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Abstract: A self-pulsing III-V /silicon laser is designed based on the Fano resonance between a bus-
waveguide and a micro-ring resonator, partially covered by the graphene as a nonlinear saturable
absorption component. The Fano reflector etched on the straight waveguide is used as one of the
cavity mirrors in the coupling region to work with the graphene induced loss and nonlinearity to
achieve pulsed lasing in GHz repetition frequency. The detailed lasing characteristics are studied
numerically by using the rate equation and finite-difference time-domain (FDTD) simulations. The
results show that the CMOS compatible hybrid laser can generate picosecond pulses with repetition
rate at 1~3.12 GHz, which increases linearly with the injection current.

Keywords: hybrid laser; Fano resonance; self-pulsing laser; graphene; photonic integrated circuits

1. Introduction

Along with the rapid development of chip-integrated light detection/ranging (Li-
DAR) [1,2], neuromorphic computation [3], and microwave photonics [4,5] in various
scientific and industrial applications, the pulsed semiconductor lasers are the main focus to
enable device miniaturization, low power consumption, and cost reduction. The generation
of ultrashort pulses with high repetition rate has been realized with mode-locked laser
diodes for the III-V type materials [6-8], but the passive waveguide loss on the III-V plat-
form (3—4 dB/cm at 1550 nm) is larger than that of the silicon waveguide (0.7 dB/cm) [6,9],
which limits the active-passive integration and device performance, such as the spectral
linewidth, output power, etc. The III-V/Si hybrid pulsed laser [10-13] is, therefore, an
alternative way, and ideally suited, for the integration with high-speed silicon modulators
and germanium photodetectors to utilize the mature CMOS fabrication.

Actually, the semiconductor mode-locked laser diodes have been demonstrated on
the III-V-on-silicon platform [9,14-16] to generate high-repetition-rate pulse-train signals
in narrow linewidth and low phase-noise without external modulations [17]. The pulsed
mode of the diodes is enabled by applying reverse bias on the saturable absorption (SA)
region, where optimizations can be done for that region, as well as the longitudinal cavity,
to overcome the change in refractive index under large negative bias [18].

The two-dimensional (2D) nano-materials with large third-order susceptibility can be
used to achieve fast optical switching and pulsation without extra bias for the SA [19-22].
In this study, we investigate the electrically-pumped self-pulsing laser diode based on the
heterogeneous III-V/Si platform, using the micro-ring partially covered by graphene as the
SA region, and the Fano resonance effect between the micro-ring and the bus-waveguide
to enable self-sustainable pulsing at high repetition rate with low absorption loss. The
physical model of the laser, including the Fano mirror design and related mechanisms, are
analyzed, respectively.
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2. Device Structure and Design Optimization

The device structure is schematically shown in Figure 1, where the Fano-mirror on
the right-hand side is composed of reflection holes (RH) in the bus waveguide and a
micro-ring covered by the graphene layer, to select appropriate resonance wavelength for
the gigahertz repetition-rate output pulses. The left Bragg mirror is done by etching the
surface gratings on the silicon waveguide to obtain high reflection facet. Tapers in-between
the III-V gain region and the silicon waveguide are applied to couple light adiabatically
with low propagation loss.

_____ 11I-V gain Fano mirror

left mirror / """
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e &

------------------------- RH region _/ graphene
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Figure 1. Schematic structure of the III-V/Si Fano laser, where RH represents the reflection holes
etched on the bus waveguide.

Here, the Si layer thickness for the waveguide and micro-ring is standard 220 nm,
with ridge widths of 450 nm. The outer/inner radius of the ring is 6.3/5.85 um and is
separated from the bus waveguide with a 50-nm lateral gap, as optimized by the FDTD
calculations [23].

In order to improve the self-pulsed hybrid silicon laser performance, we can optimize
the passive and active regions, correspondingly, which include the Fano mirror, Bragg
mirror, tapered coupling region, and multiple quantum wells (MQW), as follows.

