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Abstract: Manipulating on-chip optical modes via compo-

nents in analogywith free-space devices provides intuitional

light control, and this concept has been adopted to imple-

ment single-lens–assisted spot size conversion using inte-

grated device. However, the reported schemes have been

demonstrated only for fundamental mode, while high-order

or irregular modes are preferred in specific applications. The

4-f system is widely used in Fourier optics for optical infor-

mation processing. Under the inspiration of the 4-f system

and the beam expander in bulk optics, a spot size converter

(SSC) with two metamaterial-based graded-index wave-

guides is proposed and demonstrated. The proposed device

is capable ofwidening an arbitrarymodewhile preserving its

profile shape. Compared with conventional SSC using adia-

batic taper, the footprint can be reduced by 91.5% under a

same intermode crosstalk. Experimentally, an expansion

ratio of five is demonstrated for regular modes. Furthermore,

for an irregular mode, the functionality is numerically veri-

fied without structure modification. This work offers a uni-

versal solution to on-chip spot size conversion and may

broaden the on-chip application prospects of Fourier optics.

Keywords: integrated photonics; metamaterials; spot size

conversion.

1 Introduction

On-chip photonic devices exhibit tremendous potentials in

many applications, including communication, microwave

photonic signal processing, quantum information, sensing

and computing [1–6]. Recently, a novel design concept of

manipulatingon-chipmodesascontrollingfree-spacebeams

emerges. Using on-chip components in analogy with free-

spacedevices, suchas lenses, exhibits enormousadvantages

for intuitional control on trajectory and wavefront. For

example, focusing lens has been adopted in fundamental-

mode spot size converters (SSCs) [7–10]. Eaton lens has been

demonstrated tobend the light trajectoryonchip (waveguide

bend) [11, 12], and Maxwell fish eye lens’s aberration-free

imaging property has been utilized to build multimode

waveguide (MWG) crossings [13, 14]. Furthermore, fasci-

natingfunctionalitiesofcollimatingon-chipGaussianbeams

[15, 16], emulating curved spacetimes [17, 18], focusing with

ultralow longitudinal spherical aberration [19] and optical

diffractive computing [9] have also been implemented.

The 4-f system, consisting of two lenses, is a well-

known system in Fourier optics. Instead of using bulk

lenses, the functionality of this system can also be imple-

mented by graded-index (GRIN) media [20, 21]. Although

the optical information processing capability for these

systems has been proved to be remarkable for computa-

tional applications, it can also inspire other unique func-

tionalities demanded on a chip. For on-chip optical modes,

the SSC is valuable both in intrachip and on/off-chip sce-

narios, and a compact SSC compatible with arbitrary

modes can be regarded as a universal building block. For

high-order modes (regular modes other than fundamental

mode), spot size conversion is desired to fulfill the

connection between multimode devices with different

waveguide widths [22], and the coupling between few-

mode fiber and chip [23, 24]. The reported schemes were

based on the adiabaticmode evolution principle, lacking of

compactness and/or compatibility with fundamental

mode. Although nonadiabatic tapers and single-lens–

assisted tapers are more compact, they have been

demonstrated only for fundamental mode [7–10, 25, 26]

and are difficult to accommodate high-order modes.

Because of the inevitable excitation of other modes,

nonadiabatic tapers need extra optimization for the

compatibility with high-order modes. As for single-lens–

assisted tapers, under the effect of the Fourier transform

(FT) property of lens, the outputmode profile is actually the

input mode’s spatial frequency spectrum. In high-order

mode cases, the shape of this spectrum is normally

different from that of the incident mode, resulting in the

shape distortion. Transformation optics is another possible
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approach to achieve compact footprint [27], while the

practical fabrication is complex. Moreover, the irregular

modes were not considered yet, while the spot size con-

version for them is also requisite. For instance, the irregular

outputmode for an on-chip diffractive computing system is

measured by a waveguide array [9], whose scale is limited

due to the waveguide width and separation to avoid

crosstalk. Hence, the spatial resolution of measurement is

restricted, and the spot size conversion to widen the

irregular mode would be very helpful. To the best of our

knowledge, on-chip SSCs for irregular modes have not

been demonstrated. As a result, a compact and universal

SSC for arbitrary modes is highly desired.

In this work, inspired by the 4-f system and the beam

expander in bulk optics, we propose and demonstrate an

on-chip arbitrary-mode SSC (AM-SSC) using the silicon-on-

insulator (SOI) platform. Instead of utilizing conventional

channel or ridge waveguides, two lens-like graded-index

waveguide (GRINWG) usingmetamaterial are adopted. The

working principle intuitively resembles that of the beam

expander, while it can also be clearly interpreted in the

perspective of Fourier optics. Similar to the 4-f system, this

device works in a way of “optical image processing”. The

incident mode is treated as an “object”, and an “image”

with a different width is obtained at the output after the

scaling caused by two consecutive FT operations. Owing to

the fidelity in the “imaging” procedure, the profile shape of

the incident mode (“object”) is intrinsically preserved.

