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We present a compact, highly tolerant vertical coupling structure, which can be a generic design that bridges the
gap between conventional resonant couplers and adiabatic couplers for heterogeneously integrated devices. We
show insights on relaxing the coupler alignment tolerance and provide a detailed design methodology. By the use
of a multisegmented inverse taper structure, our design allows a certain proportion of the odd supermode to be
excited during the coupling process, which simultaneously facilitates high tolerance and compactness. With a
total length of 87 μm, our coupler is almost threefold shorter than the state-of-the-art alignment-tolerant adia-
batic couplers and outperforms them by demonstrating a more than 94% coupling efficiency (for <0.3 dB cou-
pling loss) with�1 μmmisalignment tolerance, which, to our best knowledge, is a new record for III-V-on-silicon
vertical couplers. Furthermore, our design has high tolerance to fabrication-induced structural deformation and
ultrabroad bandwidth. These features make it particularly suitable for building densely integrated III-V-on-
silicon photonic circuits with commercially available microtransfer printing assembly tools. The proposed design
can be widely adopted in various integration platforms.
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1. INTRODUCTION

Photonic integrated circuit (PIC) technology powers the
modern internet, enabling video conferences, data analytics,
and cloud-based services [1,2]. A sustained reduction in size
and costs for PICs is also enabling game-changing innovations
in a host of new sectors, such as sensing [3] and information
processing [4]. Silicon photonics, which leverages the devel-
oped technologies in CMOS manufacturing, has been devel-
oped in both academia and industry, providing a low-cost
platform for compact and low-loss photonic integration [5].
However, since making on-chip light sources out of silicon is
still a long way from being practical due to its indirect bandgap
[6], reliable integration of III-V gain materials into the silicon
photonics platform at the wafer level is an essential requirement
for future silicon photonics products. Over the past decade,
intensive efforts have been made to facilitate III-V-on-silicon
devices; e.g., semiconductor optical amplifiers (SOAs) [7,8],
photodetectors [9,10], and lasers [11,12], using different ap-
proaches that include hetero-epitaxial growth [13,14], flip-chip
integration [15,16], and die/wafer-to-wafer bonding [17,18].
In recent years, microtransfer printing (μTP) technology

appeared as a newcomer in the field of heterogenous integration
[19]. By parallel transfer printing prefabricated micron-sized
III-V components onto the silicon PICs, μTP combines the
advantages of flip-chip integration (pretesting of the III-V de-
vices) and wafer bonding (high throughput integration) [20]
without disturbing the backend flow of silicon photonics, pav-
ing a promising way toward efficient wafer-scale III-V-on-
silicon integration. The 3σ alignment accuracy is a critical
parameter for the μTP on the silicon platform since the mode
diameter in a silicon waveguide is normally well below 2 μm
[5]. ASM Amicra Microtechnologies, in collaboration with
X-Celeprint, recently announced a NANO μTPmanufacturing
system with �0.5 μm 3σ accuracy, indicating the commercial
readiness of transfer printing with submicron accuracy [21,22].

Vertical couplers that complete the optical power transfer
between the III-V and silicon layers are the key components
for heterogeneously integrated devices. Through slow changes
in geometry, adiabatic couplers can achieve high alignment tol-
erance, yet at the cost of large footprint (e.g., about 500 μm
each pair in Ref. [23]), being prohibitively long for complex
PICs that incorporate a large number of active components.
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This is particularly pronounced for applications such as large-
scale optical switch fabrics [24,25] and optical information pro-
cessors [26,27], where massive arrays of III-V components are
densely integrated at the chip level. Alternatively, resonant cou-
plers based on the periodic mode beating feature compact
lengths, but are rather intolerant to misalignments or fabrica-
tion variations [28,29]. Therefore, a new coupler design that
combines the high alignment tolerance of adiabatic couplers
and the compactness of resonant couplers is desired.

In this work, we propose a design method for a compact,
highly tolerant vertical coupler for building dense hetero-
geneous PICs. Based on inversely tapered structures with care-
ful geometrical optimization, our design allows a certain
proportion of the odd supermode to be excited during the cou-
pling process, which helps break the sensitive dependence
on the coupling length that resonant couplers always suffer
from and enables a compact length of only 87 μm, being almost
threefold shorter than the state-of-the-art alignment-tolerant
adiabatic coupler [23]. A finite-difference time-domain
(FDTD) simulation shows that its coupling efficiency reaches
98% (i.e., 0.1 dB coupling loss) when perfectly aligned and
maintains more than 94% (<0.3 dB) with a �1.0 μm lateral
misalignment. In addition, our proposed coupler features high
tolerance to structural deformations and an ultrabroad
bandwidth covering 1.44 to 1.74 μm with a >90% coupling
efficiency.