2.1. Fano Mirror

As a key component of the proposed laser structure, high slope-rate Fano mirror can be
used at one end of the silicon waveguide to minimize the reflection peak linewidth for fast
switching of the laser. Here, RH is etched in the coupling region of the waveguide near the
micro-ring, such that output light from the active region could be scattered /coupled evanes-
cently to the micro-ring with extra phase delay and modified coupling coefficients [24], to
induce the Fano-type asymmetric reflection spectrum.

The reflectivity can be calculated either from the analytical formula [25,26] or numeri-
cal FDTD method, for use in the next-step laser simulations. As derived from the scattering
theory [25] for the coupled micro-ring-waveguide system in the absence of RH, the reflec-
tion coefficient can be written as 71 oentz (W) = e/ [i(we — w) + 7,]. If RH is added, the
formula can be re-written as

TFano (@) = 11 = (11 & i) Te (1)

i(we —w)+ 7
where the detuning frequency is given by Aw = w — w, as the difference between the
reference wavelength and the resonance one. -, is the coupling rate from the micro-ring
to the bus waveguide [27], and 1 and t; are the reflection and transmission coefficients
of the RH, respectively. v, = w:/(2Q;) is the decay rate of the optical field, as related
to the quality factor (Q; = A/AApwppm) of micro-ring, which depends on full-width at
half-maximum (FWHM) of the resonance peak.

These coefficients can be fixed by fitting the equation with FDTD data, as calcu-
lated below: the electric field distribution of the Fano mirror is shown in Figure 2a,
and the reflection spectra of the Fano mirror for different RH numbers and radii are in
Figure 2b,c. From the plots, we can see that as the number of air holes increases, the
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insertion loss becomes larger due to stronger RH scattering, and the reflection coefficient
also increases if the hole diameter changes from 120 nm to 150 nm.
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Figure 2. (a) Electric field distribution in the micro-ring for 0.15-um hole radius; reflective spectra of the Fano mirror for
different (b) number and (c) radius, of the air holes.

For RH radius » = 150 nm, we find that the two curves match approximately when
Ye ~ 0.77; as is shown in Figure 3, whose analytical formula can be further applied in the
next-step laser simulations. With the narrow-linewidth reflection-component ready, the
saturable absorber can be introduced to generate self-pulsing for our proposed laser.
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Figure 3. Fitting curve of the Fano mirror using Equation (1) for the FDTD simulation results.

For details of the self-pulsing mechanism, we start with the band structure of the
graphene as shown in Figure 4a, which has an intrinsic crossing of the conduction and
valence bands at the I'-point. This type of zero-bandgap 2D materials, including graphene
(oxide) and black phosphorous, etc., can absorb light in a broad wavelength range as the
semi-metal, which can induce large third-order nonlinearity factor (%) as derived from the
Kramers-Kronig relation for the real and imaginary parts of the refractive index [22]. The
latter one can cause saturable absorption, when the conduction band is fully-filled due to
the high level of optical pumping. The fast relaxation can be attributed to the carrier-carrier
intraband scattering process that happens in fs/ps time frame [22]. Therefore, for lasers
to work in the self-pulsing mode, the Fano effect could be combined with the graphene’s
saturable absorption to use the narrow linewidth and high slope rate of the Fano reflection
peak as an optical switch. For the self-pulsing dynamics, we will explore and discuss in
details in Section 3, where the rate equation results can be used for demonstration.
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Figure 4. (a) Band structure of the graphene layer, (b) reflective spectrum of Fano mirror blue-shifts at wider graphene

widths, and (c) propagation loss of the waveguide varied with the graphene width.

In addition, as shown in Figure 4b, the resonance wavelength of the Fano mirror
blue-shifts when the graphene width increases. This is due to decrease in effective index of
the guided mode, which extends more into the wider graphene layer that has relatively
smaller refractive index and higher optical loss, as in Figure 4c. The averaged loss &g, as
calculated by solving for eigenmode of the graphene covered silicon waveguide, is around
0.231 dB (for the 300 nm x 4 pm rectangular sheet of the graphene cover, with propagation
loss of 0.0578 dB/um, as shown in Figure 4c).

