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Abstract

Free-spectral-range (FSR)-free optical filters have always been a critical challenge for
photonic integrated circuits. A high-performance FSR-free filter is highly desired for
communication, spectroscopy, and sensing applications. Despite significant progress
in integrated optical filters, the FSR-free filter with a tunable narrow-band, high out-
of-band rejection, and large fabrication tolerance has rarely been demonstrated. In
this paper, we propose an exact and robust design method for add-drop filters (ADFs)
with an FSR-free operation capability, a sub-nanometer optical bandwidth, and a high
out-of-band rejection (OBR) ratio. The achieved filter has a 3-dB bandwidth of <0.5nm
and an OBR ratio of 21.5dB within a large waveband of 220 nm, which to the best of
our knowledge, is the largest-FSR ADF demonstrated on a silicon photonic platform.
The filter exhibits large tunability of 12.3nm with a heating efficiency of 97 pm/mwW
and maintains the FSR-free feature in the whole tuning process. In addition, we fabri-
cated a series of ADFs with different periods, which all showed reliable and excellent
performances.

Keywords: Integrated devices, Silicon photonics, Optical filters, FSR-free filters,
Tunable filters

Introduction

Free-spectral-range (FSR)-free optical filters with the ability to selectively manipulate
wavelengths within a large waveband have many advanced applications such as optical
communication [1-4], parallel optical computing [5-8], spectroscopic sensing [9-12],
as well as single-wavelength laser [13—15]. An FSR-free filter can significantly increase
the number of information channels for large-capacity optical communication and real-
ize the multi-loci and multiparameter sensing through cascaded independent func-
tional units on a single sensor link. A straightforward method to obtain an FSR-free
response across the entire wavelength range is utilizing the photonic bandgap feature
of Bragg grating. Bragg gratings waveguide/fibers from the inscription of a Bragg grat-
ing in a waveguide/fiber have been extensively investigated in academia and industry.
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Bragg-grating-assisted contra-directional couplers (contra-DC) can serve as an add-
drop filter (ADF) to avoid a circulator for separating the reflected light back from the
Bragg gratings waveguide [16, 17]. Nevertheless, directly utilizing the stopband of the
Bragg grating practically limits the applications due to the box-like broadband response.
Although weakening the grating strength can reduce the bandwidth, the grating could
be quite long [18, 19]. Another way to significantly enlarge the filter’s FSR is to apply the
Vernier effect in multiple cascaded microring resonators with slightly different radii [3,
20-22]. The microring-based filters usually suffer from severe side modes. The wave-
length alignment needs a complex calibrating and tuning process. Therefore, it is dif-
ficult to scan the resonance wavelength continuously and quickly. Up to now, various
mixed complex strategies have been applied to realize an FSR-free response by either
optimizing the device design or carefully calibrating and tuning the optical filter.

We recently experimentally demonstrated a filter that features an FSR-free operation
capability and a sub-nanometer optical bandwidth by utilizing a side-coupled Bragg-
grating-assisted Fabry—Perot (F-P) cavity without any need for calibration and tuning
[23]. In contrast to Bragg gratings waveguide and contra-DC giving a box-like optical
response, our previously proposed architecture introduces a point-defect in the Bragg
grating to form the Fabry—Perot filter exhibiting an ultrasharp dip optical response over
a broad wavelength range. However, only two ports are available, potentially limiting its
communication and sensing applications. On the other hand, reconfigurable photonic
integrated devices are being developed to efficiently optimize and flexibly utilize band-
width/channel resources, playing a significant role in intelligent photonic networks.
Combining extra tunability with the FSR-free feature can realize reconfigurable optical
ADFs in future intelligent optical networks supporting hitless wavelength switching [3].
In addition, the wavelength tunability can effectively reduce the number of filters and
facilitate their further development in high-resolution on-chip spectroscopy [12].

