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Abstract. Self-imaging is an important function for signal transport, distribution, and processing in integrated
optics, which is usually implemented by multimode interference or diffractive imaging process. However,
these processes suffer from the resolution limit due to classical wave propagation dynamics. We propose
and demonstrate subwavelength optical imaging in one-dimensional silicon waveguide arrays, which is
implemented by cascading straight and curved waveguides in sequence. The coupling coefficient between
the curved waveguides is tuned to be negative to reach a negative dispersion, which is an analog to
a hyperbolic metamaterial with a negative refractive index. Therefore, it endows the waveguide array with
a superlens function as it is connected with a traditional straight waveguide array with positive dispersion.
With a judiciously engineered cascading silicon waveguide array, we successfully show the subwavelength
self-imaging process of each input port of the waveguide array as the single point source. Our approach
provides a strategy for dealing with optical signals at the subwavelength scale and indicates functional
designs in high-density waveguide integrations.
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a positive background. Therefore, demonstrations of a superlens
in the optical regime were rarely reported.®'""

On the other hand, photonic waveguide arrays are widely
used for the flexible control of light.”*>* Negative refraction,
deep-subwavelength focusing, and reconstruction of initial state

1 Introduction

Precisely manipulating the optical field at the subwavelength
scale is vital both in current imaging technology and on-chip
photonic integrations. In pursuing super-resolution imaging, a

striking design of a superlens based on negative index metama-
terials (NIM) has been proposed;'™ it is a revolutionary change
in principle and quite different from the other strategies, such as
fluorescence microscopy’™'* and structured light microscopy.' ™"
To circumvent the extreme difficulties in achieving the initially
proposed NIM with negative permeability and permittivity, hyper-
bolic metamaterials were proposed in which multilayered metal—
dielectric structures and metallic nanowires arrays were designed
for two kinds of hyperbolic dispersions.'*"° Unfortunately, these
designs for superlens imaging remain unsatisfactory due to
insurmountable manufacturing challenges and huge losses from
impedance mismatch at the interface between these NIMs and
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have been demonstrated.” In fact, a waveguide array bears
similarities with metamaterials as its lattice is much smaller than
the wavelength in the effective medium regime. For example,
the multilayer nanofilms or the arrayed-nanorod metamaterials
[Fig. 1(b)] can be treated as planar [one-dimensional (1-D)] or
cylindrical [two-dimensional (2-D)] waveguides arrays. It is
particularly noteworthy that the coupling between the nanofilms
or nanorods plays an important role in constructing the special
dispersion since they are closely packed together. Therefore, it is
quite possible to use the waveguides with controlled coupling to
mimic the hyperbolic metamaterials with an effective negative
index. By doing this, structures can be greatly simplified while
many of their unusual properties and functionalities can be pre-
served, for example, imaging beyond the diffraction limit.
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In this paper, we propose a cascaded straight and curved 1-D
silicon waveguide array to access subwavelength self-imaging,
where the curved waveguides array works as a negative index
material with a well-engineered negative dispersion,*” while the
straight part acts as normal positive index material. It is noted
that the directly cascaded waveguides have almost the same
propagation constant, which gives rise to the perfect impedance
matching condition and greatly prohibits the scattering loss on
the interface. In the experiments, different input ports of the
waveguide array are illuminated as point sources and well re-
constructed with the dimension smaller than 1/2 through the
light evolutions inside the cascaded waveguides. By contrast,
in the uniform straight and curved waveguide cases, the optical
field propagates in the well-known discrete diffractions with dis-
persed field distributions at output ports. Because waveguides
are packed in the subwavelength dimension, the imaging pro-
cess breaks the diffraction limit with respect to the free-space
wavelength, which offers a powerful means of manipulating
the optical field in the subwavelength scale by coupled wave-
guides. In addition, the capability of restoring the input signal
provides a practical solution for high-density silicon photonic
integration with low crosstalk.***