2.2. Bragg Mirrorr

Figure 5a shows the structure of the surface grating on Si waveguide using sidewall
corrugations. The width of each sidewall (AW) and grating period (A) is 40 and 320 nm,
respectively. When the number of periods (N) increases to 300, the reflectivity increases
from 0.973 to 0.996, as shown in Figure 5b. We choose the 96 um length to ensure the low
threshold and high wavelength selectivity.

(a)

Reflectivity

.0 + / VAVAVLAN 0
N XA 1.50 1.52 1.54 1.56 1.58 1.60
Wavelength (um)

Figure 5. (a) Left mirror based on silicon waveguide grating, (b) reflective spectrum.

2.3. Taper Region

The III-V taper is used to couple light adiabatically from the MQW region to the Si
waveguide, with no significant reflections to avoid inducing the multi-cavity effect [28],
except for the Bragg and Fano mirrors etched on the silicon layer. Then, we need to
minimize the coupling loss between the active region and the silicon waveguide, as shown
in Figure 6, where the InP layer is adhesively bonded by Benzocyclobutene (BCB, n = 1.57)
to the Si wafer with a spacing distance of 80 nm. Since the waveguide widths of the two
tapers vary along the propagation direction, both of the propagation coefficients become
equal at certain position, where their effective refractive indices of the guide-modes match.
By sweeping the taperl/taper2 length by the eigenmode-expansion (EME) method, the
optimum lengths are designed as Liaper1 = 20 pm and Liaperz = 35 pm, with 98.8% and
96.7% for the coupling efficiencies, as illustrated in Figure 7a,b, respectively.
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Figure 6. The III-V/Si taper region, with the materials and dimension values marked in the insert.
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Figure 7. The coupling efficiency for different length of (a) taperl and (b) taper?2 if the alignment has
a mismatch, as shown in the insert.

Alignment accuracy during III-V/Si integration can also affect the coupling efficiency
considerably, where fluctuations in the curves may be caused by the interference of the
reflected and incident fields at different Ay values from 0 to 0.3 um.

The fundamental modes in the ends of both active region and Si tapers are shown in
Figure 8a,b for the cross sections marked as Figure 6a,b, while Figure 8c shows the light
propagation in the x-z plane. The confinement factor (I') is calculated to be 0.047 from the
field integration at MQW for use in the following rate equations.

(b) 0.7
05

(@)oz
0.5
03 __ 03

£ os

N .01
03
05

g 01
N .01
03

-0.5
0 1 2

4 5

0 1 2 4 5 6

3 3
y (um) y (um)

Figure 8. Mode distributions at the end of (a) active region taper and (b) Si taper, whose x positions
are marked by cross (a) and cross (b) in Figure 6, respectively; and (c) the light propagation from
III-V to Si in the x-z plane.

2.4. MQW Design

For the active region, InAlGaAs/InP MQWs are used with the detailed parameters as
listed in Table 1. The band structures of gain region under 0 and 2 V bias voltages, as well
as the carrier concentrations and radiative recombination, are calculated using the Silvaco
Atlas package [29], as shown in Figure 9 a,b. The material gain curves for the MQWs at
different carrier densities are plotted in Figure 9¢c, such that the gain coefficient (gn) is
chosen to be 3800 cm ™! at 1.5 um, as in Table 2, for our next-step laser simulations. The
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MQW modal gain is given by ¢ = 3TgnIn(N/Np)/ (1 + ¢P), where T is the confinement
factor, ¢ is the gain saturation coefficient, and P is the photon density.

Table 1. Structural parameters for the cross-section.

Layer Material Thickness (nm) Refractive Index
P-spacer InP 55 3.21
P-blocking layer Ing 53Alg.47As 45 3.23
TOp GRINSCH In0_51A10_39Ga0_1 As 100 3.25
7 x Barriers In0'54A10.32Ga0'14As 8 3.38
6 x Wells IHO.7A10_152G30_148AS 5 3.39
Bottom GRINSCH Ing 51Aly39Gag 1 As 100 3.25
N-blocking layer Ing 53Alg.47As 45 3.23
N-spacer InP 55 3.21

. 80 (on top of ridge)

Bonding layer DVS-BCB 180 (outside ridge region) 1.57
Waveguide layer Si 220 3.476
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Figure 9. (a) Band structure of the quantum well active region under 0 and 2 V applied voltage, (b) electron-hole pair
concentration and radiative recombination rate in the QW region under 2 V voltage, and (c) material gain curves for the
active region.

