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Optical resonators with controllable Q factors are key components in many areas of optical physics and engineer-
ing. We propose and investigate a Q-factor controllable system composed of two directly coupled microring
resonators, one of which is tunable and coupled to dual waveguides. By shifting the resonance of the controllable
microring, the Q factor of the system as well as the other microring changes significantly. We have demonstrated
wide-range controllable Q factors based on this structure in silicon-on-insulator, for example. The influences of
spectral detuning and coupling strength between two resonators on the variation of Q factors are studied in detail
experimentally. Then, we explore its applications in optical buffering. Tunable fast-to-slow/slow-to-fast light has
been carried out by switching the system between the high-Q state and low-Q state. Moreover, optical pulse
capture and release are also achievable using this structure with dynamic tuning, and the photon storage proper-
ties are investigated. The proposed Q-factor tunable system is simple, flexible, and realizable in various integrated
photonic platforms, allowing for potential applications in on-chip optical communications and quantum infor-

mation processing. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.434151

1. INTRODUCTION

Optical resonators [1] have been widely used in various devices,
such as light sources [2,3], filters [4,5], modulators [6,7],
switches [8,9], and buffers [10-12], which are essential com-
ponents for optical communications and optical signal process-
ing. As a characteristic parameter, the Q factor of resonators is a
measure of the sharpness of a resonant peak, or the strength of
the damping of a resonating mode. The Q factor is inversely
proportional to the bandwidth, and proportional to the photon
lifetime. Control of the Q factor is meaningful and allows for
the applications in Q-switched lasers [13], bandwidth-tunable
filters [14], tunable modulators [15], tunable time delay lines
[16], and stopping light devices [17]. Based on a microring res-
onator (MRR) with a tunable Q factor, a silicon filter has been
demonstrated with continuously tunable bandwidth [14],
which is required in reconfigurable optical add—drop multiplex-
ing systems. Similarly, by changing the Q factor through tun-
able interferometric couplers, Liu e al. realized a multi-ring
resonator-based delay line with tunable time delay and band-
width [16], and then applied it in the 1 x 4 optical beamform-
ing networks. In addition, optical pulse can be stored and
released in a Q-factor controllable structure [17], overcoming
the delay-bandwidth limit, when the tuning is within a time
scale shorter than the photon lifetime of the resonator.
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To date, there are fundamentally three approaches to con-
trol the Q factor. First, the Q factor is tuned by directly chang-
ing the intrinsic loss in the resonator or coupling coefficient
between the waveguide and the resonator [18-20]. Through
pumping the photonic crystal (PhC) nanocavity with a short
pulse, numerous free carriers are generated in the cavity and
bring significant absorption loss, resulting in the change of
Q factor [18]. Alternatively, by tuning the coupling coefficient
of a 2 x 2 directional coupler, an MRR exhibited a controllable
Q factor between 9000 and 96,000 [19]. However, in these
cases, the central wavelength shifts greaty as the Q factor
changes. Second, the Q factor is controlled by adjusting the
phase shift in the feedback coupled waveguide(s) [14,21-23].
A ring resonator with tunable bandwidth from 0.1 to 0.7 nm,
corresponding to a Q factor from 15,500 to 2200, is realized by
thermal-optic (TO) tuning of the phase shift in the interfero-
metric couplers [14]. Another structure is the PhC cavity—
waveguide—mirror system, where the interference between light
coupled out from the cavity and light reflected back from the
mirror determines the Q factor [21-23]. A tunable Q factor
from 3000 to 12,000 has been achieved [21], as the phase
shift in the feedback waveguide is all-optically changed.
Nevertheless, this approach needs phase shift change as large
as 7 and relatively high power consumption. Third, the control
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of the Q factor is implemented by detuning the indirectly
coupled two resonators, which exhibit an electromagnetically
induced transparency (EIT)-like effect [17,24]. Previously,
the Q factor of EIT-like resonance has been tuned from
6000 to 20,000 by electro-optic (EO) control [24], and from
23,000 to 53,000 by all-optical (AO) control [17]. However,
the reported EIT-like systems have stringent fabrication re-
quirements, in demand of two nearly identical resonators with
an optimized distance.