This paper has six sections. Section 2 reviews different ver-
tical coupling schemes along with their advantages and disad-
vantages. The theoretical analysis is described in Section 3 with
insights on how to relax the alignment tolerance. Section 4
presents the methodology of the coupler design and optimiza-
tion where we first propose a sharp linear taper structure, and
then extend that to a multisegmented taper structure with vary-
ing slopes to improve the performance. Section 5 provides fur-
ther simulation results and discussions. Finally, we draw
conclusions in Section 6.

2. REVIEW OF VERTICAL COUPLING
STRATEGIES

Based on the different behavior of the supermodes (i.e., the odd
and even modes) in the coupled mode system, current vertical
couplers can be divided into two categories: resonant and
adiabatic couplers [30,31]. Resonant couplers are based on a

periodic interference phenomenon between the two supermo-
des so that, by setting the coupling region to be half of the
mode beating length, optical power would be transferred from
one waveguide to the other [28,29]. In this way, couplers can be
made with short lengths [32], but have a drawback: their cou-
pling efficiency is sensitive to fabrication variations since any
slight structural deformation of the waveguides would influence
the beating length and the profiles of the supermodes [33].
Recently, ultracompact resonant couplers have been predicted
with a length of several microns, but their narrow waveguide
widths (small feature sizes) and poor structural tolerances
would impose rigorous demands on fabrication techniques
[34,35]. Adiabatic couplers, on the contrary, are designed to
keep the optical power in the fundamental mode (i.e., only
even mode exists). By gradually increasing the optical confine-
ment factor in the target waveguide through slow changes in
the device geometry, the full optical power transfer can be even-
tually accomplished at the output end [36]. Adiabatic coupling
does not require strict fabrication and alignment control; there-
fore, it has become the preferred choice [37,38]. Nevertheless,
it naturally requires a rather long length to satisfy the adiabatic
condition [39,40], which significantly limits the integration
density. Though some approaches have been proposed to real-
ize so-called “shortcuts to the adiabaticity” targeting to reduce
the lengths of adiabatic couplers, they may not be suitable for
the design of heterogeneous vertical couplers since the gap be-
tween the III-V and silicon layers is not manipulatable [41].
Moreover, these approaches may still result in hundreds of mi-
crons in length. For example, in Ref. [42], researchers theoreti-
cally derived the design criterion for the shortest adiabatic
couplers. This criterion was later applied in Ref. [23] to realize
alignment-tolerant adiabatic vertical couplers, which, however,
are more than 200 μm long.

Table 1 summarizes the simulated results for state-of-the-art
vertical couplers, highlighting their key metrics, from which the
strengths and weaknesses for resonant or adiabatic couplers are
clearly compared. Hence, to bridge the performance gap be-
tween adiabatic and resonant couplers, we propose a new com-
pact and alignment/fabrication-tolerant vertical coupler design.
Unlike a conventional resonant coupler, which initially excites
both even and odd modes or an adiabatic coupler that does not
excite odd mode at all times, our design operates in a hybrid
way so that the even mode plays a dominant role while the
odd mode is also partially excited in the central region of the

Table 1. Comparison of Several Different Vertical Couplersa

References Principle Materials Length Efficiency Alignment Tolerance
Tolerance of Width
Variation (>80%) Bandwidth

[23] Adiabatic AlGaInAs/Si 210 μm 98% �1.0 μm (>93%) N.A. N.A.
[43] Adiabatic InGaAsP/a-Si:H 224 μm 93% �1.0 μm (>75%) N.A. N.A.
[39] Adiabatic InGaAsP/InP 180 μm 83% N.A. �0.4 μm N.A.
[40] Adiabatic InGaAsP/InP 293 μm 90% N.A. �0.125 μm N.A.
[34] Resonant AlGaInAs/Si 8 μm 95% �0.1 μm (>90%) N.A. 1.5–1.6 μm (>95%)
[35] Resonant AlGaInAs/Si 5 μm 98% N.A. N.A. 1.5–1.6 μm (>90%)
[32] Resonant InGaAsP/InP 24 μm 97% N.A. �0.125 μm N.A.
[44] Resonant AlGaInAs/InP 55 μm 96% �0.3 μm (>90%) �0.25 μm 1.23–1.4 μm (>80%)
This work Hybrid AlGaInAs/Si 87 μm 98% �1.0 μm (>94%) �0.5 μm 1.44–1.74 μm (>90%)