With a footprint of 59.6 × 25.5 μm2, the AM-SSC widens an

arbitrary-profile mode from 4 to 20 μm. As proof-of-

concepts, both regular and irregular modes are investi-

gated with transverse electric (TE) polarization. The length

of the proposed device is 8.5% of conventional linear

adiabatic taperwith sameperformance. For two-TE-modes,

a low intermode crosstalk is experimentally demonstrated.

Furthermore, an irregular mode is numerically verified

with <1 dB insertion loss (IL) over a 100-nm wavelength

span.

2 Design and analysis

As a common bulk optical component, beam expander is

widely adopted to collimate laser beam. It can be formed in

a Keplerian telescope configuration (Figure 1A). In this

configuration, there is an internal focus between two

convex lenses (with focal lengths of f1 and f2).When a beam

with a diameterDi is incident, the output beamdiameterDo

can be obtained via an expansion ratio ofDo/Di = f2/f1 using

ray optics analysis [28]. Here, anAM-SSC is proposed on the

SOI platform (Figure 1B), consisting of two metamaterial-

based GRINWGs (GRINWG1 and GRINWG2). A detailed

view of the GRINWG is illustrated as the inset. The

GRINWGs are of square law effective index distribution,

and they can be regarded as the counterparts of two lenses,

with lengths equal to the corresponding focal lengths

(fGRINWG1 and fGRINWG2). When the incident mode with

widthwi propagating through the AM-SSC, it evolves into a

wider mode with width wo. Similar to the analysis in bulk

optics, the expansion ratio M can be obtained as follow.

M �
wo

wi

�
f GRINWG2

f GRINWG1

(1)

The effective index distribution of the GRINWG is

defined as

n2eff(y) � n2
M(1 − g2y2) (2)

g �
1

wGRINWG/2
������
1 −

n2m
n2
M

√
(3)

where g is a distribution parameter, nM and nm are the

maximum and minimum effective indices in the distribu-

tion from center to edge, and wGRINWG is the width of the

GRINWG [29].

From the ray optics prospective [29], the focal length of

the GRINWG can be estimated as

f GRINWG �
π/2
g

(4)

It should be noted that from Equations (3) and (4), the

fGRINWG is inversely correlated with effective index ratio

nM/nm. In view of minimizing the device size, a higher nM/

nm is preferable. Meanwhile, the fGRINWG is proportional to

the wGRINWG.

From the viewpoint of wave optics, if a mode propa-

gates along the GRINWG for a distance of fGRINWG, the FT is

performed on it [20]. In this scenario, the AM-SSC can be

analyzed using FT (see Supplementary Material). For an

input mode profile Ei(y), the output at the end of the

GRINWG2 can be expressed as

Eo(y)∝ Ei(− f GRINWG1

f GRINWG2

y) (5)

This equation implies that, compared to the input

mode, the output one is reversed and widened by a ratio

M = fGRINWG2/fGRINWG1, with the profile shape Ei (y)

unchanged.

Based on the above analysis, an AM-SSC operating at

1550 nm is designed with expansion ratio M = 5. For each

GRINWG, the cross-section is designed first, and then the

focal length is evaluated in simulation. To implement

the desired GRIN distribution, we firstly discretize the
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distribution by period Λ (Figure 1C), and the cross-section

is illustrated as the inset. Considering the fabrication

feasibility, Λ is chosen to be 500 nm. The height of the

metamaterial element (silicon nanostripe) is h = 220 nm,

and a 2-μm-thick SiO2 overcoating is used. By engineering

the filling factor of the nanostripe element (defined as the

ratio of element width w to period Λ), various effective

indices neff can be achieved. The filling factor is set in the

range of 0.1–0.7, corresponding to the effective index

range of nm = 1.44 to nM = 2.19. As shown in Figure 1D, for

the light with TE polarization, the effective index neff as a

function of the filling factor is calculated via finite differ-

ence method (FDM). A design library for the metamaterial

element is obtained by polynomial fitting of the FDM re-

sults. Then, the filling factor for each element (the width

parameter of each nanostripe) is decided by consulting the

library. For the determined cross-section, the focal length

can be obtained by using the periodic self-focusing effect in

the GRINWG, with a fundamental TE incident mode.