In this paper, we present and investigate systematically a
Q-factor tunable system comprising a dual-waveguide coupled
tunable MRR, which is also directly coupled to another MRR
[25]. Previously, similar structures [26,27] have been presented
and employed for cross-connect filters, switches, and modu-
lators, whereas here we modify and apply it to construct a
Q-factor tunable system for the first time. By controlling
one MRR, the Q factors of the system and the other MRR
both change significantly. The system exhibits an EIT-like res-
onance with a low Q factor, when the two resonators are spec-
trally aligned. In contrast, the system behaves like a notch filter
with a high Q factor, when the two resonators are adequately
detuned by varying the phase shift (much lower than z) in the
controllable resonator. During the tuning of one resonator, the
peak transmission can keep low loss, and the central wavelength
of the resonant mode is nearly maintained, since the other res-
onator with a high Q factor is not tuned. It makes the system
quite appropriate for optical buffering. The proposed Q-factor
controllable system is theoretically analyzed, and then demon-
strated on a silicon-on-insulator platform. The dependence of
Q-factor tunability on the structural parameters has been stud-
ied in detail in experiment. After that, we apply this device in
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optical buffering. Fast-to-slow/slow-to-fast light has been real-
ized by adjusting the Q factor. Furthermore, the potential ap-
plications of such a device in stopping, storing, and releasing
light are also investigated, assuming ultra-fast tuning of the res-
onator. Due to the high performance, the proposed system will
find applications in on-chip optical communications, optical
interconnect, and optical signal processing.

2. DEVICE STRUCTURE AND THEORY

Figure 1(a) shows a schematic configuration of the presented
Q-factor controllable system. It consists of a two-bus symmet-
rically coupled MRR (Ring 1), which is also directly coupled to
another MRR (Ring 2). Here, Ring 1 is controllable by chang-
ing the refractive index of the waveguide, while Ring 2 is fixed.
Using the transfer matrix method, the relations of E-fields at
different positions labeled in Fig. 1(a) are given by

E, = t;E,; + jkEy, i =1,2,3, (1a)

Eu = t;Ep + jhiEi = 1,2,3, (1b)
1/4 ,

Eyp =" Eyy exp(=j6,/4), (1c)
1/4 .

Ey = ay) Ezp exp(=j6y /4), (1d)

Ey = &)’ E 3 exp(<j61/2), (1e)

Eﬂ2 = azEcz CXP(—jéz), (1f)

(@) Input [+ Rl e 7
_p» Ear Ey Thﬂ’ﬁh (b) smallAx
0.8 1
c
5 4y
3 0.6 Gfro—2
Rz} 1
£ o 0.9
%0- 4 largeAZ
© 0.8
|_
d 07
0.2 — Before tuning :
— After tuning 0.6
0.0 ) . 1549.4 1549.7
1547 1548 1549 1550 1551
Wavelength(nm)
(c) 12 . (d) 12 ‘
2 =
2 2 °
oL 8f L
£ £
ot B s
N N
© ©
E 4r £
(o] (o]
b4 2 3
0 h 0
1549.0 1549.2 15494 15496 1549.8 1550.0 1549.0 15492 15494 15496 1549.8 1550.0
Wavelength(nm) Wavelength(nm)

Fig. 1.

(a) Schematic configuration of the Q-factor controllable structure. (b) Transmission spectra at the through port with/without refractive

index change, illustrating the variation of AJ; inset: zoom-in of the spectra around 4,. Optical intensities in Ring 1 and Ring 2 (c) before tuning and

(d) after tuning.
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where £; and #; (i = 1,2, 3) represent the field coupling coef-
ficient and transmission coefficient, respectively, satisfying
k> + 12 =1 and k; = k3; and o () and &, (,) denote
the round-trip field attenuation and phase shift in Ring 1
(Ring 2), respectively. For simplicity, all the waveguides in
our structure are considered to have the same cross-sectional
dimensions and mode effective index 7. 4. Then, the round-
trip phase shifts satisfy 6, = 47°R, (ngg + An)/A and &, =
47’ Ryngs /A, where An is the change of the mode effective
index in Ring 1, A is vacuum wavelength, and R, (R,) is
the radius of Ring 1 (Ring 2).

Consequently, the transfer functions at the through port
(S, = E./E,) and drop port (S; = E/E,) of the system
are deduced as

- -id
S, = 3 alfszzl exp( ] 1) ’ (2a)
1 - (Zl‘l,'21t1 exp(—]él)
5 = a2y, k2 exp(=j8,/2) (2b)

} 1- o711 exp(-6y)

where 7, = [t; - oy exp(=j6,)]/[1 - ayt, exp(-j5,)] is the
transfer function of the waveguide section in Ring 1 coupled
to Ring 2. Hence, the power transmission at the through port
and drop port can be given by |S,|> and |S,|?, respectively.
These expressions are simple and convenient for us to analyze
the response spectrum and extract the Q factor of the system.
Combining Egs. (1) and (2), we can gain more insight into
the behavior of the system. The normalized intensities in
Ring 1 (7, = |Eg1/En|?) and Ring 2 (I = |Ey/E ") are
described by