aThis table shows simulation results.
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coupler; hence, the design features the advantages of both res-
onant and adiabatic coupling. It can be seen from Table 1 that
our proposed coupler has the best alignment and fabrication
tolerance (even superior to those adiabatic couplers) and keeps
a sub-hundred-micron length. In the following sections, we will
present a detailed explanation of our design.

3. RELAXING ALIGNMENT TOLERANCE

Figure 1(a) shows the transverse section of an exemplary III-V-
on-silicon (Si) heterogeneously integrated system, which is a
typical structure for optical amplifiers or lasers [17,23,43].
The III-V active region consists of six AlGaInAs multiple-quan-
tum wells (MQWs) sandwiched by seven barriers together with
a pair of separate confinement heterostructure (SCH) layers on
both sides. To simplify the analysis, the III-V active region is
considered to have a total thickness of 366 nm with an overall
averaged refractive index of about 3.35 at 1550 nm [44]. The
InP separation layer is 260 nm thick while the lower Si rib
waveguide has a thickness of 400 nm with an etch depth of
180 nm. A 60 nm thick divinylsiloxane-bis-benzocyclobutene
(BCB, refractive index of 1.56) bonding layer is assumed be-
tween the III-V and Si waveguide, as commonly used in μTP or
die/wafer bonding processes [23,45]. Note that using a thinner
BCB bonding layer can help increase the coupling strength be-
tween the upper and lower waveguides, and thereby shorten the
coupling length. However, it happens at the expense of reduc-
ing the optical confinement in the III-V active region, which
consequently compromises the gain efficiency [46]. A lateral

misalignment between the III-V and Si waveguide is consid-
ered, denoted by Δm. Note that a 400 nm thick Si waveguide
is adopted here because it has an effective refractive index close
to the III-V waveguide. Such 400 nm SOI platforms can be
supported by a number of foundries; e.g., IMEC [23,45]
and CEA-Leti [47]. Apart from this, we also demonstrate the
scalability of our design on standard 220 nm SOI platforms by
introducing an additional polysilicon layer, which is explained
more in Section 5.

The structure in Fig. 1(a) can be regarded as an asymmetric
vertically coupled waveguide system in which the propagation
and interaction of optical modes can be approximately de-
scribed by the coupled mode theory. The coupled equation
can be written as [48,49]

d

dz

�
a1
a2

�
�

�
−iβ1 −iκ
−iκ −iβ2

��
a1
a2

�
, (1)

where a1 and a2 are the amplitudes of the modes in the un-
coupled III-V and Si waveguides, and β1 and β2 are their propa-
gation constants. κ represents the mode-coupling coefficient
between the two modes and is defined as8>>><

>>>:

κij � k20
2β

RR �n2 − n2j �ψ iψ
�
j dxdy,

κji � k20
2β

RR �n2 − n2i �ψ jψ
�
i dxdy,

κ � ffiffiffiffiffiffiffiffiffiκijκji
p ,

(2)

where ψ i and ψ j are the normalized eigenmodes (transverse
electric field component for TE-polarized light) in each

Fig. 1. (a) Schematic of the cross section of a III-V-on-silicon vertically coupled waveguide system. (b)–(d) Calculated maps of γ for different
width combinations of the III-V and Si waveguide when the misalignment is 0, 0.5, and 1.0 μm, respectively. The dashed white lines and the orange
dots represent the width combinations for, respectively, the linearly tapered structure and the multisegmented tapered structure.
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uncoupled waveguide, β is the propagation constant of the
coupled mode, k0 is the propagation constant in free space,
and n, ni, and nj are the refractive index profiles of the coupled
waveguide system and two uncoupled waveguides, respectively.
Based on Eq. (1), the maximum power transition from one
waveguide to the other occurs at half the mode beating
period (assuming κ to be constant) z � π∕2κ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� γ2

p
, where

γ ≡ �β2 − β1�∕2κ, and the transferred power p can be written as

p � 1∕�1� γ2�: (3)

