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ABSTRACT: An on-chip asymmetric directional coupler (DC) can
convert fundamental modes to higher-order modes and is one of the
core components of mode-division multiplexing (MDM) technol-
ogy. In this study, we propose that waveguides of the asymmetric
DC can be trimmed by silicon ion implantation to tune the effective
refractive index and facilitate mode conversion into higher-order
modes. Through this method of tuning, transmission changes of up
to 18 dB have been realized with one ion implantation step. In
addition, adjusting the position of the ion implantation on the
waveguide can provide a further degree of control over the
transmission into the resulting mode. The results of this work
present a promising new route for the development of high-
efficiency, low-loss mode converters for integrated photonic platforms, and aim to facilitate the application of MDM technology in
emerging photonic neuromorphic computing.
KEYWORDS: Photonic integrated circuits, mode conversion, asymmetric directional couplers, silicon ion implantation

Photonic integrated circuits (PIC), which are microchips
integrating various photonic components, have great

potential in application areas such as optical interconnects,1−3

quantum computing,4−9 and neuromorphic computing.10−18

By leveraging the inherent parallelism of light, multiplexing
techniques in PICs have provided a promising route to realize
high data throughput. Wavelength-division multiplexing
(WDM) is a technique commonly used in PICs to significantly
increase data rates.19,20 For instance, a relatively simple
multimodulator setup can achieve a data bandwidth approach-
ing 250 Gbps when operating at a speed of 25 Gbps.21

Moreover, utilizing WDM, PICs based on crossbar arrays for
photonic computation can perform up to 1012 multiply-
accumulate operations per second.22 Since the light of the
same wavelength can propagate simultaneously through
different modes in a waveguide, mode-division multiplexing
(MDM) technology is now emerging as a powerful tool to
further increase the data throughput of PICs.23−26 As an
example, a multimodulator setup with 4 modes and 4
wavelengths can achieve a data bandwidth of 512 Gbps
when operating at 32 Gbps, improving the performance of
solely WDM.27 In the field of photonic computing, researchers
have begun to apply MDM technology to achieve higher
computing speed and density, with initial promising
results.14,28,29

To apply MDM, it is necessary to obtain higher-order modes
in addition to the fundamental transverse electric mode TE0,
which can be achieved by an asymmetric directional coupler
(DC).30,31 Mode conversion can be realized by satisfying
phase-matching conditions between TE0 and higher-order
modes.32 In simulations, the mode conversion can be almost
lossless, and the degree of conversion can be controlled
through asymmetric DC device parameters. However,
fabrication errors can affect the conversion between TE0 and
higher-order modes, preventing precise control of the mode
conversion.
To mitigate fabrication errors, post-trimming of the

fabricated asymmetric DC is expected to control the deviation
in mode conversion. Post-trimming has been employed in ring
resonators, whereby changing the material refractive index
modifies the effective refractive index of TE0 mode, thereby
adjusting the resonance wavelength.33−35 Commonly used
trimming methods include ultraviolet light36 and electron
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beam irradiation of the cladding chemical resists.33,36 However,
resist-based trimming cannot guarantee long-term stability
because such coatings are affected by light and high
temperatures. Ion implantation methods are an attractive
alternative, for instance germanium ion implantation,37−39 but
because germanium absorbs light at 1550 nm, it introduces
additional losses into photonic structures (e.g., measured
propagation loss is up to 33 dB/mm40). In a recent study,
silicon ion implantation as a permanent trimming method has
shown tremendous performance in tuning the photonic
structure without introducing additional losses by virtue of
the nature of silicon at telecommunication wavelengths.41 After
annealing, the resonant wavelength of the trimmed ring
resonator remained unchanged for 60 days, indicating the
excellent long-term stability of silicon ion implantation.41