. ky[1 -y 15 exp(=76,)] 2
[l - . 2 . . >
1 -yt exp(=j6,) - a 11 exp(=j6y) |1, -y exp(=)5,)]
(3a)
[2 = ai/Zk%k% .
|1 - a2, exp(=j6,) - a7 exp(=j6;)[#; - @ exp(=76,)]|*
(3b)

To analyze this system, we have calculated the transmission
spectra at the output port using the previous equations. There
are some basic considerations to choose parameter values. First,
Ring 1 is designed as a low-Q resonator with a large extinction
ratio. Hence, we need relatively strong coupling between
Ring 1 and bus waveguides. The loss in Ring 1 is relatively
large, since the added structure (e.g., metal heater, PN junc-
tion) for control may cause more loss. Second, Ring 2 is de-
signed as a high-Q resonator, so the coupling between Ring 2
and Ring 1 is relatively weak and the loss in Ring 2 is low. In
our design, the radius of Ring 2 is smaller than that of Ring 1,
and thus the coupling between bus waveguides and Ring 2 is
negligible due to the large spacing gap. In fact, there is no
tight constraint on the radius difference between Ring 1 and
Ring 2. As an example, we set the parameters as R, =
28.0 pm, Ry =21.0 pm, ng = 2.7445, ky = 0.44, k, =0.13,
a; = 0.95,and @, = 0.99, which are also generally consistent

with the experimental results in the following sections. It is
known that the Q factor is equal to 1y/AA, where 4 is the
central wavelength and AAZ is the full width at half-maximum
(FWHM). By controlling Ring 1, the Q factors of the system
and Ring 2 both change significantly. When the MRRs are
greatly detuned, A4 is the FWHM of the high-Q resonant val-
ley. Then, as the MRRs are aligned, A4 is the FWHM of the
low-Q EIT resonance. In previous works [24,28], the defini-
tion of the Q factor of such hybrid modes (i.e., EIT modes) has
been provided and the controllable Q factor in an EIT system
has ever been investigated.

Figure 1(b) shows the transmission spectra at the through
port before and after the tuning of An=2.6x107.
Without tuning, the transmission spectrum exhibits a nearly
Lorentzian line shape around the central wavelength, with a
FWHM of 24 pm and a corresponding Q factor of 64,600.
The broad resonant valley of Ring 1 and narrow resonant valley
of Ring 2 are distinctly separated. In contrast, after tuning, the
resonances of two rings are aligned and strongly interfere. The
transmission exhibits an EIT-like line shape, with an FWHM
of 117 pm and a corresponding Q factor of 13,300.
During the tuning process, the resonance of Ring 1 shifts
by 1.473 nm, corresponding to a phase shift variation of
0.6z in Ring 1. Note that the Q factor of the system is reduced
about 5 times after the refractive index tuning. Then, the cen-
tral wavelength (1) is generally maintained, and the valley
(peak) transmission is still low loss for the high-Q
Lorentzian resonance and low-Q EIT resonance. Moreover,
the optical power is mainly localized in Ring 2 of the system
either in the high-Q or low-Q state. Note that when Ring 2 is
tuned instead, the Q factors of the system and Ring 2 also
change, but the central wavelength (1) of resonance is shifted
greatly, which is not desired for optical buffering.

To provide more insight, we have further calculated the op-
tical intensities in Ring 1 and Ring 2 before and after tuning.
Figures 1(c) and 1(d) illustrate the variation of internal optical
intensity in Ring 2 after tuning, illustrating the controllable Q
factor of Ring 2. The internal intensity spectrum in Ring 2 can
be characterized by measuring the emitted light from Ring 2 to
the free space [21,22]. As shown in Fig. 1(c), before tuning,
Ring 2 is on-resonance, while Ring 1 is off-resonance, indicat-
ing that the power in Ring 2 escaping to bus waveguides is hin-
dered. The intensity spectrum exhibits an FWHM of 24 pm
and a corresponding Q factor of 64,600 for Ring 2. The sit-
uation becomes different after tuning. Figure 1(d) shows that
when the two rings both are on-resonance, the interference
causes the substantial reduction of fields in Ring 1 around
the central wavelength, which is nearly fixed due to the un-
changed Ring 2. Then, the intensity spectrum exhibits an
FWHM of 233 pm and a corresponding Q factor of 6700
for Ring 2. The significant Q-factor change (nearly 10 times)
allows for light storing and releasing in Ring 2 with an ultra-fast
tuning. From those results, we know that the increase/decrease
of Q factors of the system and Ring 2 is easily controllable by
just tuning Ring 1. It is noteworthy that the structure can be
implemented on various material platforms, such as silicon-on-
insulator, silicon nitride [29], lithium niobate-on-insulator

[30], and AlGaAs-on-insulator [31]. Moreover, the tunability
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of the system can be realized via different mechanisms, such as
TO effect, EO effect, acousto-optical effect, and Kerr effect.