In this article, we propose an ADF by utilizing three coupled waveguides with a cen-
tral grating-assisted F-P cavity implemented on a silicon-on-insulator (SOI) platform
and experimentally demonstrate only one single resonance within ultrabroad waveband.
Importantly, we provide a strict FSR-free condition to design ADFs through comprehen-
sive analysis and optimization. Note that there have been recently reported ADFs based
on three coupled waveguides with nanobeam cavities [24—29]. However, the nanobeam
cavity has a stopband of typically hundreds of nanometers, supporting multiple in-band
resonance modes. The essential advantage of our proposed device is to support the FSR-
free operation and hitless wavelength tuning. The fabricated filter indicates an out-of-
band rejection (OBR) ratio of 21.5dB and narrow bandwidth of 0.5nm at the drop port,
and the filter can be tuned with a wavelength shift of 12.3nm and still maintains the
FSR-free feature.

Results and discussion

Device design and operation principle

Figure la shows the proposed filter architecture consisting of a central grating-assisted
E-P cavity and two symmetrically side-coupled bend waveguides. The F-P cavity consists
of a central waveguide with length L, two identical tapered gratings, and two Bragg grat-
ings. The Bragg gratings are designed as two symmetrical mirrors to reflect the light to the
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Fig. 1 Design of the FSR-free ADF. a Schematic 3D view of the ADF based on three coupled waveguides
with a central grating-assisted F-P cavity. b Top view of the filter consisting of Bragg grating mirrors, tapered
grating, and point-defects cavity, indicated within the dashed white rectangle in a. ¢ Cross-section of the
coupling region of the filter, indicated by the dashed orange line in a. d Top-view SEM image of the filter

central waveguide. Each grating is formed by side etching single-mode waveguide to get
narrow transoms with width d periodically, as shown in Fig. 1b. The period is 4, and the
duty circle is 0.5. The tapered gratings connect the central waveguide and Bragg grating to
reduce the scattering loss and satisfy the phase-matching condition between the fundamen-
tal Bloch and the waveguide modes. The curved waveguides are used to couple the light
into and out of the central waveguide with the waveguide-input-cavity coupling gap g; and
the cavity-output-waveguide coupling gap g, as shown in the cross-section view (Fig. 1c).
The resonance tuning is actuated by a thermo-optical heater deposited over the F-P cav-
ity. In addition, a scanning electron micrograph (SEM) was conducted to check the etching
quality of the three coupled waveguides with the F-P cavity, as shown in Fig. 1d.

The proposed ADF is similar to a traditional one except for two symmetric Bragg gratings
as the mirrors and band-stop filters. Instead of supporting the traveling wave in a conven-
tional ADF’s cavity, such as a ring/disk resonator, the cavity of the proposed ADF supports
a pure standing wave. The operating principle can be formulated by the coupled-mode the-
ory [30]. The power Py reflected from the input port, the transmission power P, through

port T1, and both drop ports D1,2 can be expressed as follows:

1

Pr = o2
2
(w—wo)2+(%+;lo+$)
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where o, is the resonant frequency;, % is the decay rate due to loss, % and % are the rates
of decay into the input and output curved waveguides. At the resonance of w =w, and
the condition of % = %D + %, the resonant mode decays equally into the forward and the
backward propagating waveguide mode. The power transferred into the output wave-
guide at resonance is maximized; we can find Pp=P;; =0.25, Pp1 > = 0.25 (1 — rl,,) For

the case of strong coupling between the input waveguide and the cavity with an
ultralarge %, the power is equally distributed into drop ports D1 and D2, near 0.25. The
method to increase the drop efficiency will be discussed in detail later.

The calculated transmission spectra of the designed filter at drop ports (D1 and D2)
and through port (T1) are attained by the three-dimensional finite-difference time-
domain (3D FDTD) method, as shown in Fig. 2a. These simulation parameters are
R, =20pm, w =500nm, d =300nm, A=316nm, L, =0pum, g; =200nm, g, =250nm,
N; =5 and N, =150, respectively. It can be observed that only one single resonant mode
is excited at D1 and D2 ports from 1400 to 1630 nm. Across the entire wavelength range,
the in-band insertion loss at drop ports is about — 6.5dB (drop efficiency ~0.22), which
agrees well with the theoretical analysis. The OBR at the drop port is about 16 dB. Fig-
ure 2b exhibits the electric field distribution of the whole structure at the wavelengths
of 1400, 1516, and 1630 nm. At the resonant wavelength of 1516 nm, the light is almost
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Fig. 2 Optical simulations of the filter. a Calculated transmission spectra of the filter in the wavelength range
of 1400-1630nm at drop ports (D1 and D2) and through port (T1). b Simulated electric field distribution at
1400, 1516, and 1620 nm wavelengths
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equally divided into four parts. At non-resonant wavelengths, the filter is considered
a tri-waveguide directional coupler. The light propagates to the T1 port directly, while
very little light is transmitted to the D2 port. Thus, the optical power at the D2 port is
larger than that at the D1 port.