Hence, silicon ion implantation appears to provide an excellent
platform for trimming asymmetric DCs.
In this study, we propose that the mode conversion of a

silicon nitride (Si3N4) asymmetric DC can be controlled by
silicon ion implantation. By implanting silicon ions on the
waveguide, we can vary the transmission of the TE1 mode by
up to 18 dB after mode conversion. In addition, we propose
that the effect of trimming on the asymmetric DC depends on
the position of the implanted silicon ion on the waveguide,
which provides an additional degree of freedom for trimming.
Figure 1a shows a schematic of how mode conversions in an

asymmetric DC are trimmed by silicon ion implantation.
Silicon ion implantation slightly trims the waveguide, which

changes the properties of the guided mode, resulting in
changes in the transmission of the asymmetric DC. Before
exploring the effect of silicon ion implantation on the
transmission of the asymmetric DCs, we first investigate the
TE0 to TE1 mode conversion based on asymmetric DCs. As
shown in Figure 1a, the asymmetric DC consists of two Si3N4
waveguides of widths w1 and w2 placed on a silicon dioxide
layer (buried oxide layer). In this study, the gap between the
two waveguides was set at 300 nm.44 The waveguide height h
was fixed at 335 nm to avoid the waveguide supporting
transverse magnetic modes. In this configuration, light is
coupled in and injected from the narrow waveguide in TE0
mode. To achieve mode conversion, the phase-matching
condition must be satisfied, i.e., the effective refractive index
of TE0 mode nTE0 in the narrow waveguide is equal to the
effective refractive index of TE1 mode nTE1 in the wide
waveguide. Figure 1b shows the effective refractive indices of
the two modes with different waveguide widths. The reason for
choosing w1 to be 1200 nm is that narrower waveguides (e.g.,
900 nm) have very high scattering losses in experiments owing
to the roughness of waveguide side walls, while wider
waveguides (e.g., 1500 nm) require longer coupling lengths
of mode conversion due to better field confinement.45 After
confirming w1, w2 is chosen to be 2550 nm to satisfy the phase-
matching condition. The second condition for achieving mode
conversion is to choose the appropriate coupling length for the
two waveguides. To this end, the optimum coupling length was
estimated via simulations (see SI S1) using a 3D simulator

Figure 1. (a) Schematic of the asymmetric DC that converts TE0 mode to TE1 mode. The transmission of the asymmetric DC can be trimmed by
silicon ion implantation. The inset shows a schematic of the formation of a silicon-rich amorphous region in a Si3N4 nanostructure by silicon ion
implantation. Implantation energy, dose, and beam current used in silicon ion implantation are also indicated. (b) Effective refractive index of TE0
and TE1 modes for different waveguide widths. (c) Simulated transmission spectrum of the asymmetric DC with w1 = 1200 nm, w2 = 2550 nm, gap
= 300 nm, and h = 335 nm. The n of Si3N4 used in the simulation is 2.01. We note that when the n of Si3N4 is varied between 1.97 and 2.06 (see SI
S2), the insertion loss at 1550 nm remains less than 0.7 dB, which indicates that the mode conversion in the asymmetric DC is insensitive to
refractive index changes due to temperature changes (the thermo-optic coefficient of Si3N4 is as low as ∼2.5 × 10−5 K−1).42,43 The inset shows the
intensity distribution at 1550 nm. (d) Images of the fabricated mode converter. (e) Transmission measurements at 1550 nm for the mode
converters with w2 = 2400 to 2650 nm in steps of 25 nm. (f) Measured transmission spectrum of the mode converter with w2 = 2550 nm.
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(ANSYS Lumerical FDTD) based on the finite-difference
time-domain method. The transmission spectrum of the
asymmetric DC is shown in Figure 1c. Based on the inset in
Figure 1c, we confirm that the input light of the TE0 mode is
fully converted to the light of the TE1 mode at a coupling
length L = 90 μm.
Si3N4 mode converters were fabricated (see SI S3) to

