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ABSTRACT

This paper explores the impact of gain medium on linewidth narrowing in integrated self-injection locked III-V/SiN lasers, theoretically
and experimentally. We focus on the effects of carrier densities of states in zero- and two-dimensional structures due to quantum-dot and
quantum-well confinement. The theoretical approach includes (a) multimode laser interaction to treat mode competition and wave mixing,
(b) quantum-optical contributions from spontaneous emission, and (c) composite laser/free-space eigenmodes to describe outcoupling and
coupling among components within an extended cavity. For single-cavity lasers, such as distributed feedback lasers, the model reproduces the
experimentally observed better linewidth performance of quantum-dot active regions over quantum-well ones. When applied to integrated
III-V/SiN lasers, our analysis indicates Hz-level linewidth performance for both quantum-dot and quantum-well gain media due to overcom-
ing the difference in carrier-induced refractive index by incorporating a high-Q SiN passive resonator. Trade-offs are also explored between
linewidth, output power, and threshold current.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0214254
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I. INTRODUCTION

Quantum well (QW) laser diodes are widely used in photonic
products,”” offering low power consumption, extended lifespan,
light weight, and compactness. Meanwhile, quantum-dot (QD) laser
diodes are increasingly recognized for their unique features aris-
ing from the zero-dimensional (0D) carrier density of states, which
resemble the discrete electronic structure of atoms.” ’ These diodes
promise reduced threshold currents, enhanced thermal stability,
and reduced sensitivity to external optical feedback and material
defects.” Notably, the successful epitaxy growth on silicon-based
platforms underscores their potential for broad application.”

APL Photon. 9, 086106 (2024); doi: 10.1063/5.0214254
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However, both QW and QD lasers currently face challenges.
When it comes to achieving narrow linewidth, QW lasers suffer from
high linewidth enhancement factors (LEFs), while QD lasers are lim-
ited by inhomogeneous broadening.” '’ An established technique
for narrowing the linewidth of semiconductor lasers is self-injection
locking (SIL), in which the laser is coupled to a high-Q cavity provid-
ing frequency-selective optical feedback. Since the first demonstra-
tion in 1998, high-Q crystalline microring resonators have been
integrated with laser diodes to produce narrow linewidth lasers,'* "’
alongside low-noise photonic microwave oscillators'® and soliton
comb generators.'””’ Over the recent years, considerable effort has
been concentrated on developing novel resonator geometries to

9, 086106-1
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enhance the laser-resonator coupling and increase the strength of
the reflected signal based on drop-port reflection,”"”” hole defects,’’
photonic crystal ring resonators,”* and intracavity Sagnac loops.”

For effective device engineering, a laser model that can pre-
dict the properties of the active medium using only epitaxial
growth characteristics (such as layer structure and thickness) as
inputs is beneficial. Such a model should be able to accurately
predict the effects of transitioning from one-dimensional QW to
three-dimensional QD carrier confinement without relying on phe-
nomenological or fitting parameters. Distinguishing between intrin-
sic and extrinsic effects is crucial; the former helps guide engineering
design, while the latter indicates the quality of growth and fabri-
cation. This approach surpasses traditional models based on rate
equations for class B lasers,”°>* which combine intrinsic and extrin-
sic factors to reduce input parameters to the gain coefficient and
LEF. While the simplification facilitates fitting to experimental data,
a model that offers predictive capabilities and ties directly to the
band structure is more valuable for understanding the physical
principles and enhancing the device performance.

Section II presents the theoretical framework for laser oper-
ation. The approach starts with describing laser fields using cav-
ity modes, establishing a link to quantum-mechanical theory via
electron-hole polarization. These modes are explored for both single
and composite cavity lasers. Following this, this paper outlines the
microscopic gain theory, derived from quantum mechanics, to com-
pute parameters in the gain region. Subsequently, the multimode
laser equations are introduced, which comprise a system of coupled
differential equations for the intensities and relative phases of each
cavity mode. In Sec. III, this multimode laser theory is applied to
analyze single-cavity QW and QD lasers, reproducing experimental
results, such as the L-I curve and the linewidth—current curve. In
Sec. IV, the model is extended to QW and QD lasers coupled to a
high-Q resonator, examining linewidth narrowing in self-injection
locked configurations.””"’