Thus, to design a conventional resonant coupler for
complete power transfer, its length should be set as half of
the mode beating period, while the widths of both III-V
and Si waveguides must be carefully selected to ensure that
γ is 0 (i.e., β2 should be equal to β1), which is well known
as phase matching. Figures 1(b)–1(d) present the calculated
maps of γ for different width combinations of the III-V and
Si waveguide with different lateral misalignments (i.e., when
Δm � 0, 0.5, and 1.0 μm). Note that the misalignment
does not affect the mismatch of the propagation constants
(i.e., β2 − β1) for a certain width combination, but reduces
the value of κ since the misalignment weakens the coupling
strength. Therefore, although the phase-matched width com-
binations of the III-V and Si waveguide remain unchanged (see
the contour lines where γ � 0), the value of γ as well as the
mode beating length changes significantly with a larger mis-
alignment, which disastrously damage the coupling efficiency
since the couplers no longer cut off at the point of maximum
power transition. For example, the arrows in Figs. 1(b)–1(d)
point out a specific phase-matched width combination, where
the widths of the III-V and Si waveguide are 1.63 and 1.89 μm,
respectively. For these waveguide widths, as the lateral misalign-
ment varies from 0 to 1.0 μm, the calculated lengths of the
coupler (i.e., half the mode beating period) rapidly increase
from 18.2 to 56.2 μm. Therefore, to enable high alignment
tolerance, it is critical to mitigate such sensitive dependence on
the coupling length induced by the strong resonant coupling.
However, this does not mean to totally eliminate the resonance
(as adiabatic couplers do) since a certain level of resonance ef-
fect is desired to achieve compactness. For this purpose, we

propose an inversely tapered coupling structure with properly
optimized geometry to allow a partial mode resonance in its
middle region, as shown in Fig. 2(a). Specifically, two different
design schemes based on a sharp linear taper structure and a
multisegmented taper structure are adopted, as shown in
Figs. 2(b) and 2(c). In the next sections, we will successively
present a detailed analysis of these two structures and illustrate
how to realize high alignment tolerance.

4. DEVICE DESIGN AND OPTIMIZATION

A. Vertical Coupler with Sharp Linear Taper
Structure
As shown in Fig. 2(b),W 1∕W 3 andW 2∕W 4 are defined as the
starting and ending width of the Si and III-V waveguide, re-
spectively, while L presents the length of the coupler. W 2

and W 3 are set to be 0.5 and 0.2 μm, respectively, correspond-
ing to the smallest feature size based on standard III-V or Si
fabrication process. Hence, the parameters to be optimized
areW 1,W 4, and L. For devices in which light propagates over
a long distance, the eigenmode expansion (EME) method can
be used to attain fairly accurate results with much higher com-
putational efficiency compared to the FDTD method [50].

We first choose the combination of widths W 1 and W 4,
and then sweep the length L to search for the best alignment
tolerance, which we define as the largest misalignment that can
be tolerated for coupling efficiency higher than 90%. Taking
advantage of the computationally efficient EME method, a
brute-force search for the two width parameters is conducted,
and the optimal combination of W 1 and W 4 is found to be,
respectively, 3.35 and 2.95 μm. Figure 3 shows the simulated
coupling efficiencies versus the taper length L with different
lateral misalignments. Such a sharply tapered structure appa-
rently does not satisfy the adiabatic condition, but it does
not trigger severe periodic mode beating neither (i.e., only mild
fluctuations can be observed on the curves). It can be seen that
under perfect alignment, the coupling efficiency reaches its
maximum when L equals 52 μm and keeps high with an in-
creasing taper length. As the alignment gets worse, it takes a
longer taper length to achieve the maximum. The red arrow
in Fig. 3 points out that when L is 93 μm, a 0.6 μm misalign-
ment can be tolerated with 91% efficiency, indicating that a