experimentally study the performance of the proposed
structure. Figure 1d shows the images of a fabricated mode
converter. The input light is coupled to the mode converter
through a grating coupler in the form of TE0 mode. The
waveguide width after the grating coupler is 1200 nm and only
supports TE0 mode propagation. A 50:50 multimode
interferometer (MMI) is used to split the input light (see SI
S4). Half of the input light passes through the first asymmetric
DC, is converted to TE1 mode, and then propagates in the
wide bus waveguide. An identical asymmetric DC (the second
one) then converts the light from TE1 mode back to TE0 mode
before the light reaches the output grating coupler. The other
half of the input light after the MMI arrives directly at the
output grating coupler (white dashed box), and the measure-
ment of this is used as a reference signal for the subsequent
normalization process. In this configuration, it can be assumed
that the change in the normalized transmission spectrum is due
to two mode conversions (TE0 to TE1 and back to TE0).
Figure 1e shows the normalized transmission of the mode
converters at 1550 nm, with w2 varying between 2400 to 2650
nm. We observe that the transmission is sensitive to changes in
w2. When w2 = 2400 nm, the nTE0 is greater than the nTE1 (nTE0
> nTE1), resulting in almost zero transmission. As w2 increases
to 2500 nm, the insertion loss decreases to 0.4 dB per
asymmetric DC (0.8 dB for two asymmetric DCs). When w2 =
2550 nm, the insertion loss per asymmetric DC is as low as 0.2
dB, meaning that the effective refractive indices of the two
modes are nearly matched (nTE0 = nTE1). As w2 increases
further, the transmission decreases because nTE0 < nTE1.
The transmission spectrum (see SI S5 for the measurement

setup) of the mode converter with w2 = 2550 nm is shown in
Figure 1f, indicating that the insertion loss per conversion in
the experiment can be as low as 0.2 dB. The transmission
deviation between 1540 and 1560 nm is only 0.4 dB, indicating
that the mode converter operates over a relatively wide
wavelength range. However, nTE0 in the narrow waveguides is

more sensitive to width variations than nTE1 in the wide
waveguides (Figure 1b: ΔnTE0 > ΔnTE1), and therefore the
performance of the mode converter is degraded by fabrication
errors.
To post-trim the mode converters by silicon ion

implantation, simulations were performed to theoretically
study the effect of silicon ion implantation on the asymmetric
DCs of the mode converters. As described later, a silicon-rich
region will be formed after silicon ion implantation, but for
simplicity, we assume in the simulations that a small region of
Si3N4 is replaced by pure silicon, as shown in the inset of
Figure 2a. The geometry of the replaced region is assumed to
be cylindrical with a diameter of ∼100 nm and a height of 90
μm. The implanted region has a small cross-section and
therefore does not support waveguide modes at 1550 nm.
Because the refractive index of Si3N4 (n ∼ 2) is smaller than
that of silicon (n ∼ 3.47), the larger the implanted area at a
fixed location on the waveguide, the higher the nTE1. In
addition to the cross-sectional area of the implanted region, we
propose that the position of the implanted silicon ion on the
waveguide is also crucial for the tuning of nTE1. Moving the
implanted region from the center to the edge of the waveguide
results in nTE1 fluctuations that first increase and then decrease,
with consistent results observed in both directions of
movement. This is because the TE1 mode does not have a
uniform electric field distribution in the waveguide, as shown
in the inset of Figure 2b. If the implanted region is close to the
place where the electric field of TE1 mode is stronger, the
interaction between the implanted silicon region and the TE1
mode electric field will be stronger and the implantation
correspondingly has a greater effect on nTE1 (see SI S6).
Similar to the one ion implantation, a similar change in nTE1
occurs when the positions of two ion implantations are moved
in opposite directions on the waveguide, as shown in Figure 2a.
If the distance from the implantation position to the center of
the waveguide is fixed, it can be assumed that two ion
implantations further increase nTE1 compared to one ion
implantation. The nTE1 curve for the two implantations starts at
150 nm to ensure that the two ion implantations do not
overlap spatially.
Figure 2b shows the transmission spectra of the asymmetric

DC with w1 = 1200 nm and w2 = 2400 nm. For consistency
with the experiments, the transmission spectra are the spectra