3. EXPERIMENTAL RESULTS

A. Device Fabrication

A proposed structure was fabricated on a silicon-on-insulator
platform for example, as shown in Fig. 2. The top silicon layer
and buried oxide layer are 220 nm and 2 pm in thickness, re-
spectively. The waveguides and rings were all defined using
e-beam lithography, followed by inductively coupled plasma
etching. Simultaneously, grating couplers were constructed
to couple the device with input/output fiber for TE polariza-
tion. The straight and bent waveguides all have a height of
220 nm and a width of 450 nm. The radii of Ring 1 and
Ring 2 are about 28 pm and 21 pm, respectively. The spacing
gap between Ring 1 and waveguide (Ring 2) is G; = 200 nm
(G, = 300 nm), as illustrated in Fig. 2(b). Then, a 1 pm thick
SiO, layer was deposited on the surface by plasma-enhanced
chemical vapor deposition. After that, we patterned the metal
heaters using e-beam lithography, e-beam evaporation, and lift-
off techniques. The Ti heater of 100 nm in thickness and 1 pm
in width was placed on top of Ring 1 for thermal tuning, as seen
in Fig. 2(c). Finally, Al contact pads with a thickness of 1 pm
were patterned in the same way as the Ti heater.

B. Control of Q Factor

Figure 3(a) illustrates the normalized transmission spectra of
the fabricated device at the through port for different heating
powers. In the beginning, without heating, the transmission
spectrum exhibits two separated valleys. The left resonant valley
from Ring 1 is broadband and has a high extinction ratio.
In contrast, the right valley from Ring 2 has an FWHM of only
27 pm, corresponding to a Q factor of 56,500, and the trans-
mission loss is 2.2 dB at the central wavelength. As the heating
power increases, the resonances of Ring 1 and Ring 2 become
closer. When the power is 9.04 mW, the resonances of two
rings are aligned, and we obtain an EIT-like response, with

_@ Vol. 9, No. 10 / October 2021 / Photonics Research 2009

an FWHM of 94 pm, corresponding to a Q factor of
16,400, and a transmission loss of 1.8 dB at the central wave-
length. During this process, the central wavelength of interest
is slightly redshifted by 0.08 nm, which is mostly attributed
to the fact that Ring 2 is partly heated by the nearby heater
on Ring 1 in the coupling region. After all, in this case, as
Ring 1 is controlled, this system changes between the high-
Q state (notch filtering) and low-Q state (EIT-like transmis-
sion), and still maintains low loss for the central wavelength.
The measured spectra given in Fig. 3(a) are well explained
by the theoretical modeling with the fitting parameters:
a; =095 a, =0.99, by =042, k, = 0.10, and different
An for a corresponding heating power (e.g., An = 1.15 x 1073
for 9.04 mW power). The theoretical fit agrees very well with
the experimental measurement. Using the fitting parameters,
we have calculated the normalized intensity in Ring 2, as shown
in Fig. 3(b), corresponding to the transmission in Fig. 3(a). It is
found that the intensity spectrum has a Lorentzian line shape,
and the Q factor of Ring 2 is tunable between 49,200 and
12,000 during the tuning process.

To further study the Q factor control, we fabricated
and characterized another device with only a changed G, of
160 nm. Figure 4 shows that the system varies from the
high-Q state to the low-Q state and then back to the high-
Q state, as the heating power increases and the resonance of
Ring 1 is redshifted continuously. In the beginning, the reso-
nance of Ring 2 is on the right side and far from the resonance
of Ring 1. The dual-MRR system exhibits a high-Q resonance
(Q = 30,500) around the resonant wavelength of Ring 2,
as seen in region (i) in Fig. 4(a). Then, when the power is in-
creased to 9.40 mW, the two resonances of Ring 1 and Ring 2
are aligned, and the system shows a low-Q EIT resonance
(Q = 4600) arising from the interference between two resonat-
ing modes of MRRs, as plotted in region (ii) in Fig. 4(a).
Finally, when the power is 19.29 mW, the resonance of
Ring 1 is shifted to the right side, and the system returns to
the high-Q state (Q = 31,100), as seen in region (iii)

