency between
bus waveguide and ring, and propagation loss of the waveguide.
Analysis of the spectrums enables to obtain the propagation loss
[50], [51]. The Si3N4 MRRs are fabricated in the same batch
and cladded by PECVD SiO2. The waveguide dimension is the
same as the Si3N4 waveguide in the Al2O3-Si3N4 couplers (i.e.,
1.4 μm). The Si3N4 ring resonator is buried by SiO2 cladding.
The ring radius is 150 μm which is designed to have bend loss

below 10−4 dB/cm (negligible), meaning the propagation loss of
the MRR can be considered to be equal to the propagation loss
of the Si3N4 waveguide. The characterized propagation loss is
0.12 ± 0.04 dB/cm within the C-band.

B. Coupler Losses

In the test-structure of the Al2O3-Si3N4 couplers, the waveg-
uides of the monolithically integrated double-layer chip are di-
vided into four groups depending on the number of cascaded
couplers, i.e., 2, 4, 6 and 12, as shown in Fig. 9(a). The neigh-
boring couplers are connected by a 300 μm Al2O3 waveguide
bridge. Each group contains eleven waveguides with cascaded
couplers, the only difference being the lateral misalignment,
which ranges from −1.7 μm to +1.3 μm of the fabricated
device (from −1.5 μm to +1.5 μm in design). The couplers
are characterized both at the wavelength of 1030 nm (Toptica
CTL1050) and across the spectral window of 1460–1635 nm
(Agilent 8164B). The experimental configuration for character-
ization is similar to our previous work of [42]. The input light
is coupled into the waveguide through polarization maintaining
fibers (PM980-XP for 1030 nm and PM1550-XP for the spec-
tral window 1460–1635 nm). Here the input PM fiber facet is
positioned at 4° angle with respect to the input Si3N4 waveguide
facet in order to reduce the influence of the stray light propa-
gating through the cladding layer. Transmission spectrums are
collected by a high numerical aperture fiber (UHNA3) at all mea-
sured wavelengths. The reference Si3N4 waveguides are located
in the same die. Their facets are assumed to have the same rough-
ness as the other Si3N4 waveguides with cascaded Al2O3-Si3N4

couplers. Therefore, the fiber-to-chip coupling efficiencies for
both the reference waveguide and the coupler cascaded waveg-
uides are assumed to be similar. In addition, an index matching
fluid (Diphenyl ether) is employed for all input/output facets.

Insertion losses of the waveguides are obtained by directly
normalizing the measured transmission to the output power of
the laser, as shown in Fig. 12(a). This measurement includes
all losses from the measurement system including the fiber-to-
chip coupling loss, the fiber-to-fiber connecting loss, waveguide
propagation losses, and coupler losses. The insertion loss of the
reference waveguide is measured to be 14.4 dB and 11.1 dB at
the wavelength of 1460 nm and 1635 nm, respectively, which
mainly results from the fiber-to-chip coupling loss (plus the sys-
tems losses) since the propagation loss of the reference Si3N4

waveguide is low (<0.2 dB for 1 cm length). The size of the
mode in the Si3N4 waveguide causes the difference of the fiber-
to-chip coupling efficiency. Better overlap resulting in lower
fiber-to-chip coupling loss is obtained at larger wavelengths.

To obtain loss performance of an individual coupler, the inser-
tion loss of the reference waveguide is subtracted from the one
of the waveguides with cascaded couplers. Therefore, fiber-to-
chip coupling loss and system loss are eliminated, providing a re-
maining loss only including the coupler loss and the propagation
losses. The latter originates mainly from the Si3N4 and Al2O3

waveguides in the coupling region with a length of 800 μm
and also caused by half of the Al2O3 waveguide (150 μm)
bridge connecting two couplers, which can be estimated by the
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Fig. 12. (a) Measured transmission spectrums of the reference waveguide and the waveguides with different number of the cascaded Al2O3-Si3N4 couplers for
the best aligned case (i.e., Δx of 0.1 μm). The one with four cascaded couplers is not shown due to the defect of the waveguide. (b) Loss per coupler after averaging
over the number of different cascaded coupler at Δx of 0.1 μm and (c) of −1.4 μm, respectively. Measurement uncertainties are obtained from all independent
measurements of both reference and coupler cascaded waveguides after error propagation.

Fig. 13. Results of measured loss per coupler as a function of lateral misalignment between Al2O3 and Si3N4 waveguides for the double-layer photonic platform
at the wavelength of (a) 1030 nm, (b) 1480 nm, (c) 1510 nm, (d) 1550 nm, (e) 1590 nm and (f) 1635 nm.

measured propagation losses of the waveguides (Fig. 11). The
loss per coupler is extracted by the approach from [42] by av-
eraging over the number of cascaded couplers after excluding
the propagation losses. Fig. 12(b) shows the extracted loss per
coupler from the insertion losses of the best-aligned case, i.e.,
with the lateral misalignment of 0.1 μm in the work. The loss
per coupler gradually reduces from 0.24 dB to 0.18 dB with the
increase of wavelength from 1460 nm to 1635 nm. Furthermore,
it can be seen in Fig. 12(c) that the loss per coupler at Δx of
1.4 μm is even lower than that of the best aligned case. It has a
resonant pattern with respect to the wavelength, indicating the
resonant coupling effect as expected in the simulation.

To evaluate the tolerance of the lateral misalignment and
broadband performance, the losses per coupler are measured
as a function of lateral misalignment, as shown in Fig. 13(a) to
(f). At the wavelength of 1030 nm, the coupler shows the lowest
loss of 0.26 ± 0.03 dB and less than 0.8 dB loss per coupler
within a lateral misalignment of ±1 μm. For other misalign-
ments larger than 1 μm, the coupler loss rises rapidly. For the
long wavelengths ranging from 1480 nm to 1635 nm, the loss
values at the largest lateral misalignment (i.e., −1.7 μm) reduce
with the increase of the wavelength. This clearly shows that the
tolerance to lateral misalignment becomes wider towards longer
wavelength, which agrees with the simulation.
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V. CONCLUSION

In this paper, monolithic integration of Al2O3 and Si3N4 to-
wards double-layer photonic platform is developed. The optical
coupling of the platform, which remains the key of the inte-
gration, is investigated using the laterally width tapered Al2O3

waveguide and vertically thickness tapered Si3N4 waveguide.
Influences of different design parameters of the Al2O3-Si3N4

couplers are analyzed. Tolerant fabrication processes of this
double-layer platform are introduced. Characterization results
of the test-unit of the coupler chip show as low as 0.26 ±
0.03 dB loss at the wavelength of 1030 nm, and less than 0.24 dB
loss over the spectral window of 1460–1635 nm. Even lower
losses (<0.15 dB) are obtained in the spectral window for the
couplers at a relatively large lateral misalignment of 1.4 μm,
where resonant coupling occurs. Lateral misalignment of±1μm
results in less than 0.6 dB loss at the wavelength of 1030 nm. In
the spectral window, tolerance to lateral misalignment increases
to about 1.4μm at 1480 nm wavelength and to 1.7μm (fabricated
maximum) at 1635 nm, without causing obvious losses.

We expect that further optimization of the design parameters
and fabrication processes can lead to better performances on
low-loss, broadband response and tolerance to misalignment.
This developed technology provides a promising way to mono-
lithically combine the outstanding optical features of Si3N4 and
the properties of rare-earth-ion doped Al2O3 for various active-
passive photonic functionalities in a double-layer platform.
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