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We design a silicon microring modulator based on mutual-mode coupling tuning by introducing an electrically
tunable grating in the microring. By tuning the grating reflectivity that changes the mutual coupling strength,
optical modulation is realized since transmission switches from a peak to a dip at the resonant wavelength
with resonance-splitting in the ring. High modulation depth and low energy consumption can be achieved as
sufficient grating reflectivity change can be obtained with low drive voltage. Simulations show that the proposed
modulator can achieve a modulation depth of ~13 dB at 1550 nm wavelength with energy consumption of

122.3 fJ/bit. © 2012 Optical Society of America
OCIS codes:  230.3120, 250.7360, 250.5300.

1. INTRODUCTION

Silicon electro-optic (E-O) modulators may become critical
components for enabling optical interconnects on microelec-
tronic chips [1,2]. Silicon Mach-Zehnder E-O modulators have
recently been proposed and demonstrated with high perfor-
mances [3-6]. These devices rely on relatively weak free car-
rier dispersion (FCD) effect in silicon [7,8] and therefore are
typically long and require high driving power to obtain a sig-
nificant modulation depth. Recently, silicon microresonators
have already shown their feasibility in E-O modulators
with advantages of compactness, high-speed, and low-energy-
consumption [9-13]. A typical silicon microresonator based
modulator consists of a microring or a microdisk with an in-
tracavity modulation section coupled to a single bus wave-
guide. Based on the FCD effect, the intensity and the phase
of the input light are modulated by shifting the resonance
of the microcavity. However, the resonance-shift based
scheme has some drawbacks. First, the modulation insertion
loss increases with the reduction of drive voltage because the
microcavity resonance cannot be sufficiently detuned from
the input wavelength [14], implying that high drive voltage
may be required. Second, the modulation cannot be chirp-free
since phase variation always accompanies [15,16]. Third, the
modulator has to be operated close to the critical coupling
point to achieve a high extinction ratio, hence making the de-
vice very sensitive to fabrication deviations [17]. To circum-
vent the drawbacks of the resonance-shift based scheme,
coupling-tuning based silicon ring modulators were proposed
[18-21] and demonstrated [22]. However, a long Mach-
Zehnder interferometer (MZI) arm of hundreds of micro-
meters is needed to achieve sufficient modulation depth with
a moderate drive voltage, which prevents further scaling
down of the device size.

Recently, optical switching was proposed [23] and experi-
mentally demonstrated [24] based on coupled ring resonators
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with Vernier effect, which has been investigated on different
material platforms, including SOI [25-27], polymer [28], and
III-V compound semiconductors [29,30]. Furthermore, mutual
mode coupling in single-ring resonators was explored [31]
and utilized for many applications, such as fast light in an
overcoupled region [32], continuously tunable slow- to fast-
light in double-waveguide coupled resonators [33], dense
wavelength conversion and multicasting [34], and optical up-
conversion in radio-over-fiber systems [35]. Because of the
quasigrating sidewall corrugation in the ring resonator,
mutual-coupling is induced between the clockwise and coun-
terclockwise modes [36]. It was already found that the mutual
coupling strength is proportional to the reflectivity of the qua-
sigratings and the resonance splitting occurs if the reflectivity
is high [31]. However, the resonance splitting is uncontrollable
since the mutual coupling relies on random perturbations
along the ring sidewall. In this paper, we propose a silicon mi-
croring modulator based on controlled mutual coupling with-
out taking into account the sidewall corrugation induced
grating effect. The device consists of a double-waveguide
coupled racetrack ring resonator embedded with a grating,
which is formed by etching periodic holes on part of the race-
track ring. By setting a p-i-n diode along the grating, optical
intensity modulation can be achieved by shifting the grating
spectrum via the FCD effect, which changes the grating reflec-
tivity and hence the mutual coupling strength. The modulation
depth of the proposed modulator is determined by the tunable
range of the grating reflectivity. Therefore, high modulation
depth can be realized by increasing the tuning range of the
grating reflectivity. For a specifically designed grating with
a length of 6.5 pm, modulation depth of ~10 dB can be ob-
tained when the carrier density change is ~5.5 x 1017 em™3.
Compared with the smallest demonstrated silicon microring
modulator with a ring radius of 2.5 pm and carrier density
change of ~3.9 x 10'" em™ [12], the required total charge
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injection reduces by ~40% in our proposed modulator due
to the smaller volume of the p-i-n region along the grating.
Therefore, low energy consumption is achievable. As the mod-
ulation is carried out by changing the transmission at the un-
shifted resonances and the phase variation induced by the
grating spectrum shift is negligible, low-chirp modulation can
be expected. Compared with the coupling-tuning based silicon
ring modulators employing long MZI arms, the proposed mod-
ulator is more compact since the grating is embedded within
the microring waveguide. Unlike MZI based modulators, the
proposed modulator has back reflection induced by the
grating, which may cause destabilization of laser source.
Therefore, an optical isolator is required before the modulator
to eliminate the undesirable feedback.