Table 2. Simulation parameters for the rate equation.

Parameters Symbol (Unit) Value
Effective index of the active region Mef 0 3.2
Group refractive index of the active region ng 35
Linewidth enhancement factor 1323 3.5
Transparency carrier density Np (cm™3) 10%”
Confinement factor T 0.047
Material gain coefficient gn (em™1) 3800
Length of the active layer L (um) 120
Active layer width W (um) 3
Carrier lifetime Tg (ns) 0.4
Photon lifetime Tp (Ps) 0.8
Bimolecular radiation coefficient B (10710 cm3 s~ 1) 1
Auger coefficient CA0~ % ecm®s71) 3
Reflection coefficient of RH " 0.76
Quality factor of the microring Qr 1429
Decay rate of the microring v (Hz) 6.8 x 1010
Coupling rate from microring to the waveguide Ye (Hz) 4.7 x 1010
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3. Laser Dynamics
3.1. Numerical Model

After optimization for each component of the laser, the light-current property can be
calculated by the rate equation to describe the photon dynamics of the hybrid laser as

%F(t) = (1 —iap)(g — a;)vgF(t) + YL(R(t) + rFano(w)F(t)) + sF, ()
DR = (e + e — wO)R()F 7eF (1) + 5, @)

where F(t) and R(t) are the fields in the laser cavity and micro-ring, a; is the linewidth
enhancement factor, v, is the group velocity, «; is the internal loss, the spontaneous noise is
driven by sr and sg, and the — (+) sign means an odd (even) mode in the cavity. Here, a; is
the waveguide internal loss, as shown in Figure 4c, which also includes the SA loss a, for
the graphene layer, as given by ag = &g/ (1 + P/Ps). a is the linear absorption coefficient,
and Ps is the saturation density of the optical field in the ring covered by the graphene
layer [22]. The round-trip photon lifetime in the laser cavity is y; = ¢/ (2Lng).

For the carrier equation that governs the conversion from electrons to photons, we

can write )
dN _ nl N 2 3 [F(t)]
—— =————BN"-CN’ -2 , N ,
dt eV T gvga(w ) Vic

where 7 is the injection efficiency of the current I, V| is volume of the active region, s is

the carrier lifetime, and B and C are bimolecular and Auger recombination coefficients,

respectively [30]. The scattering parameter o (w, N) is related to the optical field intensity

and threshold gain in the cavity.

Therefore, the output power can be calculated as [31]

4)

Pout(t) = 2eqnge| F(t) + R(1) 2, 5)

where ¢ = ¢/ v, is the group refractive index. Other parameters not mentioned here are
listed in Table 2, as obtained from the FDTD/gain calculations.

3.2. Device Performance

As shown in Figure 10a, the device has a lasing threshold of 10 mA current injection
in the self-pulsing mode (until up to 22 mA). The modal gain and loss vary dynamically as
in Figure 10b, and the pulse appears at the point when they cross with each other. If the
injection continues to increase, the minimum of the modal gain would gradually exceed
the upper bound of the loss curve, such that the laser switches to the CW mode with higher
average output power.
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Figure 10. (a) Time-averaged power versus injection current for the proposed laser, and (b) modal
gain/loss with pulsed output power at I = 16 mA.
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Here, the saturable absorption will dynamically change the Q-factor of the laser cavity
and resonant frequency of the micro-ring at different incident optical power. The RH-
induced Fano response provides a sharp variation of the reflection at different wavelengths,
as indicated by the grey region in Figure 11a, such that the laser can be tuned at GHz
rate by the high-speed switching of the Fano mirror resonance condition. The optical
fields in the cavity interact with the injected carriers dynamically [32], i.e., spontaneous
noise of the laser can perturb the device away from the quasi-equilibrium state, such
that if the optical power is increased by the small noise, more carriers will be absorbed,
leading to a reduced loss. This will positively feedback to the cavity, and the optical field
further increases to consume more carriers until absorption saturation, which depletes the
carriers instantaneously (in picosecond scale) when reaching the optical peak. However,
the lowered material gain smaller than the total loss and the shift of resonance wavelength
away from Fano reflection peak would rapidly turn off the pulse until enough carriers are
accumulated for the next round pulsing [33]. Therefore, the combination of Fano switching
and the SA effect can generate ps-pulsation iteratively and self-sustainably, as shown in
Figure 11b. Here, the FWHM of the pulse is around 5.7 ps, and the repetition period is
about 0.5 ns (i.e., 2 GHz).