Fig. 2. (a) 3D schematic diagram of the proposed III-V-on-silicon vertical coupler. (b) and (c) Top view of the vertical couplers with, respectively,
a linear taper structure and a multisegmented taper structure.
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better alignment tolerance can be realized by properly length-
ening the taper (i.e., from 52 to 93 μm). However, when the
misalignment further increases, the coupling efficiency dra-
matically drops even with a longer taper length (e.g., the cou-
pling efficiency keeps lower than 57% when Δm is 1.0 μm).
This phenomenon can be interpreted by Eq. (3) that the trans-
ferred power is inversely proportional to 1� γ2. As shown by
the white dashed lines in Figs. 1(b)–1(d), the sharp linear taper
structure only has one specific position that is perfectly phase-
matched (i.e., γ � 0), while all the other parts are mismatched
(especially at the beginning and the end where the absolute
value of γ is on the order of 10). Thus, with a larger misalign-
ment, the value of γ2 significantly increases throughout the
whole coupler, except for the region around the phase-matched
point, leading to a reduction in coupling efficiency. Note that
in our design, since the γ actually varies along the propagation
direction, Eq. (3) should be amended using the transfer matrix
method [44] for better accuracy, but this does not essentially
affect the analysis here.

B. Vertical Coupler with a Multisegmented Taper
Structure
As demonstrated above, a sharp taper structure can break the
periodical mode coupling and hence can help improve the
alignment tolerance. However, as the waveguide widths in a
tapered structure inevitably vary along the propagation direc-
tion, it is difficult to maintain the phase matching between the
upper and lower waveguides, particularly for the linearly ta-
pered couplers since their slopes are fixed such that the phase
matching is only satisfied at one specific point in the middle
and rapidly deteriorates toward both ends. Thus, to achieve
a better trade-off between the phase-matched and mismatched
regions, numerous tapered segments with different slopes and
lengths are required. Specifically, such a multisegmented taper
structure shall have these features: (i) at its central part where
the phase matching can be reasonably satisfied (i.e., where γ is
close to 0), the segments are expected to have relatively long

lengths and gentle slopes; and (ii) while at the beginning or
the end where the phase matching is unreachable (i.e., where
the large value of γ2 compromises the coupling efficiency), the
segments should have short lengths and steep slopes.

In practice, we first choose the width combinations for all
the segments, and then optimize their lengths based on the
EME method. The orange dots in Figs. 1(b)–1(d) represent
the chosen width combinations so that every two adjacent dots
correspond to one specific segment. In the central region near
the phase-matched point, the distribution of dots follows the
optimal result of the sharp linear taper structure (i.e., located on
the white dashed lines). At both sides of the coupler, the selec-
tion of dots is slightly adjusted to obtain smaller waveguide
widths for two reasons: (i) to result in smaller values of γ
for higher efficiency [as interpreted by Eq. (3)]; and (ii) to make
sure that the local half angle θ of the taper satisfies that
θ < λ∕�2W · neff � [36], where W and neff are the waveguide
width and effective index, respectively. This equation ensures
that the tapering will be slower than the diffraction of the fun-
damental mode, hence preventing the appearance of an unde-
sirable mode conversion. For the length of each segment, since
it involves the global optimization of numerous parameters, we
employ the particle swarm optimization (PSO) algorithm,
which is widely adopted in the design of integrated photonic
devices [51–53]. The optimization goal is to maximize the
tolerable misalignment with the highest possible coupling effi-
ciency. Note that too many parameters will lead to an excessive
searching space for the PSO algorithm [54]. Thus, 10 segments
are used here to allow the optimal set of lengths to be spotted
after sufficient iterations. Further discussions regarding the im-
pact of the segment number are provided in next section.

Because the design process we adopted here is straightfor-
ward (i.e., select the widths and then optimize the lengths),
the PSO algorithm is powerful enough. Besides, it is possible
to develop a feedback loop based on the outcomes of the opti-
mization algorithm and adjust the initial selection of width
combinations accordingly to further optimize the performance.
Such a strategy can be potentially realized by more advanced
algorithms, including machine learning or deep learning mod-
els [55,56], but may require significant computational resour-
ces and is beyond the scope of this paper.

Figure 4(a) shows the optimized geometry of the vertical
coupler with numerous tapered segments. The total length is
87 μm. Notably, the segments around the phase-matched point
(which is almost at the midpoint of the device) have smaller
slopes than those segments on the two ends, which agrees with
our previous analysis. A 3D FDTD method (Lumerical FDTD
solver) is also used to provide more accurate results in addition
to the EME method. Figure 4(b) shows the simulated coupling
efficiency with different lateral misalignment, which indicates
that the coupling efficiency is 98% (i.e., 0.09 dB coupling loss)
when perfectly aligned and remains better than 94% (0.26 dB)
until the misalignment exceeds 1.0 μm. It degenerates to 50%
when the coupler is 1.2 μm misaligned.