Table 1 summarizes the device performance for several
silicon microring modulators including forward-biased p-i-n
based modulators [37], reverse-biased modulators [13,38], dif-
ferentially signaled modulators [39], and the device presented
in this work. Frequency chirp is also an important parameter
to evaluate modulator performance. For the resonance-shift
based microring resonators, the frequency chirp is usually
of the order of 10 GHz [13,37,38]. In comparison, less than
1 GHz frequency chirp is obtained in our proposed structure.

2. DEVICE DESCRIPTIONS

The schematic of the proposed device is shown in Fig. 1. It
consists of a silicon racetrack microring resonator embedded
with an electrically tunable grating on a silicon-on-insulator
(SOI) platform with a 3 pm-thick buried oxide layer. The bend-
ing radius of the racetrack microring is » = 5 pm. The bus and
ring rib waveguides have a typical width of 0.5 pm, a height of
0.25 pm, and a 50 nm-thick slab for p- and n-type doping along
the grating. Very tight waveguide bends with radii down to a
few micrometers can be realized with this waveguide geome-
try [11]. The device is clad with a 1 pm-thick silicon dioxide
layer. The grating is essentially a one-dimensional photonic
crystal waveguide with circular holes, as shown in Fig. 2(a).
The hole radius is denoted as R;,, and the holes are etched
through the silicon layer with a depth of D = 250 nm. The
grating length L is of several micrometers. The grating period
is assumed to be 310 nm and the grating has the same width as
the rib waveguide. The doping profile of the grating wave-
guide is similar to that of the p-i-n diode in silicon microring
modulators [9]. Figures 2(b) and 2(c) show the cross sections
of the grating segments without and with circular holes, re-
spectively. The distance between the doped regions and
the edge of the grating is 300 nm. The widths of the p- and

Table 1. Comparison of Previously Demonstrated
Silicon Microring Modulators and the Proposed
Modulator

Modulation Speed Power  Device
Depth (dB) (Gb/s) (£J/bit) Length (pm) References

Cornell 3 18 ~300 12 [37]
Kotura 6.5 12.5 50 30 (13]
Oracle 5 25 7 15 [38]
Sandia 5 10 3 3.5 [39]
Proposed 13 10 122.5 ~20
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Fig. 1. (Color online) Schematic of the tunable resonance-splitting
based silicon ring modulator.