() Ti heater]100nm
SiO2 cladding [1000nm

220nm
Buried SiO2

Si substrate

Fig. 2. (a) Microscope image of the fabricated Q-factor controllable system. (b) Scanning electron microscopy images of different coupling
regions before the SiO, layer was deposited. (c) Schematic of waveguide cross section in Ring 1 with a Ti heater on the top.
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resonance. (b) Normalized intensity in Ring 2 theoretically simulated using the fitting parameters.

in Fig. 4(a). The transmission spectra of system between the
high-Q state and low-Q state exhibit asymmetric Fano line
shapes, which are similar to those shown in Fig. 3 and not pro-
vided here. These results are basically consistent with the prior
works [32,33]. The fitting curves are consistent with the exper-
imental results, as seen in Fig. 4(a), and the fitting parameters
are given by k) = 0.44, b, = 0.28, a; = 0.97, a; = 0.99,
and different Az Using these values, the optical intensities
in Ring 2 for different heating powers have been calculated,
as illustrated in Fig. 4(b). It is observed that the optical intensity
becomes a broadband and weakly resolved doublet, no longer
showing a Lorentzian line shape. In this case, the extracted low
Q factor of Ring 2 is quite different from that of the system.
Moreover, the intensity enhancement in Ring 2 changes sub-
stantially as the Q factor is tuned, implying potential nonlinear
optical applications of this system.

Figures 5(a) and 5(b) show the measured transmission spec-
tra of the system with a changed G, ranging from 150 nm to
300 nm in the low-Q state and high-Q state, respectively. We
obtain the Q factor and extinction ratio from the experimental
transmission spectra. It is found that, in the low-Q state, the Q
factor increases from 2800 to 17,000, and the central transmis-
sion loss increases from 0.03 dB to 1.1 dB, as G, increases. On
the other side, in the high-Q state, the Q factor increases from
21,800 to 51,700, while the central transmission loss decreases
from 5.2 dB to 1.8 dB, as G, increases. The theoretical curves
are also given and fit the measured spectra well. In Fig. 5(b),
regions (i) and (ii), these high-Q resonances are not so sharp
and symmetric. We attribute it to the fabrication imperfection
and the possible optical backscattering in the high-Q MRR
(i.e., Ring 2), which will broaden the resonant valley and de-
crease the extinction ratio.
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Fig. 4.

(a) Experimental transmission spectra (circle dots) and theoretical fits (solid curves) of the fabricated device with G, of 160 nm.

(b) Normalized intensity in Ring 2 theoretically simulated using the fitting parameters.
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The coupling coefficient 4, is extracted for each G, as de-
noted in Fig. 5(b). Then, we can speculate the normalized in-
tensity spectra in Ring 2. As shown in Fig. 6, for a small 4,, the
normalized intensity shows a single peak, which is strong and
narrowband. As 4, increases gradually from 0.12 to 0.39, the
single peak becomes broadband and flattop at first, then splits
into a weakly resolved doublet, and finally becomes a widely
spaced doublet. At the same time, we find that the power en-
hancement in Ring 2 at the central wavelength decreases con-
tinuously.

Table 1 summarizes and compares the existing Q-factor
controllable systems, which are classified into three types
according to the mechanisms. Changing the resonator’s loss
or coupling to waveguide is a direct and simple approach,

Normalized Intensity

05 00 05
Detuning(nm)

Fig. 6. Normalized intensity spectra in Ring 2 for different 4, rang-
ing from 0.12 to 0.39.