To reveal the underlying mode coupling behavior in our
design, the power fraction carried by both the even and odd
modes is monitored along the propagation direction, as shown
in Fig. 4(c). It can be seen that at the beginning of the coupler,

Fig. 3. Simulated coupling efficiency versus the length L of the lin-
ear taper vertical couplers with different lateral misalignments. The
theoretical calculation for a perfectly phase-matched conventional res-
onant coupler when Δm is 1.0 μm is also presented for reference.
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the optical power is adiabatically confined to the even mode
and that barely any odd mode exists, while in the middle region
with reasonable phase matching (between about 25 and 70 μm),
a partial resonance phenomenon appears so that the odd
mode is gradually excited and then coupled back to the even
mode, with a peak value of 0.18. This clearly distinguishes
our design from conventional resonant or adiabatic couplers.
Figure 4(d) shows the simulated electric field profiles at the input
and output cross sections, demonstrating that the optical power
can be almost completely transferred from the lower Si wave-
guide to the upper III-V even with a �1.0 μm misalignment.

5. FURTHER PERFORMANCE EXPLORATION
AND DISCUSSION

A. Tolerance of Structural Deformation
Besides the alignment tolerance, by simultaneously varying the
widths of both upper III-V and lower Si waveguides, the level of
tolerance for the width deviations of our design is investigated.
Meanwhile, the impact of the thickness variations of the BCB
bonding layer (i.e., the gap distance between the III-V and Si
waveguide) as well as the silicon waveguide is also explored.
Figure 5(a) shows that, on top of a 1.0 μmmisalignment, when
the width variations of the III-V and Si waveguide range from
about −0.05 to �0.25 μm and −0.1 to �0.35 μm, respec-
tively, the coupling efficiency remains around 90%. If the cou-
pler is perfectly aligned, the tolerable width variation range
(>90%) can even reach −0.5 to �0.3 μm for the III-V wave-
guide and −0.2 to �0.4 μm for the Si waveguide. This excel-
lent tolerance of the width variations can be interpreted by the
geometry of the multisegmented coupler itself in that any
increase or decrease in the upper or lower waveguide width
[i.e., the curves in Fig. 4(a) shift up or down] only affects

the specific location of the phase-matched point because it cor-
respondingly shifts forward or backward along the propagation
direction z, and there would always be a long gently tapered
region around it to support the vertical coupling. In other
words, even when the widths of upper or lower waveguide se-
verely deviate from their optimum values, the effective coupling
between the two waveguides can still be maintained so that the
coupling efficiency stays high.

The tolerance for the thickness variation of the BCB bond-
ing layer is shown in Fig. 5(b). While the designed thickness of
the BCB layer is 60 nm, the coupling efficiency keeps higher
than 90% with the thickness varying from 50 to 65 nm when
�1.0 μmmisaligned or varying from 10 to 110 nm when there
is no misalignment. On the other hand, the tolerance regarding
the thickness of the silicon waveguide is also simulated because
it could vary across the SOI wafer [57]. Simulation results show
that when perfectly aligned our device has a >90% efficiency
with a −40 to �30 nm silicon layer thickness variation. When
�1.0 μm misaligned, a >84% efficiency can still be main-
tained with a −10 to �5 nm variation. These results suggest
that our design also has a good tolerance for potential layer
thickness variations.

B. Wavelength Dependence
The wavelength dependence of our proposed coupler is also
studied, with the index dispersion of different material layers
taken into consideration [58]. Figure 5(c) shows that a more
than 90% coupling efficiency can be achieved over an ultrab-
road wavelength band from 1.44 to 1.74 μm even with a
0.5 μm misalignment, which outperforms the other designs
listed in Table 1. When the misalignment reaches 1.0 μm,
the coupling efficiency still remains higher than 90% with
the wavelength ranging from 1.52 to 1.61 μm.