The spectral response of our proposed filter depends mainly on the FSRyp of the F-P
cavity with an ideal reflector and the stopband of the Bragg grating A\y. The strict
ESR-free condition is ANy <FSRpp, only one resonant mode of the F-P cavity in the
stopband of Bragg grating is excited. The FSR-free condition can also be satisfied by
ESRpp < ANy, <2FSRpp only when the resonant wavelength is around the central wave-
length of the stopband A otherwise, there exist two resonant modes. Considering that
3D EDTD simulation for the entire device is time-consuming, it is challenging to study
the relationship between the device response and the key parameters profoundly and
determine the device geometry with the FSR-free operation capability at the desired
wavelength range by 3D FDTD.

In this case, the investigation of the coupled-mode theory seems particularly impor-
tant. For the Bragg grating, it is known that the optical rejection R, and Ay of the Bragg
grating are decided by the grating geometry [31]

R = tanh? (kL) (4)
5 |y x?

where A, 11, K, and L, are the central wavelength of stopband, the group index, the cou-
pling coefficient, and the grating length. )\, is decided by the Bragg phase-matching con-
dition A\y=2An g, 1.4 is the effective index of the mode propagating through the grating.
Once the geometry of the grating is given, Ay, k, and 7, can be acquired by the 3D
eigenmode expansion (3D EME) simulation algorithm according to Egs. (4) and (5). The
3D EME algorithm is an exact and efficient simulation tool. Specially, it is much more
time-saving than 3D FDTD for periodic structures. The FSR is given by

2

— )“0
ESRyp = 2(Longi+2Lpang+2Lingy) (6)

where L, and L, are the penetration depth of the Bragg grating and the length of the

tapered grating. 1y, 1, and n, are the group refractive indices of central waveguide,

gl
Bragg grating, and the tapered grating, respectively. L4 can be given by effective refrac-

tion index of wide and narrow parts of the Bragg grating n, and n,, [32]

Lpa = %(zf;?n + 4%)/1“ (%) (7)

The contour plots of the calculated Ay, FSRpp, and ratio R = ANy / FSRp, are shown
in Figs. 3a-c, respectively, as functions of A and d. Note that the dispersion of effec-
tive refraction index and group index has been considered for the whole calculation
process. The waveguide width w and L_ are 0.5 um and O pm, respectively. As shown in
Fig. 3¢, A is almost independent of the ratio R, which is more sensitive to the variation
of d. Figure 3d exhibits a contour map of the calculated R as a function of L_ and d for



Sun et al. PhotoniX

(2022) 3:12

400
162 FSRep (nm) ll I
v g 52

. 112 |
42
62 7 32
200 .

12

300 320 340 360 300 320 340 360
A (nm) A (nm)

d (nm)

400

R=Al,/FSRep

2.21

R=A%.y,/FSRep
R=1 9.7
1.7 6.7
1.21 37
0.71 07
5 10 15 2

300 320 340 360 0 0
Pitch (nm) L, (um)
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A=316nm. The ratio R has a strong correlation with L_ and d. The white and blue con-
tour lines of R =1 and R =2 in Fig. 3c and d divide the figures into three areas, corre-
sponding to the three cases discussed in our previous work [23]. Therefore, the contour
maps provide useful guidance for designing an FSR-free filter.

We further simulated temperature field distributions at different bias voltages using
the finite-element solver to confirm the filter’s external wavelength tuning performance.
The waveguide was embedded between the 3-pum-thick buried oxide as the bottom layer
and the 1-um-thick oxide as the top cladding layer. 100-nm-thick titanium (Ti) and
100-nm-thick gold (Au) serve as microheaters and contact pads. The device was simu-
lated with the bias voltage set from 2 to 5V. We can observe the obvious temperature
rise in the waveguide, as shown in Fig. 4a. Figure 4b shows the transmission spectra with
the bias voltage set from 0 to 6V by 3D FDTD simulations. The resonant wavelength
redshifts with the increasing bias voltage and the FSR-free operation feature has been
observed for all the tuning configurations.