and a controllable Q factor with a large tuning range has been
obtained. However, the central wavelength shifts gready (e.g.,
>1.5 nm [20]) and the power consumption is relatively high
(e.g., >25 mW [20]) while tuning. For optical buffering ap-
plications (e.g., tunable fast-to-slow light, optical storage), it
is important that the operation wavelength of the system is
maintained for the input signals. By adjusting the phase shift
all-optically or thermally in the feedback waveguide, the inter-
ference between the resonator (e.g., MRR, PhC cavity) and the
waveguide can control the light escaping from resonator, result-
ing in the change of Q factor. However, for this scheme, phase
shift change as large as 7 is needed, implying a high power con-
sumption (e.g., 26.4 mW [14]). Fortunately, small phase shift
change is adequate to control the Q factor for the system based
on two coupled resonators. In this case, the Q factor depends
on the detuning of two resonators, which varies their interfer-
ence. The EIT-like system with a controllable Q factor requires
two nearly identical resonators with an optimized distance,
imposing stringent fabrication. Compared with EIT-like sys-
tems, Q-factor controllable systems based on two directly
coupled resonators are still insufficiently investigated. The pro-
posed system has relaxed fabrication requirements. The tunable
MRR coupled to two waveguides has a broad resonance with
a high extinction ratio, and thus enables demanding EIT-
like transmission when two resonators are spectrally aligned.
Importantly, the central wavelength (4) can be nearly main-
tained during the transition between the high-Q state and
low-Q state, which is suitable for optical buffering. Moreover,
an on-chip tunable Q factor between 16,400 and 56,500 with a
heating power of 9.04 mW is demonstrated in our structure,
showing high performance among the published results.
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Table 1. Comparison of Various Q-Factor Controllable Systems
Mechanism Structure Material Control Method Q Tuning Range  Reference
Control of loss/coupling PhC cavity Si-SiO, AO tuning, off chip 52,000-210,000 [18]
MRR integrated with an SOA InP-InGaAsP  Electrical pumping, 13,000-32,000" [19]
on chip
MRR coupled with a waveguide Si-SiO, TO tuning, on chip 9000-96,000 [20]
Interference between a MRR with interferometric couplers Si-SiO, TO tuning, on chip 2200-15,500 [14]
resonator and a feedback  PhC cavity—waveguide—mirror system Si-Si0, AO tuning, off chip 3000-12,000 [21]
waveguide PhC cavity—waveguide—mirror system Si-SiO, AO tuning, off chip 3800-22,000 [22]
PhC cavity—waveguide—mirror system  GaAs-AlGaAs  AO tuning, off chip 7900-40,000 [23]
Interference between Two indirectly coupled MRRs Si-SiO, EO tuning, on chip 6000-20,000 [24]
coupled resonators Two indirectly coupled MRRs Si-Si0, AO tuning, off chip 23,000-53,000" [17]
Laterally coupled vertical cavities GaAs-AlGaAs  TO tuning, off chip 1650-1900 [34]
Two directly coupled MRRs Si-SiO, TO tuning, on chip 16,400-56,500 Our work
2800-21,800

“The Q-factor tuning range is estimated by the measured results shown in Fig. 4 of Ref. [19].
"The Q-factor tuning range is calculated from the photon lifetime 7 ranging from 18.6 ps to 43.3 ps of the system in Ref. [17] using Q = w,z.

4. APPLICATIONS IN OPTICAL BUFFERING

A. Tunable Slow and Fast Light

Below, we explore the applications of the proposed system in
optical buffering. It is known that the group delay can be cal-
culated by 7, = -dg/dw = (A2d@)/(27cdA), where @ is the
transmission phase shift,  is the light angular frequency, 4 is
the light wavelength, and ¢ is the speed of light in free space.
First, we consider the fabricated system shown in Fig. 3. The
phase shift and group delay can be estimated using the theo-
retical model with the extracted parameters. Figure 7(a) plots
the time delay spectra around the central wavelength of
~1551 nm in the high-Q and low-Q states of this system.
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It is seen that the system provides slow light and fast light
in the low-Q state and high-Q state, respectively, indicating
that tunable time delay and advance are achievable by control-
ling the Q factor. The maximum time delay and time advance
are estimated to be 13.8 ps (point P1) and 17.4 ps (point P2) at
the central wavelength, respectively.

Consequently, we measure the time delay of the system in
the low-Q state using an experimental setup similar to that in
Ref. [35]. The light at the EIT resonant wavelength is provided
by a tunable laser (Santec TSL-510), and then modulated at a
speed of 2.5 Gbit/s by an intensity modulator. The optical sig-
nal is amplified by an erbium-doped fiber amplifier (EDFA),
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(a) Time delay of the system as a function of wavelength detuning in the high-Q state and low-Q state, theoretically simulated using the

extracted parameter values of the device shown in Fig. 3. The maximum time delay and time advance are provided at points P1 and P2, respectively.
(b) The measured optical pulses output from the system in the low-Q state (P1) and reference waveguide (R). The time delay is obtained by
comparing the two pulses in the time domain. (c) The measured phase shift response (red circles) and its fitting curve (red line) of the system
in the high-Q state. The time delay (black line) is deduced from the fitted phase shift using 7, = -d¢/dw. (d) The time delay and FWHM (A4) of
the system in the low-Q state and high-Q state for different G,. The system produces slow light and fast light (time delay having negative values)