n-doping regions are both 600 nm with a doping concentration
of 1x 10 em™,

3. OPERATION PRINCIPLE OF THE
TUNABLE-GRATING-BASED SILICON RING
MODULATOR

A. Definition of Contrast Factor F

We first present the working principle of the tunable grating
based silicon microring modulator. By modifying the grating
parameters, such as period, width, and duty cycle, the effec-
tive refractive index of the grating can be engineered, while
the grating reflection spectrum can shift with the effective in-
dex change. We define a reflectivity contrast factor F' =
(Ry/R3)'/? to evaluate the reflectivity change induced by
the grating spectrum shift, where R; and R, correspond to
the reflectivity before and after the spectrum shift, respec-
tively. We assume that the coupling coefficients between both
the bus waveguides and the ring are the same, which is de-
noted as k. Based on the analysis for microring resonators
with surface corrugation [36], resonance splitting begins to ap-
pear when the reflectivity R is comparable to x*. When R <« &%,
there is no resonance splitting, and a transmission peak can be
obtained at the resonant wavelength in the drop channel.
When R > k%, the resonance is strongly split, resulting in a
transmission dip at the resonant wavelength. We choose
the coupling coefficient x to satisfy «* = /R;R, and
R, > k* > R,. In this case, the transmission contrast at the re-
sonance wavelength increases with F', and hence optical
modulation with a high extinction ratio is achievable.

We then analytically investigate the spectral responses
around the ring resonance to study the dependency of mod-
ulation depth on F'. Using steady-state transfer equations, one
can express the spectral response of the drop channel as [31]:

Sy K2
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Fig. 2.
and (c¢) with circular hole.

a = exp[-a(Lg - L)]. (B3d)
where Ly, is the total length of the racetrack microring reso-
nator and ¢ is the phase change after one round-trip of the
ring. ¢t = V1 -«? is the transmission coefficient associated
with k, a denotes the single-pass amplitude transmission in
the ring waveguide with the propagation loss factor «, and
t, = /1-A; - R is grating field transmission dependent on
the grating reflectivity R and the grating loss Aj. N, and
Ner g are the effective indices of microring and grating wave-
guides for TE mode, respectively. Based on waveguide eigen-
mode simulations, we get 7y, =2.57 and Neg, = 2.2.
n, = 4.2 is the group index of the ring waveguide obtained
from our previous experimental results [31]. Since A;, domi-
nates the total loss in the racetrack ring, we set a = 1 in
the following calculations. The extinction ratio of the pro-
posed modulator is defined as
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(Color online) (a) Schematic of the grating structure. (b) and (¢) Schematic cross sections of the grating segments (b) without circular hole

where T';; corresponds to a transmission dip with R = R; at
the resonant wavelength (¢ = 0). When R = R,, a transmis-
sion peak T';5 is obtained, which also determines the insertion
loss of the modulator. It should be noted that there is a reso-
nant wavelength misalignment of Al = Aneg iL/(n,Lg)
between T';; and Tz, which is induced by the grating effective
index change An.g,. However, the small misalignment has
little effect on the modulator performance, which will be
explained in the following part.

B. Dependency of Modulation Depth on F

The modulation depth and insertion loss of the modulator are
plotted as a function of x with different F' in Fig. 3. To explore
the influence of grating loss on the performance of the pro-
posed modulator, we consider four cases with A; = 0.01,
A;, =0.02, A, =0.05, and A;, = 0.1. As A; becomes larger
with other parameters unchanged, the modulation depth de-
creases while the insertion loss increases, as shown in Fig. 3.
The increase of A;, leads to a lowered quality factor @ of the
resonator system. As a result, resonance splitting is weakened
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(Color online) Modulation depth as a function of coupling coefficient x with (a) A;, = 0.01, (b) 4; = 0.02, (¢) A, = 0.05, and (d) A;, = 0.1.
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and the transmission dip becomes shallow. Meanwhile, the
transmission peak becomes lower with the reduction in @,
leading to a higher insertion loss. For A; = 0.01, A; = 0.02,
and 4; = 0.05, a modulation depth of ~10 dB can be obtained
when F >5. With A;, increases to 0.1, F > 10 is required to
achieve a modulation depth of ~10 dB, as shown in Fig. 3(d).
When A; = 0.01, the extinction ratio of the modulator can
reach ~20 dB with an insertion loss of less than 1 dB. For
A;, =0.02 and A;, = 0.05, « > 0.19 and « > 0.25 are required
respectively to ensure that the insertion loss is lower than
3 dB with FF = 5. When A; = 0.1, x > 0.35 is required with
F = 10. Therefore, a small A; and a large F' are desired to
achieve a high modulation depth and a low insertion loss with
less restriction on «.