For device characterization, a broadband tunable laser system (Santec full-band
TSL, 1260-1630 nm) is employed to characterize the fabricated devices. We also fab-
ricated and characterized a reference structure near the proposed filter on the same
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Fig. 4 Thermo-optic co-simulations of the filter. a Temperature distribution at different bias voltages based

on a 3D simulation, sharing the same temperature color bar. b The optical response at D1 port by 3D FDTD
simulation

chip. The reference structure comprises two grating couplers and a straight wave-
guide of 200 um in length. Our proposed filter is connected by the grating couplers
with the same parameters at both ends to facilitate characterization. Considering that
the propagation loss of the straight waveguide can be ignored, the response spectra of
the filter can be obtained by subtracting the insertion loss of the reference structure.
The grating coupler with a 150-nm etching depth has a peak coupling efficiency of
—7.5dB and a 10-dB bandwidth of ~ 200 nm, which is much broader than that of the
shallow-etched grating couplers with a 70-nm etching depth.

Figure 5 shows the normalized spectral response at D1 and T1 ports for the fab-
ricated optical filter associated with various pitches. The critical parameters of
R, =20pm, w =500nm, d =300nm, L, =0pum, g; =350nm, g, =300nm, N; =5,
and N, =150 are adopted. As the pitch A deviates from 292 to 316 nm with a 6 nm
interval, the resonant wavelength has a redshift from 1431.3 to 1505.9nm. We can
only observe a single sharp peak with an OBR of ~21.5dB in a 220-nm wavelength
span from 1360 to 1580 nm at the D1 port. The strong noises from 1360 to 1420 nm
result from the limited bandwidth of the grating coupler. The insertion loss is lower
than 8.4dB, and the 3-dB bandwidth is smaller than 0.5nm. Figure 6a shows the
measured spectral responses at the D1 and T1 ports of the fabricated optical filter
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Fig. 5 Measured transmission spectra of the fabricated devices with various pitches

with A =298 nm, which demonstrates the tunability and provides a guide to accu-
rate wavelength routing. When the applied bias voltage for heating varied from 0
to 8V in the experiments, the wavelength can be tuned with a wavelength shift of
~12.3nm. The inset shows the zoom-in view of the resonant peaks. There is a lin-
ear relationship between the resonant wavelength shift and the heating power, as
shown in Fig. 6b. The thermo-tuning efficiency, namely, the slope of the fitted curve,
is 97 pm/mW, which can be further increased by improving the alignment between
the waveguide and the microheater. In addition, the tuning range can be increased to
about 30 nm by utilizing isolation trenches surrounding the filter [33]. Compared to
the microheater without trenches, the one with trenches can avoid heat dissipation
from the side to enhance the heating efficiency. However, the maximum resonance
wavelength shift will be limited by the highest power the microheater could with-
stand. As a result, it is difficult to cover the entire FSR-free range via heating due to
the small thermo-optic coefficient of silicon (1.86 x 10~ * at 1550 nm). However, tens
of nanometers of tuning range are also meaningful and enable a lot of applications in
sensing, communication, and spectroscopy. The 3-dB bandwidth and the insertion
loss variation are smaller than 0.17 nm and 1.1 dB, respectively, as shown in Fig. 6c.

Discussion

As previously discussed, one of the critical parameters of our proposed filter, drop
efficiency, is quite limited to a small number. Breaking bidirectional coupling to sup-
press contra-coupling can effectively increase the drop efficiency [24, 25, 28, 29].
Recently, a semi-symmetric Fano structure has been proposed by inserting a par-
tially transmitting element into the bend waveguide side-coupled with a cavity
[24]. Thus, Fano resonance is realized in a nanophotonic filter to obtain high drop
port transmission. The four holes added on two side-coupled waveguides must be
designed and fabricated elaborately. Multimode Bragg grating reflectors separated
by a multimode waveguide instead of the single-mode ones are also utilized for mode
conversion between the fundamental and higher-order modes due to phase-match-
ing conditions [25, 34]. The fields in the cavity and bend waveguide are coupled only
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Fig. 6 Dynamic tuning characterization. a Measured transmission spectra of the fabricated devices with
various bias voltages, inset: zoom-in view of the peaks. b Resonant wavelength shifts with various heating
powers. ¢ 3-dB bandwidth and insertion loss variation with different heating powers