In the whole device, the GRINWG1 is firstly designed

for effectively guiding the 4-μm-wide incident mode. Next,

the GRINWG2 is designed straightforwardly by widening

the GRINWG1’s effective index distribution to obtain the

desired focal length ratio. To be noted, a few elements on

the edge of the two GRINWGs, which have little effect on

the device performance, are neglected in the simulation

and fabrication. The total footprint of the device is

59.6 × 25.5 μm2. Key parameters for the proposed device are

summarized in Table 1.

To investigate the profile-shape-preserving property of

the proposed AM-SSC, both regular and irregular modes

are studied in simulation using eigenmode expansion

method, with comparison to a single-lens SSC (SL-SSC).

The SL-SSC contains only the GRINWG2 (identical to the

one in theAM-SSC), and its principle is essentially the same

as the reported single-lens–assisted tapers [7–10]. The light

propagation inside the AM-SSC for three regular modes

(TE0, TE1 and TE2) are shown in Figure 2A, C and E, while

Figure 1: Schematic and the design of the proposed AM-SSC. (A) Beam expander in bulk optics. (B) On-chip AM-SSC consisting of two

metamaterial-based GRINWGs. (C) Cross-section design of the GRINWG. (D) Element design library for metamaterial. SSCs, spot size

converters; GRINWG, graded-index waveguide; AM, arbitrary mode.

Table : Key parameters for the AM-SSC.

Parameter GRINWG GRINWG

Width (μm) . .

Length (focal length) (μm)  .

Period of nanostripe elements (nm)  

Number of elements  

Maximum element width (nm)  

Minimum element width (nm)  

SSC, spot size converter; AM, arbitrary mode; GRINWG, graded-index

waveguide.
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Figure 2: Light propagation profiles (Ey) inside the AM-SSC and the SL-SSC for various incident modes. Regarding to the AM-SSC, the profiles

are calculated for (A) TE0, (C) TE1, (E) TE2 and (G) irregularmodes. For comparison, the results of the SL-SSC for thesemodes are also calculated

in (B), (D), (F), and (H), respectively. Detailed profiles at the input and the output port are illustrated as insets. SSC, spot size converter; AM,

arbitrary-mode; TE, transverse electric.
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the case for an irregularmode is shown in Figure 2G. All the

incident modes are 4 μm wide, while the irregular mode is

asymmetrical in profile. The detailed profiles at the input

and output ports are provided as insets. The profile shapes

of the input and output modes are in good agreement

(according to Equation (5), the output profile is reversed).

Meanwhile, the expansion ratio is consistent for all the four

modes. With regard to the SL-SSC, for the four incident

modes identical to those investigated in the AM-SSC, the

results are illustrated in Figure 2B, D, F andH,with detailed

profiles showing as insets. On account of the single lens’s

FT property, the mode profile shape is not always pre-

served. For the TE0 mode (on-chip Gaussian beam), the

shape is preserved because the FT of Gaussian function

remains Gaussian function, while this is normally not the

case for high-order and irregular modes. The shape

distortion is not obvious for the TE1 mode, while easily

observed for the TE2 and the irregular mode. Besides, the

expansion ratio varies among different modes. Being

different from the SL-SSC, these results verify that, the

AM-SSC widens various incident modes with “fidelity”

(little distortion in profile shape) and a consistent expan-

sion ratio.

In order to quantitatively evaluate the performance of

the proposed device, the IL and intermode crosstalk (XT)

are calculated in Figure 3. The intermode XT is defined as

the power difference of any other mode and the incident

mode. Because the GRINWG structure is symmetrical, the

intermode XT between the symmetrical mode and the

antisymmetrical mode is zero in theory. Hence, only the XT

between TE0 and TE2 are investigated here. Results show

that the ILs for the TE0, TE1 and TE2 modes at 1550 nm are

0.03, 0.15 and 0.45 dB, respectively (Figure 3A–C). The

values are lower than 0.5, 0.6 and 1 dB, over a 60-nm range

from 1510 to 1570 nm. The intermode XT for the TE0 and TE2
incident modes are all <−20 dB over a 35-nm range in

C-band. As for the irregular mode, the IL is 0.2 dB at

1550 nm, and <1 dB over 100 nm (Figure 3D). Thus, the

proposed device is also compatible for irregular modes. In

these results, minor fluctuations are observed due to the

weak Fabry–Perrot resonance generated from the reflec-

tion between the channel waveguide and the GRINWG. The

reflection can be reduced by increasing the effective index

of the GRINWG. This could be implemented by increasing

the maximum effective index (nM) in the graded index

profile. On the other hand, the intermode XT increases as

thewavelength deviates from the central value because the

focal length of GRINWG is sensitive to wavelength. The

effective index of the GRINWG varies with wavelength,

resulting in the variation of the focal length. A smaller

period value (Λ) of themetamaterial element can be chosen

to improve the dispersion [30].