Because of the scattering and radiation losses in gratings, it
is hard to obtain near-zero reflectivity. We show in the follow-
ing simulations that the minimal reflectivity and loss are R, =
1.6 x 1072 and A; = 0.04, respectively. Since F > 5 is required
to realize 10 dB modulation depth for A; = 0.04, AR =
Ry (F? — 1) = 0.04 is the minimal reflectivity change to obtain
a 10 dB modulation depth. In the following simulations, the
grating length L and the radius of the circular holes R, are
varied to obtain AR > 0.04 with a certain spectrum shift.

4. SIMULATION RESULTS AND
DISCUSSION

A. Carrier Injection Induced Refractive Index Change
and Grating Spectrum Shift

As the grating is electrically tuned by the p-i-n diode, we first
investigate the carrier injection induced refractive index
change. To simulate the carrier-concentration variation in
the grating waveguide when applied with forward bias voltage
across the p-i-n diode, we use commercial electronic device
simulator ATLAS by Silvaco including Shockley Read Hall,
Auger, and direct recombination models. We assume an inter-
face trap density of 101°/cm?/eV and an interface recombina-
tion rate of 10* cm/s. The surface recombination rate of
silicon is in the order of 10* cm/s for unpassivated surfaces.
Soref’s expressions [40,41] are used to determine the carrier-
induced refractive index change An and absorption loss Aa at
1.65 pm wavelength in silicon. When operating in an optimum
charge injection level with a bias voltage of 1.13 V, a drive
voltage V,, = 540 mV can induce a relatively large change

in carrier concentration of ~5.5x 107 cm?, corresponding

to a refractive index change An = -1.8 x 1073, as shown in
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Fig. 4. (Color online) Carrier injection efficiency of the p-i-n diode in
the proposed modulator.
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Fig. 4. The voltage drop on the junction of the p-i-n diode
changes from 0.07 to 0.43 V when the applied voltage in-
creases from 0.86 to 1.4 V. At the bias voltage of 1.13 V,
the voltage drop is 0.16 V. In the following analysis, we use
An = -1.8x 103 to simulate the grating spectrum shift.
The free carrier induced absorption loss of 0.02 dB is negligi-
ble since the scattering loss induced by the grating dominates.
We then investigate the reflectivity change AR with respect
to the spectrum-shift AA. The grating reflectivity R(4) is a func-
tion of wavelength 1, and the reflectivity change due to its
spectrum shift can be expressed as AR = R(1) - R(1 + AJ).
The reflectivity contrast factor F' reaches the maximum at
the spectral dip between the main lobe and the first-order
sidelobe with a certain AJl. Therefore, the reflectivity change
at the spectral dip, defined as AR,,, is investigated. With
An = -1.8x1073, the overall effective refractive index
change Angy , is obtained by simulating the mode profiles of
each grating segment. To provide an estimation, circular holes
can be approximated by square-shaped holes with a side
length of L, = 2R),. The obtained refractive index change is
Anggr o = -1.15x 103 for the grating segments with
s = ~100 nm, while Angy, = -1.55x 107 is obtained for
the grating segments without holes. The optical confinement
factors for the grating segments with and without hole are
~0.45 and ~0.82, respectively. The effective refractive index
change then can be calculated as Aneg, = (ARegr g1 (A -
Ly) + Aneg oLs) /A and the spectrum shift Ai = 2An ,A.
The variation of AR,, as a function of grating length L for dif-
ferent L,’s is illustrated based on the equations for the spectral
responses of grating reflectivity [42]. Figure 5 shows that AR,,
increases monotonically with grating length L and slightly
increases when L, increases from 100 nm to 150 nm. AR,, =
0.04 is achieved when L = 6.5 pm.