in the forward direction. Nevertheless, the rigorous phase matching is sensitive to
fabrication error. The performance of both methods may degrade under extensive
external tuning. In addition, a dual photonic crystal nanobeam cavity system serves
as a traveling wave resonator, separating the transmission of the through and drop
port from the input port. These two cavities must be fabricated perfectly to align the
resonant wavelengths. To look for a robust method to increase the drop efficiency,
we investigate the phase of both drop ports of the proposed ADF. Figure 7a shows
the phase difference of the drop ports. At the resonance wavelength as the yellow
star shows in Fig. 7a, the phase difference is m. It is well known that a 2 x 2 adi-
abatic splitter can be utilized as a 3-dB coupler. The phase difference between the
output ports of 2 x 2 adiabatic splitter is 0 or 1, which depends on the input port of
incident light [35, 36]. Therefore, we can combine the transmission from both drop
ports using a 2 x 2 adiabatic splitter to connect the proposed ADF and subsequently
double the drop efficiency. The simulated transmission of the improved device com-
bining the 2 x 2 adiabatic splitter and the proposed ADF is demonstrated in Fig. 7b.
The peak drop efficiency is enhanced to be — 3.6 dB. We believe that the scheme has
high reliability since the 2 x 2 adiabatic splitter is typically robust, has broad band-
width and large fabrication tolerance.

Page 9 of 12



Sun et al. PhotoniX

(2022) 3:12

1Y

[N}
o

o

Input Through

fffffffff
i i
i Adiabatic
i coupler

EN
o
N

Output

&
S
:

Phase difference (r)
Transmission (dB)
N
o

ol L LTl LSINAVANAE! 40 : : : ,
1500 1550 1450 1500 1550 1600

Wavelength (nm) Wavelength (nm)
Fig. 7 Simulations of the design with the improved drop efficiency. a Simulated phase difference of the
drop ports of the proposed ADF. The yellow star shows the resonance wavelength position. b Simulated
transmission spectra of the improved device combining the 2 x 2 adiabatic splitter and the proposed ADF at

the output port (Drop port). The insert shows the schematic of the improved device design

Conclusions

In summary, we have theoretically and experimentally demonstrated an FSR-free filter at
the entire waveband with hitless tuning. A rapid and exact design method of the FSR-free
filter with a narrow band and high OBR has been developed. The demonstrated filters
show only one peak in a 220 nm wavelength span from 1360 to 1580 nm. The measured
OBR is as high as 21.5dB, and the 3-dB bandwidth is as narrow as 0.5nm. The filter
exhibits large tunability of 12.3 nm with a heating efficiency of 97 pm/mW and allows the
FSR-free feature to be maintained for all the tuning configurations. We expect that these
results may contribute to opening the door to new applications in large-capacity optical

communication, optical computing, spectroscopic sensing, and advanced tunable lasing.

Methods

Micro/Nano Fabrication of the filter

The proposed filter was patterned on an SOI platform with a top silicon thickness of
220nm by electron beam lithography (EBL, Raith Voyager) and subsequent inductively
coupled plasma (ICP, Samco). To leverage the convenience of single-step EBL and ICP
etching, the focusing grating couplers employed for oft-chip coupling and the FSR-free
filter both have an etching depth of 150 nm. Then a 1-um-thick layer of silicon oxide was
deposited on the chip surface by plasma-enhanced chemical vapor deposition (PECVD)
to cover the device. Finally, The metal titanium and gold with different thickness com-
binations were deposited by an E-beam evaporator to realize microheaters (100 nm
Ti/ 10nm Au) and contact pads (10nm Ti/ 100nm Au). The width of the Ti heater is
2.75 um.
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FSR: Free spectral range; ADFs: Add-drop filters; OBR: Out-of-band rejection; SOI: Silicon-on-insulator; SEM: Scanning elec-
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