2 Design of One-Dimensional Superlens by
Cascaded Waveguides

Figure 1(c) shows the scheme of a superlens constructed by cas-
caded waveguide arrays. We propose two sets of coupled optical
waveguide arrays in series with the same period d and different
signs of the coupling coefficient. One is positive (¢ > 0), and the
other is negative (¢ < 0). Using coupled-mode theory (CMT), the
dispersion relation is k, = 2¢ cos(k,d), where k,(k,) is the spa-
tial momentum in the x(z) direction [see Fig. 1(d)]. The red ar-
rows indicate the energy flows. It is clear that the incident beam
will be negatively refracted at the interface of the positive and
negative coupled waveguides regions. To realize the negative
coupling, sinusoidally curved waveguides are designed with
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the transverse oscillation as a function of propagation distance
(in z direction) as xy(z) = A cos(2zz/P), where P is the modu-
lation period and A is the oscillation amplitude [see Fig. 2(e)].
The optical field propagation within the curved waveguide array
can be described by the CMT in the tight-binding approximation
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where n enumerates the waveguides, y,, denotes the optical field
in the n’th waveguide, x,, is the waveguide position, n is the
refractive index of the substrate, and ¢ denotes the coupling
coefficients between the waveguides in a straight array (i.e.,
A = 0) for a certain distance d (d = |x,, — x,_;|). The effective
coupling coefficient of the sinusoidally curved waveguides is
given as™

' = cJy(2nAw/P), 2)
where J is the lowest-order Bessel function of the first kind.
® = 2znyd /A is the dimensionless optical frequency. The effec-
tive coupling coefficient can be tuned by changing the modu-
lation parameters (A and P) or the optical frequency (w).
Here, we consider the change of modulation amplitude A with-
out losing the impedance matching condition of the interface.
The red curve in Fig. 2(b) displays the theoretically calculated
¢ as a function of A (here, d = 0.6 ym, P = 10 ym, 1 =
1.55 um, and ny = 1.75); it is evident that the positive and neg-
ative couplings can be achieved by selecting a different A.
According to the above considerations, we constructed the
silicon waveguide arrays and employed a commercial finite-
element analysis solver (COMSOL Multiphysics 5.3) for full-
wave simulations. Each waveguide in the array is defined by
silicon with a refractive index ng; = 3.48 at 4 = 1550 nm, width
w = 400 nm, and height &~ = 220 nm, lying on a sapphire sub-
strate (41,0, = 1.75), and in the air background. According to
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Fig. 1 Superlens design with cascaded waveguides. (a) Negative refractive index material for
superlens imaging. (b) Examples of hyperbolic metamaterials: multilayered metal-dielectric
structure and nanorod arrays (top panel) and isofrequency surfaces of extraordinary waves in
hyperbolic metamaterials (bottom panel). (c) Compensated positive and negative coupling in
waveguide array for superlensing. (d) Dispersion relation for positive and negative coupling.

The red arrows indicate the energy flow.
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Fig. 2 Simulation results in 1-D silicon waveguide arrays. (a) Coupling coefficient as a function of
the period of waveguides, where the red dot indicates the period we selected in our modeling.
(b) Theoretical and simulated effective coupling coefficient ¢ as a function of modulation am-
plitude A, where the red and black dots indicate the parameters of waveguides we selected in our
modeling. Morphology of Si waveguide array with 13 (c) straight waveguides, (e) sinusoidally
curved waveguides, and (g) cascaded waveguides, and their corresponding results of the simu-
lated field evolution in (d), (f), and (h), respectively. Simulated signal results of “0”/“1” coded signal
transmission through (i) straight, (j) curved, and (k) cascaded waveguide arrays. The output in
cascaded waveguides perfectly reproduces the input signal, while the straight and curved wave-

guides give rise to a chaotic output signal.