B. Optical Responses of the Grating Structures

To verify the above estimation, we simulate spectral re-
sponses of the grating structure using Lumerical three
dimension (3D) finite-difference time-domain (FDTD) solu-
tions. All simulations were carried out on a layout size of
rxyxz=3x10x3 pm? with a mesh resolution of
Ax x Ay x Az = 10 x 10 x 10 nm?. Material refractive indices
are ng; = 3.477 and ngpe = 1.445, respectively. The simula-
tion time step is 1.86 x 10717 s according to the Courant
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Fig. 5. (Color online) Reflectivity change AR as a function of grating
length L.
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criterion At < 1/[c(1/Ax® + 1/Ay? + 1/Az?)'/?], where c is
the speed of light in vacuum. The Si wire waveguide
mode with TE polarization is used to excite the Bloch
mode in the grating with a wavelength range from 1550 to
1650 nm.

The grating structure with L = 6.5 pm, A = 310 nm, and
R;, = 65 nm is simulated since AR,, = ~0.04 can be obtained
according to Fig. 5. The grating loss is A;, = 0.04 and AR, =
Ry -R; =0.039 is obtained when the spectrum has a
blue-shift of A1 = 0.896 nm with an applied voltage of V,,, =
0.54 V, as shown in Fig. 6(a). As a result, F' = 5.2 is achieved
at the minimum reflection point R; = 1.6 x 10 between
the main lobe and the first-order sidelobe. When R,
increases to 75 nm, the maximal F' reaches 6.2 with the cor-
responding AR,, = 0.042, as shown in Fig. 6(b). Comparing
the grating spectra in Figs. 6(a) and 6(b), one can see that
the rising/falling edges in the grating spectrum become shar-
per as R), increases from 65 to 75 nm. We also investigate the
grating spectrum shift when the grating length increases to
7.5 pm with R;, = 656 nm [Fig. 6(c)] and 75 nm [Fig. 6(d)], re-
spectively. The rising/falling edges in the grating spectrum be-
come steeper leading to higher contrast factors of F' = 7.5
(R, = 66 nm) and F = 8.2 (R, = 75 nm). Transmission and
reflectivity as a function of applied bias and carrier density
at the resonant wavelength are also investigated for the grat-
ing with L = 7.5 pm and R;, = 65 nm, presenting the dynamic
variation of the grating spectrum, as shown in Fig. 7. Table 2
summarizes the design parameters and variables used in the
above four different grating structures.
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C. Modulation Depth and Insertion Loss of the
Modulator

Based on Eq. (3), one can numerically calculate the spectral
responses of the ring resonator incorporating the grating per-
formance from the above simulations. Initially, the circumfer-
ence of the racetrack ring is adjusted such that the ring
resonance occurs exactly at the reflection point R;. With
the drive voltage increases by 540 mV, the grating spectrum
blue-shifts; thus the grating reflectivity varies from R; to R,
at the ring resonant wavelength. Figure 8 displays the periodic
responses of ring resonators with different grating parameters
in both the through port and drop port. When the drive voltage
is applied, it can be seen that the optical response of each re-
sonator only significantly changes around one resonance in
the wavelength range of 60 nm, implying that the grating re-
flectivity varies drastically at that point. The drop channel
spectra around the drastically varied resonances are plotted
in Fig. 9. As shown in Fig. 9(a), a transmission dip of ~ — 12 dB
is achieved at the resonant wavelength with R; = 0.04, which
corresponds to grating parameters of L = 6.5 pm and
R;, = 66 nm. A transmission peak of ~ - 2.8 dB is obtained
when the ring resonance occurs at R, = 1.6 x 10-3. A modula-
tion depth of ~9.2 dB is achieved with an insertion loss of
~ — 2.8 dB. Similarly, a modulation depth of ~10.5 dB is ob-
tained when R, =75 nm, as illustrated in Fig. 9(b). For
L = 7.5 pm, since the achieved F values are larger than those
for L = 6.5 pm, the corresponding modulation depth in-
creases to ~13 dB [Fig. 9(c)] and ~14 dB [Fig. 9(d)] for R}, =
65 nm and R;, = 75 nm, respectively. The phase responses of
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Fig. 6. (Color online) Simulated grating reflectivity and contrast factor with (a) L = 6.5 pm and R;, = 65 nm, (b) L = 6.5 pm and R, = 75 nm,