Figure 3: Insertion loss and intermode crosstalk spectra for the AM-SSC. The insertion loss values are calculated for (A) TE0, (B) TE1, (C) TE2 and

(D) irregular incident modes. The intermode crosstalk values are calculated for (A) TE0 and (C) TE2 incident modes. SSC, spot size converter;

AM, arbitrary mode; TE, transverse electric.
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In addition, for the functionality of regular modes’ spot

size conversion, conventional adiabatic tapers are usually

fairly long due to the adiabatic condition [31]. For compari-

son, our simulation shows that a linear taper with width

varying from 4 to 20 μm needs at least ∼700 μm length to

obtain <−20 dB intermodeXT. For the proposed AM-SSC, the

required length (59.6 μm) is 8.5% of the linear taper.

3 Fabrication and characterization

The proposed AM-SSC was fabricated and experimentally

characterized for TE0 and TE1 modes. It was fabricated on

the SOI platform with a 220 nm top silicon layer, using

electron-beam lithography and inductively coupled

plasma etching. A 2 μm top cladding layer of SiO2 is

deposited by plasma-enhanced chemical vapor deposition.

Figure 4A presents the optical microscope image of the

fabricated scheme, and the scanning electron microscope

image of the GRINWG part is presented in Figure 4B.

Grating couplers are applied for fiber-chip coupling. Two

identical AM-SSCs (S1 and S2) are deployed in mirror

symmetry to characterize the loss more precisely, with a

connecting MWG. Both the width and length of the MWG

are 20 μm. A pair of auxiliary two-TE-mode (de)multi-

plexers ((de)MUXer) is utilized to performmultiplexing and

demultiplexing at the input and the output, respectively.

The width transitions between the mode (de)MUXer and

the AM-SSC are realized by adiabatic tapers to achieve

minimized losses and intermode coupling. Via the S1, the

input mode is widened from 4 to 20 μm. After propagating

through the MWG, the widened mode is condensed back

into 4 μmwide by the S2. Subsequently, it is demultiplexed

into fundamental mode for characterization. Note that the

20-μm-wide MWG is placed here as an intermediate to

verify that the width of the widened mode is 20 μm,

considering the fact that any mode mismatch will result in

intermode XT if the widened mode deviates from the

designed dimension. Moreover, a reference link containing

only mode (de)MUXers connected by an MWG was also

Figure 4: Device fabrication and characterization for the TE0 and TE1 modes. (A) Optical microscope image of the fabricated scheme. (B) SEM

image of the GRINWG part. (C) Measured insertion loss spectra for TE0 and TE1 incident modes. (D) Measured intermode crosstalk spectra for

TE0 and TE1 incident modes. (E) Measured intermode crosstalk spectra for TE0 and TE1 incident modes in the reference mode (de)MUXer link.

GRINWG, graded-index waveguide; TE, transverse electric; SEM, scanning electron microscope.
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fabricated for loss normalization and intermode XT

comparison.

In the characterization, the light from a broadband

source is sent to a polarization beam splitter to be linear

polarized. A polarization controller is then adopted to

maximize the coupling efficiency. The normalized IL and

intermode XT spectra are shown in Figure 4C, D. Results

show that the ILs for both two incident modes are ∼3 dB

from 1530 to 1555 nm, corresponding to an average IL of

∼1.5 dB for each AM-SSC. Higher ILs in measurement

compared with the simulation are probably attributed to

the sidewall roughness and depth deviation in etching

process. The intermode XT values are <−20 dB at 1540 nm

for two incident modes. Across the span from 1530 to

1555 nm, the intermode XT values for TE0 and TE1 incident

modes are <−7 dB. For comparison, the intermode XT

spectra of the reference mode (de)MUXer link are provided

in Figure 4E. The intermode XT values for two incident

modes are also at the level of −7 dB, which indicates that

the measured XT levels of the pair of AM-SSCs and the

reference mode (de)MUXer link are similar.

4 Conclusion

We propose and demonstrate an on-chip AM-SSC in anal-

ogy with the 4-f system and the beam expander in bulk

optics. It is able to widen an arbitrarymode from 4 to 20 μm

with a compact footprint. Based on the working principle

of Fourier optics, the device features a profile-shape-

preserving property, and it is verified in simulation and

experiment. This work may pave the way for on-chip

photonic devices based on Fourier optics with diverse

functionalities, and holds potentials for the applications

including mode-division multiplexing systems, fiber-chip

mode coupling and irregular mode profile measurement.
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