these parameters, only the fundamental mode is accommodated
in the silicon waveguide at A = 1550 nm with a propagation
constant of f, = 2.16ky (kg = 2z /2 is the wave vector in free
space). In our simulation, we use the open boundary condition
(i.e., scattering boundary condition in COMSOL Multiphysics
5.3) and fundamental transverse electric (TE;) mode as the ex-
citation. Figure 2(a) shows the simulated coupling coefficient as
a function of the straight waveguides distance d (center-to-
center distance); the coupling coefficient is a positive value that
decreases as the distance increases. Here, we fixed the period
of waveguides to d = 0.6 ym (waveguide gap 0.2 ym), corre-
sponding to ¢ = 0.081 um~' for straight waveguides (i.e.,
A = 0). For the curved waveguides, when the modulation am-
plitude A increases with a fixed modulation period P = 10 um,
the effective coupling ¢ decreases and tends to be negative
[see the blue curve in Fig. 2(b)]. Here, the simulated maximum
A is set as 1 um to avoid a big scattering loss for a larger A. It
should be noted that the simulated effective coupling coefficient
(blue curve) deviates from the theory (red curve) in the large A
region. This is because Eq. (2) is an approximate expression in
the small curvature condition. Actually, a slowly varying bend-
ing profile, the nearest-neighbor tight-binding approximation,
and a weak refractive index change of waveguides from the
substrate index are required to derive Eq. (2). However, our
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simulation setup of high-density silicon waveguides certainly
breaks these approximations and leads to the differences.
Despite the deviation, the crucial effect of the negative coupling
by curved waveguides is still retained in our case. According to
the simulation results, 13 waveguides are designed in the arrays
both for the straight (A, = 0) and curved (A, =1 um) ones
with corresponding coupling coefficients of ¢, =—c, =
—0.081 um~!. Figure 2(g) shows the cascaded waveguide ar-
rays by connecting each waveguide straightforwardly. To pro-
vide direct comparisons, simple straight and curved waveguide
arrays were also investigated, as shown in Figs. 2(c) and 2(e).

Figures 2(d), 2(f), and 2(h) show the simulated results of light
propagations within 40-um-long silicon waveguides of straight,
curved, and cascaded samples, respectively, with the excitation
of a single waveguide at the center as the input signal. The well-
known discrete diffraction behaviors™ are observed in both the
positively and negatively coupled waveguides, in which light
spreads toward two sides as it propagates [see Figs. 2(d) and
2(f)]. It is also confirmed that, in the curved sample, the negative
coupling only affects the coupling phase of the evolution fields
and intensity distributions evolution remains almost the same as
for the positive dispersion case. For the cascaded sample, the
light first undergoes the discrete diffraction in the straight part
and converges in an inverse process of discrete diffraction in the

May/Jun 2020 e Vol. 2(3)
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curved part. As a result, the power of the optical field remains
localized around the center waveguide at the outputs, indicating
a self-imaging function. This revival process is attributed to the
7 phase changes of the field coupling with opposite coupling
strength. It should be noted that the period of waveguides
(d = 0.6 um) is beyond the diffraction limit (~0.775 pm) with
respect to the free space wavelength. The cascaded waveguide
array indeed works as a superlens for subdiffraction imaging.
Furthermore, we find that the self-imaging effect can be used
to transmit an arbitrarily complex signal by such a waveguide
system with subwavelength resolution. To verify this, further
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simulations were performed on straight, curved, and cascaded
waveguides samples with multiple ports input as an arbitrary
signal [i.e., (1010011010010), here “1”/“0” represents with/
without light input], and the results are shown in Figs. 2(i)—
2(k), respectively. As expected, the output signal in cascaded
waveguides is exactly the same as the input revealing a sub-
wavelength image, while for the straight and curved waveguides
the output signals are totally chaotic. Since the signal transmis-
sion in high-density photonic integration has always been the
pursuit of people working in this field, this cascaded waveguide
array suggests a strategy for high-density photonic integration.
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Fig. 3 Experimental results. (a) Schematics of the experimental samples with three enlarged
pictures showing three different waveguide arrays. (b) SEM images of the fabricated cascaded
samples. (c)-(e) CCD recorded optical propagation from input (/o) to output through (c) straight,
(d) curved, and (e) cascaded waveguide arrays. (f)—(j) Experimental results with different input port
(g, I_g, 1_4, 11, and lg) for cascaded waveguide arrays. The bar diagrams in (c)—(j) in bottom panels
display the extracted data of field intensity from output ports, where the input ports of signal are

indicated by red arrows.
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3 Experimental Results