(¢) L="75pm and R;, = 656 nm, and (d) L = 7.5 pm and R;, = 75 nm.
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and (d) applied voltage with L = 7.5 pm and R;, = 65 nm.

the resonators are also plotted in Fig. 9. Different phase
properties are obtained with the drive voltage change. Never-
theless, little phase variation occurs at the resonant wave-
length for all the four cases, implying a low-chirp intensity
modulation. With the applied drive voltage, there is a reso-
nance shift Al due to the carrier injection, and the impact
of the resonance shift on the modulation is investigated.
Based on Al = Ang jAL/(nyLg), A2 = ~0.08 nm is obtained
and the induced modulation depth variation is ~0.1 dB, which
is negligible. Based on k = (R,F)'/* derived from the above
definitions, the increase of F' leads to a higher coupling coef-
ficient x, and hence lower optical quality factor Q. Figure 10
shows the individual optical responses of the Bragg reflector
and ring resonator, as well as the proposed structure in a
wavelength range of 100 nm for two proposed modulators
with different grating parameters. It can be seen that both the
bandgap of the Bragg reflector and the quality factor of the
ring resonator are smaller for a longer grating, resulting in
steeper rising/falling edges of grating spectrum and wider
3 dB resonance bandwidths. Therefore, larger reflectivity var-
iation occurs around the ring resonance in the modulator with
a longer grating, leading to more distortion even though the
resonant wavelength matches the minimum reflection point,
as shown in Fig. 10(b).

In practice, exact alignment between the ring resonance
and the minimum reflection point is hard to realize. If the ring
resonance mismatches the grating minimum reflection point
Ry, reflection contrast factor F' is lowered. Figure 11 shows
the degraded modulator performances as the modulation
depth decreases [Fig. 11(a)] and the insertion loss increases
[Fig. 11(b)] with the misalignment. When the resonant wave-
length blue-shifts, I slightly decreases, resulting in a slow re-
duction of the modulation depth. However, the insertion loss
increases significantly as the minimum reflectivity becomes
higher than R,. With the resonant wavelength red-shifts, fast

Table 2. Design Parameters and Variables of Four
Grating Structures

L (um) R, (nm) Anggy AA (nm) AR F
6.5 65 1.38E -3 0.856 0.039 5.2
6.5 75 1.31E -3 0.812 0.042 6.2
7.5 65 1.38E -3 0.856 0.112 7.5
7.5 75 1.31E-3 0.812 0.134 8.2

reduction of F' is obtained, and as a result, the modulation
depth decreases rapidly. Figure 11 also shows that the varia-
tion slopes for both the modulation depth and the insertion
loss become steeper as the grating length and hole radius in-
crease. The tolerance for the resonance mismatch is around
40.2 nm to maintain a high modulation performance. In prac-
tice, the mismatch can be compensated for by thermally shift-
ing the ring resonance, which can be achieved by inserting a
thin-film titanium micro-heater on top of the ring resonator. As
shown in Fig. 12, the titanium microheater with multiwire
structure [43,44] is isolated by trenches [45,46] and covers
only part of the racetrack ring waveguide with the same length
as grating to reduce thermal crosstalk.