(a)o.a (b)“
071 12
20.6- % 104
S 0.5 5 s
= o 8 FWHM
©
0.4 g 5.7ps
K bolCh
@ 0.3 S
g,
S 4
0.24 o 05
24 .5ns
0.14
0.0 - . | . 0 T T T T T
1.540 1.545 1.550 1.555 005 015 025 035 045 055

Wavelength (um) Time (ns)

Figure 11. (a) Frequency shifting of Fano mirror where the gray region indicates the range of
self-pulses. (b) FWHM details of the pulse train under 16 mA.

As the injection current increases from 12 to 20 mA, the repetition rate and spectrum of the
optical pulse change accordingly, as in Figure 12. At higher injections, the pulses increase from
8 to 22 peaks within 8 ns, as well as the output power from 10 to 16 mW, as in Figure 12(al-a3).
Envelopes of the self-pulse spectra also broaden from 1547.8~1548.2 nm to the 1547.6~1548.4 nm
for side-mode-suppression-ratio (SMSR) > —10 dB, as in Figure 12(b1-b3), where the inserts
show the spectral envelope for SMSR>-80 dB. As summarized in Figure 12c, the pulse
repetition rate increases linearly from 1 GHz to 3.12 GHz as the injection current increases,
which may be due to faster built-up speed of the carriers at higher injection levels, such that,
for the same level of SA, more pulses can be generated in the same time scale. The spectra
broadening can also be due to the similar reason, i.e., as the pulse FWHM decreases from
6.5 to 5.7 and 5.1 ps, their Fourier transforms expand in frequency/wavelength domain
from 0.4 to 0.56 and 0.72 nm, correspondingly.

To further increase the current injection, modal gain can overcome the cavity loss, such
that the device switches to the CW mode, with its optical power and carrier distribution at
I =40 mA, and the single-mode lasing spectrum due to the narrowband Fano mirror, as
shown in Figure 13a,b, respectively.
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Figure 13. (a) CW output power and carrier density under 40 mA, and (b) optical spectrum near
1550 nm.

4. Conclusions

An electrically-pumped self-pulsing I1I-V /silicon hybrid laser based on the Fano reso-
nance is proposed and analyzed, where the Fano cavity is formed by RH in the coupling
region of the bus-waveguide and the graphene-covered micro-ring. The combination of
Fano switching and the SA effect can generate ps-pulsation iteratively and self-sustainably.
The left mirror of Si surface grating ensures enough reflection to improve the threshold
current to about 10mA. In addition, the light coupling from the III-V to Si is realized by a
two-stage taper, with more than 98.8% and 96.7% coupling efficiencies, respectively. The
MQW regions are also calculated for the best performance of the active region. Rate equa-
tion study of the laser is demonstrated to characterize the influence of electrical injection
on the laser output and the variation of self-pulsing. Within appropriate current range,
the train of pulses can be generated with decreasing pulse width, expanding spectrum
and increasing repetition rate, when the injection is increased (until CW-mode lasing).
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The FWHM of the pulse width decreases from 6.5 to 5.1 ps. Envelopes of the pulse-train
spectra expand from 1547.8~1548.2 nm to the 1547.6~1548.4 nm. The pulse repetition rate
increases linearly from 1 GHz to 3.12 GHz as the injection current increases to 22 mA. This
self-pulsing laser can be used for the on-chip LiDAR, neuromorphic computation, and
microwave photonics applications. The device can also be compatible with the CMOS
platform for silicon-based photonic integration.
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