In designing the experimental samples, each waveguide of the
array is connected with two grating couplers (I, and II,) by
taped waveguides from the two ends, where n represents the
coupler number, n = —6, -5, ...0,...5, 6 [see Fig. 3(a)]. There-
fore, it is easy to individually excite a particular waveguide in
the input ports and analyze the propagation in the output ports.
There are three samples (straight, curved, and cascaded wave-
guides) in the center with the same lengths of 40 ym. The de-
signed parameters are d = 0.7 yum, A = 1 ym, and P = 10 ym.
The experimental samples are fabricated in a silicon wafer on
a sapphire substrate using E-beam lithography with AR-N 7520
resists and an inductively coupled plasma etching process,
which includes the waveguide array and extended grating cou-
plers. The scanning electron microscopy (SEM) images of the
fabricated devices are shown in Fig. 3(b). The coupling in and
out processes are imaged by a near-infrared camera (Xeva-1.7-
320) through a microscope objective.

In the experiments, we first input the light into the center
waveguide by focusing the laser (4 = 1450 nm) to the grating
coupler (i.e., Iy) for these three samples. The transmitted signals
can be observed from another end of the grating coupler (i.e.,
IL,,). Figures 3(c)-3(e) show the charge-coupled device (CCD)-
recorded optical propagation from input to output through the
three samples, respectively. It is clear that there are bright spots
from the expected output ports (Ily) for the cascaded samples
showing excellent imaging function. However, for cases of
straight and curved samples, most of the optical field spreads
into the side-lobes with little remaining at the center, definitely
showing the discrete diffraction process. In addition, the spread-
ing degrees of these two uniform samples are almost the same,
indicating almost identical coupling strength despite different
signs. In addition, we also input the light in the center grating
coupler connected to the curved waveguides (i.e., II;) for the
cascaded sample and observed the same result with bright spots
in the expected output ports (Iy) [see Fig. 3(f)], indicating a
reciprocal imaging process.

To further demonstrate the imaging function, different input
ports were illuminated in a controlled way, as for example
shown in Figs. 3(g)-3(j), for the input ports of I_4, 1_4, I,
and I, respectively. The bright spots from the expected output
ports (Il_g, II_4, II;, and Ilg) are evidently observed, revealing
the exact high-quality point-to-point imaging process with no
crosstalk to other output ports. It should be mentioned that,
though the designed period is d = 0.7 ym at wavelength of
1550 nm according to the simulations, the fabricated samples
have a shrinking period to d ~ 0.64 um due to fabrication im-
perfections, which causes a blueshift of the working wavelength
(1450 nm). All imaging resolutions are beyond the diffraction
limit (~0.725 um), and the superlens function of subdiffraction-
limited imaging is well demonstrated in the experiments.

4 Conclusion

We experimentally demonstrated optical self-imaging beyond the
resolution limit in a 1-D silicon waveguide array. By connecting
straight and curved waveguides, perfect self-imaging of an initial
input state without crosstalk is realized in a high-density configu-
ration. This design is implemented by tuning the coupling in the
curved waveguides to be negative, mimicking the negative index
material. Note that the subwavelength imaging can also be real-
ized by plasmonics and metamaterials designs, such as plasmonic
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lenses™ and hyperlenses.”” Compared with these designs, our
scheme has advantages in lower loss, easier fabrication require-
ments, and a naturally satisfied impedance matching condition.
In principle, this coupled waveguide array system can be ex-
tended to a two-dimensional lattice to achieve a real imaging lens,
though there would be more challenges in nanofabrications.
Nevertheless, our approach provides a practical solution for effi-
cient subwavelength self-imaging in on-chip optical signal rout-
ings, which is important in high-density photonic integrations.
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