in the low-Q state and high-Q state, respectively.
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filtered by a tunable optical filter (Alnair BVF-300CL), and
then coupled into the system. Finally, the output signal is re-
ceived by an oscilloscope (Tektronix CSA 8000B) with an op-
tical sampling module (80C11-CR3). As shown in Fig. 7(b), a
time delay of 14 ps is obtained by comparing the optical signals
through the device under test and a reference waveguide, which
is consistent with the estimated result in Fig. 7(a). In the high-
Q state, it is not so accurate to measure the time delay using the
previous setup, due to the limited bandwidth. Therefore, we
use another experimental setup [36]. The light at the central
wavelength of high-Q resonance is emitted from a tunable laser,
and then modulated by a phase modulator, whose sweep radio
frequency (RF) signals are generated by a vector network ana-
lyzer (VNA, Anritsu MS2028C). The optical signal is filtered
by a tunable optical filter, amplified by an EDFA, and then
launched into the system. The output optical signal is received
by a photodetector (Discovery Semiconductors DSC 50S),
and finally the converted RF signal is monitored by the VNA.
Figure 7(c) illustrates the measured phase shift response. Then, we
give a fitting curve of phase shift to neglect the noise from mea-
surement and obtain the time delay response of the system using
7; = -dp/dw. It is seen that the maximum time advance is
about 15 ps (i.e., time delay of 15 ps), which also agrees well
with the estimated result in Fig. 7(a). These measured results in-
dicate that tunable fast-to-slow/slow-to-fast light is achievable by
controlling the Q factor of the system. Furthermore, we have
measured the time delay of the proposed systems with different
G, whose transmission spectra have already been shown in Fig. 5.
The measured time delay and FWHM are plotted in Fig. 7(d).
In the low-Q state, we can see that the time delay gradually in-
creases from 5 ps to 14 ps, while the FWHM decreases from
~0.4 nm to ~0.1 nm, as G, increases from 170 nm to 300 nm.
In the high-Q state, fast light is demonstrated in these systems, as
the time delay is always negative. The maximum time advance is
~37 ps when G, = 170 nm. As G, increases to 300 nm, the
time advance decreases to 15 ps, while the central transmission
loss is reduced to 1.8 dB. The shallow transmission valley means
a low insertion loss of the time-advanced signal, which is desired
for optical buffering applications.

B. Optical Storage

The Q-factor controllable system can be used in optical storage
(i.e., stopping, storing, and releasing light), provided that the Q
factor is dynamically tuned within the lifetime of the photon
[17,37]. In this section, we have investigated the potential ap-
plications of our system in optical storage, where the light can
be stored and released under dynamic control. It is known from
Fig. 1 that the optical power is mainly localized in Ring 2 of the
system either in the high-Q or low-Q state. In order to store or
release the light, Ring 1 should be tuned in a time scale shorter
than the photon lifetime in Ring 2. It is possible to electrically
control Ring 1 at ultra-short time scale (~ps), when Az is ob-
tained through depleting carriers in the silicon waveguides em-
bedded with a PN junction [38]. As Ring 2 confines most
fields, additional propagation loss in the low-Q Ring 1 from
modulation structure will have no significant influence on
the optical storage. Moreover, the presented structure can be
implemented on other material platforms having Pockels effect,
such as lithium niobate-on-insulator [30].
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Then, based on the theoretical model, we have analyzed the
light storing and releasing in the systems which are identical to
the realized devices, assuming Ring 1 is dynamically tunable.
Figure 8(a) shows the dynamics of normalized intensity in Ring
1/Ring 2 with storing (S) control followed by releasing (R) con-
trol or not. The optical intensities are normalized to the peak
intensity of the input pulse. The system is initially in the low-Q
state, and the input optical pulse is coupled into Ring 2 through
Ring 1. As seen, the normalized intensity in Ring 2 increases
continuously in this period. When the normalized intensity in
Ring 2 reaches the maximum (# = 65 ps), Ring 1 is dynami-
cally tuned by S control (e.g., applying voltage for EO tuning),
and the system is switched to the high-Q state immediately.
Afterwards, almost no light exists in Ring 1, while the light
is stored in Ring 2. The normalized intensity in Ring 2 decays
exponentially at a slow rate, since the light escaping from
Ring 2 to the waveguide is cut off by the detuned Ring 1.
After a period of storing, R control (e.g., removing voltage)
is applied on demand, and the system returns back to the
low-Q state. The decay rate of normalized intensity in Ring 2
becomes faster obviously, and meanwhile an optical pulse in
Ring 1 appears, allowing for releasing light pulse at the output
ports. Figure 8(b) shows the optical intensities at the through
and drop ports of this system with different releasing times.
When S control is applied, the output waveforms at the
through port fall rapidly. Then, as R control is applied, the out-
put optical pulses occur subsequently both at the through and
drop ports. The strength of the released pulse decreases with the
storage time, and it is a little higher at the drop port, compared
to the through port. In addition, we have analyzed the perfor-
mance of different systems, as illustrated in Fig. 8(c). The S
control is applied when the optical intensity in Ring 2 reaches
the maximum, which is regarded as the optimizing storing
time, and the R control is applied on demand later at the same
time (e.g., # = 81 ps). It is seen that the storing time should be
advanced as 4, increases. Furthermore, we compare the peak
intensity of the released pulse at the drop port as a function of
storage time under different #4,, as plotted in Fig. 8(d). The
peak intensity of the pulse first increases rapidly and then de-
creases slowly with the storage time. For a lower 4, the peak
intensity is higher for a short storage time, while it is lower for
a long storage time.