Fig. 4. (a) Waveguide widths of the vertical coupler with multisegmented taper structure along the propagation direction z. (b) Simulated cou-
pling efficiency versus the lateral misalignment. (c) Normalized power of the two supermodes (even and odd) along the propagation direction when
Δm is 1.0 μm. Insets show their simulated transverse electric field profiles at z � 57 μm. (d) Simulated electric field profiles at the input cross section
and the output cross section when Δm is, respectively, 0, 0.5, and 1.0 μm.
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C. Performance Comparison with Adiabatic Couplers
To highlight the superiority of our design, a direct comparison
is made against an adiabatic coupler designed and simulated
using the identical III-V-on-silicon coupled waveguide system
[i.e., Fig. 1(a)] with a 1.0 μm misalignment. To achieve the
theoretically shortest length, this adiabatic coupler follows the
design criterion proposed in Ref. [42], as γ � tanfarcsin�2κ ⋅
ε1∕2�z − z0�	g, where ε represents the power fraction of the un-
wanted odd mode and is set to be 0.02, and z0 is the phase-
matched point where γ equals zero. Based on the formula
above, the widths of the III-V and Si waveguides at any propa-
gation z can be obtained according to the map of γ shown in
Fig. 1(d), so that the geometry can be determined.

Table 2 lists the comparison of the key performance metrics,
showing that the adiabatic coupler can accomplish a similarly
�1.0 μm alignment tolerance with our proposed coupler, but
at the cost of a much longer length. In addition, the proposed
multisegmented coupler shows a better tolerance to the wave-
guide width variation and BCB layer thickness variation, and a
broader bandwidth. Further simulation results indicate that
the coupling efficiency of both our design and the adiabatic
coupler drops rapidly when the misalignment exceeds 1.0 μm
(e.g., 82% and 66% for the adiabatic coupler at 1.1 μm and
1.2 μm misalignment, respectively, and 76% and 52% for the
multisegmented coupler at 1.1 μm and 1.2 μm misalignment,
respectively).

D. Adoption on 220 nm SOI Platforms
As is widely acknowledged, it is nontrivial to directly couple the
light from 220 nm Si waveguides (an effective index of
about 2.45 with 0.5 μm width) into III-V active waveguides

(an effective index of about 2.94 with 1.0 μm width) due
to the large difference in index. To tackle this problem, efforts
have been made either to reduce the effective index of a III-V
waveguide, e.g., by developing ultrathin membrane III-V stacks
[59], designing multisectional tapers with the thickness of the
p-InP cladding layer lessened [35]; or to use the 400 or 500 nm
thick SOI platforms for greater effective index (about 2.95 and
3.03, respectively, when the width is 0.6 μm) [60]. However,
these methods may require extra or customized fabrication
steps. In contrast, some foundries provide additional polycrys-
talline silicon (poly-Si) or amorphous silicon layers on top of
the 220 nm Si layer as standard procedures, which can be used
to thicken the passive waveguide for the vertical coupling at a
lower cost and complexity. Thus, we take the imec iSiPP25G
220 nm SOI platform (commercially accessible through multi-
project wafer runs) as an example [61]. The iSiPP25G platform
offers a 180 nm poly-Si overlay, allowing the mode to exist
within the Si and poly-Si joint waveguide. Figure 6(a) shows
a heterogeneous coupled waveguide system based on it.
Following the design method discussed in previous sections, we
determine the geometry of the multisegmented vertical taper, as
shown in Fig. 6(b). The overall length is 98.8 μm, which is
slightly longer than our design based on the 400 nm SOI since
the index matching is relatively compromised, but still achieves
a sub-hundred-micron record. Figure 6(c) presents its misalign-
ment tolerance showing that an over 91% coupling efficiency is
obtained even when Δm is 1.0 μm. Further simulation results
indicate that this coupler also features a high fabrication toler-
ance (>85% efficiency with�0.1 μm width variation of either
Si or III-V waveguide when Δm is �1.0 μm) and broad

Fig. 5. (a) Simulated map of the coupling efficiency with different width variations of the III-V and Si waveguide when the coupler is 1.0 μm
misaligned. (b) Simulated coupling efficiency versus the thickness of the BCB bonding layer with different misalignments. (c) Simulated coupling
efficiency versus wavelength with different misalignments.

Table 2. Comparison to an Adiabatic Coupler

Performance Metrics Adiabatic Coupler Multisegmented Tapered Coupler

Device length 237 μm 87 μm
Alignment tolerance 1.0 μm (>91%) 1.0 μm (>94%)
Tolerance of width variation �0.3 μm (>75%) �0.5 μm (>80%)
Tolerance of BCB thickness variation �10 nm (>86%) �50 nm (>90%)
Bandwidth 1.49–1.58 μm (>90%) 1.44–1.74 μm (>90%)

Research Article Vol. 10, No. 9 / September 2022 / Photonics Research 2087



bandwidth (>90% efficiency with the wavelength from 1.46 to
1.56 μm when Δm is �1.0 μm), validating the scalability of
our design method on different SOI platforms.