In order to show that the proposed modulator has good tol-
erance to the resonator coupling variation, we also discuss the
modulation depth as a function of coupling coefficient x for
various grating parameters illustrated in Fig. 13. As shown
in Figs. 13(a) and 13(b), both the modulation depth and the
insertion loss of the modulator decrease with the increase
of k. Figure 13(a) shows that a modulation depth of greater
than 10 dB can be obtained when x < 0.29 in the case of L =
6.5 pm and R;, = 75 nm. To keep the insertion loss lower than
3 dB, k > 0.27 is required as shown in Fig. 13(b). As the grating
length increases to 7.5 pm, a modulation depth of larger
than 10 dB can be obtained with x < 0.42, while « > 0.29 is
required to ensure that the insertion loss is lower than
3 dB. Therefore, the tolerance on « is enhanced with the in-
crease of grating length, which is essentially due to the in-
crease in F. With a fixed x, the modulation depth can be
tuned by varying F, while the corresponding insertion
loss is only slightly changed. In particular, the modulation
depth increases from 9.7 to 15.3 dB as F' changes from 6.2
to 7.5 with « = 0.3. The insertion loss is varied within
~0.25 dB. In addition, F' can also be improved by increasing
the drive voltage V,,, to induce a larger spectrum shift, leading
to enhancement of the modulation depth.

D. Bandwidth and Energy Consumption

As a forward-biased p-i-n diode is applied in the proposed de-
vice, the 3 dB bandwidth is mainly determined by the free car-
rier lifetime 7, and the cavity photon lifetime z,,. The effective
carrier lifetime 7, = 100 ps can be obtained by using carrier
lifetime reduction scheme [47], allowing for a 3 dB bandwidth
of 10 GHz, as shown by the red solid line in Fig. 14. To estimate
the influence of 7z, on the device bandwidth, we use the
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equation f34p = ¢/(1Q), derived from 7, = AQ/(2rc) and
JSsag = 1/(2nzy) [11], where c is the light speed in vacuum.
The intrinsic quality factor @, is determined by the
effective propagation loss of the ring and can be estimated
as follows:

0 I 0
—— 086V ——0.86V
s —— 14V — 14V
—
[an]
o 10}
~— 1 6
& ©
O -15 =
(2]
R A
€20/ ©
(2] L
c 200
E -25 I
~ /1
-30 I L=6.5um
(a) | R, =65 nm
1556 1561 1566 1571 1576

Wavelength (nm)

—— 086V ——086V |
—— 14 — 1.4
5
_—
o
T 10+ Py
o
c
S5 2
3 o
£ @
(2] | £
(= 200
E 25 |
B !
30 | L=7.655pm
(C) ' R,=65nm
1553 1558 1563 1568

Wavelength (nm)

(l(LR - L) - ].n(l _AL)

e = o (nep/m).

®)

where a = 0.7/cm, based on previous experiments [48].
A;, =0.04 and Ly = 2ar + 2L = 46.4 pm are obtained with
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L="75pm. Thus, Q)= 18550 is obtained as @, =
2mng [ (aerd) and the external quality factor @), is related with
Kk as Q, = nlpny/ ) [49]. The total loaded quality factor is
given by @ = QQ./(Qy + @.). We plot the 3 dB bandwidth of
the modulator as a function of « (blue dashed curve in Fig. 14).
When « < 0.35, the 3 dB bandwidth is determined by 7, and
increases as k increases. A 3 dB bandwidth of 10 GHz is ob-
tained with x = 0.35. The corresponding modulation depth
and insertion loss are 13 dB and 1.9 dB, respectively, as shown
in Fig. 13. When « > 0.35, optical modulation bandwidth is
limited by 7z, and the achievable maximal value is 10 GHz.