The time delay/advance of the fabricated devices is of the
order of tens of picoseconds, due to the limited Q factor.
We can further increase the time delay/advance by increasing
the Q factor of the system or cascading more similar dual-ring
structures. In recent years, there have been some impressive
works on optical buffering using nonlinear gain coupled EIT.
Dong ez al. have realized Brillouin scattering-induced transpar-
ency and nonreciprocal light storage of ~10 ps in a silica micro-
sphere resonator [39]. Then, Qin ez 4/ have demonstrated
strong light dragging effect in a moving microsphere arising
from both slow and fast light induced by stimulated Brillouin
scattering processes [40]. Their time delay/advance and storage
time are about tens of microseconds, owing to the ultra-
narrow mechanical resonance (several kilohertz linewidth)
inside the optical cavity mode (several tens of megahertz line-
width). However, compared with them, our system still shows



2014 Vol. 9, No. 10 / October 2021 / Photonics Research

—_
[y
~

10+ #4=0.10

S control
— — S+R control

Ring1

Releasing

l

100
Time(ps)

Normalized Intensity in Ring 1/2

—~
&)
~

St(fring

ind
o
T

Releasing

-
[}

Normalized Intensity at output port
o

0.5
I £,=0.39
0 30 60 90 120 150
Time(ps)

—

Normalized Intensity at output port &

—~
o
~

‘ Research Article

£,=0.10
=, Storing

Dashed lines: Drop port
Solid lines: Through port

Releasing

100
Time(ps)

o
w

o
[N}

e
o

Peak intensity of output pulse

o
o

90 120 150
Storage time(ps)

180

Fig. 8. Simulated dynamics of the intra-cavity and output optical intensities of the system under control. (a) Normalized intensity in Ring 1/Ring
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dynamically tuned by S control, the system is immediately switched to the high-Q state and stores light in Ring 2. Then, as R control is applied, the
system returns to the low-Q state and releases light from Ring 2. (b) Optical intensities at the output ports (through: solid lines; drop: dashed lines)
with S 4+ R control (storing at # = 65 ps, different releasing time). When S control is applied, the pulse intensities at the output ports become low,
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curves are offset for clarity. S control is applied for storing, just when the optical intensity in Ring 2 reaches the maximum. (d) The peak intensity of
output pulse at the drop port as a function of storage time. The system denoted by #, = 0.10 is identical to that in Fig. 3, while the systems denoted
by &, = 0.12,0.17,0.24, 0.31, 0.39 are identical to those in regions (i)—(v) in Fig. 5, respectively, except for the slow tuning. Here, these systems are

assumed to be dynamically tunable.

several merits. First, unlike silica microsphere, the presented
system is built on a silicon-on-insulator platform, which is
chip-integrable and CMOS-compatible. Second, a bandwidth
of gigahertz level is usually required for practical optical buffer,
and our system has a suitable bandwidth (e.g., 3.4-11.8 GHz
in Fig. 3). Third, our system is reciprocal and
enables us to buffer light in both forward and backward

directions.

5. CONCLUSIONS

In summary, we have demonstrated a Q-factor controllable
system and explored its applications in optical buffering.
The Q factors of the system and Ring 2 are controlled through
changing the refractive index of Ring 1 and spectral detuning
between Ring 1 and Ring 2. The system exhibits EIT-like
transmission and a low Q factor without detuning, while it
shows notch filtering and a high Q factor with an appropriate
detuning. It can be implemented on various photonic material
platforms. We have demonstrated a wide-range tunable Q fac-
tor of the system based on the proposed structure in silicon-on-
insulator. Moreover, we have experimentally investigated the
influences of spectral detuning and coupling strength between
the two resonators on the Q factor and transmission loss. The
fabricated system is then utilized for controllable group delay

and advance. Tunable fast-to-slow light is demonstrated with
low loss by the transition of the system between the high-Q
state and the low-Q state. In addition, we have studied the po-
tential applications of such a system in optical storage under
dynamic control. The proposed Q-factor controllable system
has the advantages of simplicity, less fabrication requirement,
and low power consumption, allowing for various applications
in on-chip optical communications, optical interconnect, and
quantum information processing.
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