Figure 2. (a) Effective refractive indices of TE1 mode with respect to position in the waveguide of 2400 nm width before trimming, with one ion
implantation, and with two ion implantations. (b) Simulated transmission spectra and (c) intensity distributions at 1550 nm for the asymmetric DC
with w2 = 2400 nm before trimming, with one ion implantation, and with two ion implantations. The electric field distribution of the TE1 mode in
the inset is obtained using the Finite-Difference Eigenmode solver from Lumerical, which provides information on the properties of the selected
mode, such as electric field distribution and effective refractive index.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c02065
Nano Lett. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02065?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02065?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02065?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02065?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c02065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


after two conversions (TE0 → TE1 → TE0). Here, w2 decreases
from 2550 nm (nTE0 = nTE1) to 2400 nm (nTE0 > nTE1) to
introduce a phase mismatch. Due to the phase mismatch
between the two modes, the transmission before silicon
implantation is close to zero. For the implantation to have a
large effect on nTE1, it is assumed that the center of the
implanted region is 625 nm from the center of the waveguide.
With one ion implantation, nTE1 increases from 1.556 to 1.568.
This small increase in nTE1 can result in a large increase in the
transmission from near zero to near unity (see SI S7 for the
effect of ion implantation position on the transmission). The
second ion implantation further increases nTE1 to 1.581,
causing the transmission to return to near zero. We note that
the large change in transmission is not only related to the
phase matching of the two modes but also to the change in the
required coupling length. As shown in Figure 2c, the required
coupling length for the asymmetric DCs without trimming or
with two ion implantations is almost half of the required
coupling length when performing one ion implantation. This
means that although the TE0 mode is partially converted to
TE1 mode, the light of TE1 mode ends up coupling back to the
input waveguide, resulting in negligible transmission at the
monitor position. Therefore, it is important to emphasize that
silicon ion implantation affects nTE1, and changes in nTE1 affect
the coupling length required for mode conversion. Note that
although the n of silicon varies slightly with temperature,46 this
variation has a negligible effect on the mode conversion
because the cross-section of the implanted region is much
smaller than the cross-section of the waveguide (see SI S2).
Based on the simulation results, we started the experimental

study of silicon ion-implanted mode converters. Ion
implantation was performed using the Raith VELION focused
ion beam (FIB) device (see SI S8). Figures 3a and 3b show a
schematic of silicon ion implantation. To better understand the
effect of silicon ion implantation on the waveguides, scanning
transmission electron microscope (STEM) energy-dispersive
spectroscopy (EDS) analysis was employed to study the cross-
section of the cut waveguide (see SI S9). Figures 3c and 3d
show the STEM EDS elemental mapping of the implanted
waveguide and the corresponding line scan profile depicted by
the dashed line area on the cross-section of the implanted
region. In the STEM EDS micrographs, brighter regions
indicate a localized increase in the fraction of specific atoms
and darker regions indicate a decrease in the fraction of specific
atoms. An increase in the fraction of silicon atoms and a
decrease in the fraction of nitrogen atoms is observed in the
implanted region. Note that as a light element, the fraction of
nitrogen may be slightly overestimated (see SI S10).47 The
corresponding elemental line scan profile further confirms the
increase of silicon in the implanted region, indicating the
formation of a silicon-rich amorphous region inside the Si3N4
waveguide after bombardment by incident ions. It should be
noted that the cross-sectional shape (e.g., circular or elliptical)
and position (e.g., depth of the implantation area) of the
implanted region have a negligible effect on the trimming
performance as long as nTE1 is the same after trimming (see SI
S7 and S11).
Figure 4a shows a scanning electron microscope (SEM)

micrograph of the mode converter with w2 = 2400 nm after
performing two ion implantations. Figure 4b shows the
transmission spectra of the mode converter with w2 = 2400
nm before trimming (brown curve), after the first ion
implantation (red curve), and after the second ion