E. Design Considerations on Other Platforms
Whilst the proposed coupler is primarily for coupling between
material layers with similar refractive indices, it is also possible
to implement it in platforms with large index contrast. One
example is the SiN-on-Si platforms, where people tend to
use adiabatic coupling to overcome the index mismatch be-
tween the SiN and Si layers [62,63]. It is, however, possible
to apply a subwavelength grating structure to reduce the effec-
tive index of the Si waveguide [64], thereby enabling the index
matching in the proposed coupling mechanism. Another exam-
ple is the μTP-based III-V-on-SiN platform. Due to the large
difference in refractive index between III-V semiconductors
and SiN, an additional poly-Si or amorphous Si layer can be
used as an intermediate layer [43,65], in which our design
method can be adopted.

Our design also can be applied to monolithic InP platforms
based on the asymmetric twin guide (ATG) technique, where
the active and passive waveguides are separated vertically
[44,66]. Since the active and passive waveguides share similar
refractive indices (e.g., InGaAsP or AlGaInAs layers with differ-
ent composition and doping level), our design method can
naturally fit.

F. Optimal Number of Taper Segments
Referring back to Section 4.B, a larger number of taper seg-
ments could in principle help achieve superior tolerance since
the index matching can be better satisfied. Nevertheless, opti-
mizing a larger number of taper segments could impose a
heavier computational burden. Thus, to further explore the im-
pact of segment number on the coupling performance, we si-
mulated designs with different numbers of segments in the case
of III-V-on-silicon coupling following the same design steps.

Figure 7 shows that at �1.0 μm misalignment, a three-seg-
mented coupler can provide a coupling efficiency of 80%, and
when the segment number reaches six, a 91% coupling effi-
ciency can be achieved. Beyond that, the coupling efficiency
keeps enhancing, but slows down with an increasing number
of segments and gradually converges to ∼95% with about 10 to

12 segments. Therefore, a trade-off must be made between the
device target performance and the computation complexity,
and it may vary for different material systems.

6. CONCLUSION

In this paper, we present a generic design method for a compact
and alignment-tolerant vertical coupler for densely integrated
III-V-on-silicon photonic circuits. Our coupler’s operation is
fundamentally different from conventional resonant or adia-
batic couplers that a certain proportion of the odd supermode
is excited during the coupling process, enabling both high tol-
erance and compact length. The coupler structure contains nu-
merous tapered segments, of which the start/end width
combinations are determined based on the coupled mode
theory, while the lengths are optimized using the PSO algo-
rithm. The device length is 87 μm, which is almost threefold
shorter than the state-of-the-art alignment-tolerant adiabatic

Fig. 6. (a) Cross section schematic of a heterogenous coupled waveguide system based on 220 nm SOI platform with poly-Si overlay.
(b) Waveguide widths of the multisegmented vertical coupler along the propagation direction. (c) FDTD simulated coupling efficiency versus
the lateral misalignment.

Fig. 7. Simulated coupling efficiency of the optimized couplers with
different numbers of taper segments when Δm is �1.0 μm. Inset
shows the coupling efficiency of a three-segmented coupler versus
the lateral misalignment.

2088 Vol. 10, No. 9 / September 2022 / Photonics Research Research Article



coupler. Simulation results show that the designed coupler can
achieve a 98% coupling efficiency (i.e., 0.1 dB insertion loss)
when perfectly aligned and a >94% coupling efficiency
(<0.3 dB) even when�1.0 μmmisaligned, making it particu-
larly suitable for commercially available integration techniques,
such as microtransfer printing, which have limited alignment
accuracy. Furthermore, the proposed coupler also has great tol-
erance for the fabrication-induced structural deviations and an
ultrabroad bandwidth covering 1.44 to 1.74 μm with a >90%
coupling efficiency.

This work overcomes the limitations that conventional res-
onant couplers suffer from weak alignment and fabrication tol-
erance while adiabatic couplers are always too long, pointing to
a new direction for the design of high-performance vertical cou-
plers. Our proposed method also can be applied to different
material systems; therefore, it is expected to find wide applica-
tions on various integration platforms.
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