Low power operation in optical modulators is of particular
importance for large-scale on-chip integration. The dynamic
energy consumption of the proposed modulator is estimated
by calculating the switching energy per carrier injection,
which is defined as the total charge injected to the p-i-n diode
times voltage swing [12]. It should be noted that this estima-
tion provides the minimum required energy for modulation
without considering the energy consumption induced by ex-
ternal wiring, such as contact resistance and capacitance. In
this case, the energy consumption can be given by the follow-
ing equation:

Energy/bit = 1/4 x e x (AN, + AN;) x Volume x V,,,,  (6)
where e is the electron charge, Volume = Sy,oqal, rea % L is the

modal volume of the grating section with an effective modal
area of Spdal,rea = 0-125 pm?, V), is the peak-to-peak drive
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(Color online) Influence of the resonance mismatch Al on (a) modulation depth and (b) insertion loss.

voltage, and AN, and AN, are the injected electron- and
hole-density, respectively. Since the 0-1 transition only hap-
pens with a probability of 0.25 for all bit sequences [50],
the coefficient of 1/4 is included. A drive voltage of V,,, =
540 mV corresponds to AN, = AN, = 5.5x 10!7 cm™3. The
resulting dynamic energy consumption is 22 fJ/bit with a grat-
ing length L = 7.5 pm. The DC power consumption of the pro-
posed modulator is approximately given by Ppc = Vonloy, [12],
where I, = e x p x volume/z, = ~0.89 mA with 7, = 100 ps,
p=28x107 cm™® is the steady state carrier density at
the bias voltage of V,, = 1.13 V. At a modulation speed
of 10 Gb/s, the average DC power consumption is

M sistab
SiO,
Ti

I Si Substrate

Fig. 12. (Color online) Schematic of the titanium micro-heater struc-
ture for compensating the mismatch between the ring resonance and
the minimum reflection point.



Wang et al.
20 T T T
A @ Rn=65nm, L=7.5um
—_ o g & A Rw=75nm, L=7.5um
% oA, o Ru=65nm, L=6.5um
~ 15| a ﬁ A, < Re=75nm, L=6.5um |
2 TRy .
g e, ay
10} °o g o -3 gy J
o o %o = 8
- ] <
(- ° 0 g < o
El o W o
B 5} 0o %0, ]
(<] o °-0
= (a) %05
0.25 0.30 0.35 0.40 0.45
Coupling coefficient x
Fig. 13.
18 w
Qp = 18550
16 gy
0
T
o 14 L
~— ’4’
£
T 12 L
2
c 10 <=
© -
Qo e
m 8 ]
3
B el e Te
- — — ’rp
4 L L n |
0.25 0.3 0.35 0.4 0.45

Coupling coefficient
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as a function of x considering the limiting factors of free carrier
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100.3 £J/bit. The total energy consumption of the modulator
is 122.3 fJ/bit.

When there is a mismatch between the ring resonance and
the minimum reflection point, extra power consumption is re-
quired for thermally shifting the resonance. It has been experi-
mentally demonstrated that the resonance tuning efficiency
can achieve ~19 mW/THz for a single-ring resonator [43].
Since the titanium microheater covers only part of the race-
track ring waveguide, the tuning efficiency in our structure
would be ~129.8 mW /THz. It should be noted that the thermal
tuning power consumption can be reduced or even eliminated
by using cutting-edge device fabrication processes with high
accuracy.

5. CONCLUSION

We proposed a silicon racetrack ring modulator based on mu-
tual mode coupling tuning. By introducing an electrically
tuned grating inside the ring, a transmission switch between
apeak and a dip occurs at the resonant wavelength in the drop
channel, enabling optical intensity modulation. The modula-
tion depth can be enhanced by increasing the grating length
or drive voltage, regardless of the coupling condition of the
ring resonator. In particular, a modulation depth of ~13 dB
can be obtained with a moderate insertion loss of 1.9 dB,
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low energy consumption of 122.3 £J/bit, and a 3 dB bandwidth
of 10 GHz, based on 3D FDTD simulations.
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