implantation (cream curve). Due to the phase mismatch
(nTE0 > nTE1), the transmitted light is barely measured for the
original mode converter. The reason for the almost no light
could easily be misinterpreted as the phase mismatch
completely inhibits the coupling between the two modes.
However, as mentioned earlier (see Figure 2c), a small phase
mismatch does not completely suppress the mode conversion.
According to our previous simulation results, another reason
for the decrease in the transmission is the change in the
required coupling length. Compared to 90 μm for the ideal
model (w1 = 1200 nm and w2 = 2550 nm), the required
coupling length of the asymmetric DC with w2 = 2400 nm is
almost halved (∼50 μm). This means that if the length of the
coupling region remains unchanged at 90 μm, the light is again
reverse-coupled to the input waveguide. After the first ion
implantation, an increase of 18 dB in transmission per
asymmetric DC is observed (36 dB in total). Losses due to
silicon ion implantation are negligible (see SI S12), so we
believe that the insertion loss here is related to the coupling
length (see SI S13). After the second ion implantation, the
transmission is again reduced to close to zero. The trans-
mission is suppressed for the same reason as in the mode
converter before trimming. Subsequently, we perform a
simulation study of the measured spectra of the mode
converter with w2 = 2400 nm. For simplicity, we assume that
the shape of the implanted region is cylindrical and ignore any
gradients for elements near the boundary of the implanted
region. As shown in Figure 4c, the simulation results are in
good agreement with the measurements, and the simulated
field distributions are similar to those in Figure 2c, which
supports our interpretation of the experimental results for the
mode converter with w2 = 2400 nm in this paragraph.

Figure 3. (a) Schematic of silicon ion implantation on a Si3N4
waveguide. (b) Schematic of the mechanism of the silicon ion
implantation process. Upon reaching the Si3N4 waveguide, the high-
energy silicon ions, accelerated to 70 keV, initiate surface sputtering
and collision cascades that result in the ejection of atoms into the air
or their displacement from their original position. This process, in
conjunction with the creation of vacancies and alterations in the free
volume of amorphous Si3N4, supports the ongoing diffusion and
buildup of incoming silicon ions within the waveguide, ultimately
resulting in the formation of a silicon-rich amorphous region inside
the Si3N4. (c) The STEM EDS elemental mapping of the waveguide
and (d) the line scan profile that provide precise spatial distributions
of each element in the implanted region.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c02065
Nano Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02065/suppl_file/nl4c02065_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02065?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02065?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02065?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02065?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c02065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The magnitude of the asymmetric DC transmission change
can be controlled by changing the position of the ion
implantation on the waveguides (see SI S14). Figure 5a
shows a micrograph of the asymmetric DC with w2 = 2500 nm.
Compared to the implantation positions of the asymmetric
DCs with w2 = 2400 nm, the implantation positions are
deviated (∼250 nm) from the position where they have the
greatest effect on nTE1, and therefore have less effect on nTE1,
resulting in a smaller change in the transmission of the
asymmetric DC, as shown in Figure 5b. The influence of the
one ion implantation on the asymmetric DC transmission
variation is reduced from 18 to 5 dB. The simulation results in
Figure 5c are in good agreement with the measurement results.
In summary, we present an asymmetric DC-based Si3N4

mode converter and propose that the mode conversion
between TE0 and TE1 modes can be controlled by silicon
ion implantation. The insertion loss per asymmetric DC of this
mode converter is as low as 0.2 dB. We observe that the
performance of the mode converters is very sensitive to the
variation of the waveguide width due to fabrication errors,
which can be mitigated by post-trimming. Post-trimming of the
fabricated mode converters via silicon ion implantation is
demonstrated successfully and is used to locally change the
waveguide material, thereby effectively tuning nTE1. The
trimmed mode converter can achieve transmission changes
of as high as 18 dB per asymmetric DC. In addition, the
variation of the mode converter’s transmission is related to the
position of the ion implantation on the waveguide. By precisely
controlling the position of the implanted silicon ion, we
achieve a 5-dB transmission change per asymmetric DC. This
study provides a method for tuning nTE1 to enable control of
the mode converters, advancing the development of higher-
order mode photonic structures. This development paves the
way for multimode photonic accelerators in neuromorphic
computing.
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Figure 5. (a) A SEM micrograph of the asymmetric DC with w2 = 2500 nm after two ion implantations. (b) Measured and (c) simulated spectra of
the mode converter with w2 = 2500 nm before trimming, with one ion implantation, and with two ion implantations.
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