Il. THEORY
A. Composite-cavity modes

We assume that the transverse dependence of the laser field
is described by an index-guided mode v(x,y) defined by a wave-
guide or heterostructure. The total electric field is then expressed
as &(x,y,z,t) = v(x,y)E(z, t), and the longitudinal laser field E(z, t)
obeys the following equation:

(82 . 112(2)872 _az) 0

87 3 o c Ot

82
)E(z,t) = —yO?P(z,t), (1)

where ¢ is the time, z is the position along the cavity, and 4, and c are
the permeability and speed of light in vacuum. Losses due to intra-
cavity absorption are described by a(z), the refractive index profile is
given by n(z), and P(z, t) is the polarization representing the active
medium. Next, we expand E(z,t) and P(z,t) in terms of the cavity
eigenmodes u,(z),

I i
E(z,t) = 3¢ WS Eu()e D (2) + e, )

I i
P(z,t) = ¢ Q”tz Py(t)e lMt)un(z) +cc, (3)
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where E, and P, are slowly varying amplitudes, Qo is the central
lasing frequency, and ¢,, is the phase of the field in each mode. The
equation for modes u, of the passive cavity (i.e., no gain and loss)
is obtained from Eq. (1) by setting 9*P/0t* = a(z) = 0 and E(z,t)
= E cos(Qnt)un(2),

& n?

LA
where (), is the passive-cavity frequency. The refractive index of the
SiN resonator is #n, = 2.0, and that of the laser cavity is n; = 3.4.

We treat the integrated laser and free space as a combined
optical system,”' " providing a framework applicable for arbitrary
optical coupling between the laser and the resonator, as well as
between the laser and free space. In addition, it allows a more
rigorous derivation of the laser equations by providing an orthonor-
mal basis for an open laser cavity and also accommodating modal
projections leading to laser equations.

The composite cavity/free-space approach is based on extend-
ing the effective refractive index n(z) in Eq. (3) to include a very
long cavity approximating free space. For the laser/free space system
sketched in Fig. 1(a), the composite-cavity modes are obtained by
solving Eq. (4) with the following boundary conditions:**

2 Qun(2), 4)

un(ZO) = un(Zz) =0, (5)
un(2) = un(z27), (6)
B ()~ (e = -2 I%nmam, %

where 2o and z; are the left and right boundary points, z; and P2
are located immediately prior to and after the facet with transmis-
sion Ty, and k is the average magnitude of the wave vector. The
outcoupling from a coated cleaved facet or DBR is treated as a
refractive index “bump,” giving an effective transmission T', i.e., an
additional term is added into the refractive index as follows: n'*(z)

=n*(z)(1+ AS(z-z1)), where A = £/ I’TITI. The length of L, is

chosen to be sufficiently long to resolve the Fox-Li quasi-mode.”
Integrating Eq. (4) by parts leads to an orthogonality relation,

fdz 1*(2)in (2) tim (2) = NeBums (8)

where N = 35; njL; is a normalization constant. Figure 1(a) shows
a cavity/free space system used to describe single-cavity lasers. The
corresponding resonance spectrum is shown in Fig. 1(c), with the
horizontal axis corresponding to the frequency relative to the cen-
tral optical frequency and the vertical axis being the laser cavity
longitudinal confinement factor,

Ty = NC_I/ dz n’(2)u(2), )
laser
where the “I” in the subscript denotes the laser cavity and the inte-

gration is performed over the laser cavity. We also introduce the
nonlinear confinement factor as

&) = N;lfl dz n*1(2)up,(2). (10)
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FIG. 1. (a) Free-running laser/free space system and (c) corresponding cavity resonances. (b) High-Q cavity/laser/free space setup and (d) corresponding cavity resonances,
displaying three distinct types of peaks: resonant narrow (rn), resonant wide (rw), and non-resonant (nr). The resonances of the high-Q cavity are shown in red.

Both the linear and nonlinear mode confinement factors have
roles in calculating the laser parameters below.

This approach can also be applied to self-injection locked lasers,
i.e., lasers coupled to a high-Q resonator. Ideally, to derive the
coupled laser/resonator passive-cavity eigenfunctions, one should
solve the homogeneous (i.e., without the active medium) Maxwell’s
equations with exactly the spatial dependence of refractive index
describing different material layers, such as distributed Bragg reflec-
tors, spacers, and waveguides. Addressing this complexity typically
requires the use of advanced finite-difference time-domain (FDTD)
techniques and extending to two or three dimensions.”® Here, we
take advantage of the fact that the passive-cavity and laser-physics
calculations can be conducted independently. This allows flexibility
to simplify the passive-cavity analysis while still providing accurate
passive-cavity input to the laser-physics calculations, particularly
for addressing fundamental band structure questions. With this
assumption, we proceed with an equivalent 1D arrangement of opti-
cally coupled laser and resonator cavities [Fig. 1(b)]. Equation (4)
is solved, taking into account cavity lengths and interface trans-
missions [L, and Ty, Fig. 1(b)] to achieve the desired uncoupled
laser cavity and high-Q resonator resonances characterized by their
linewidths,

Cc

Apager = — 1 1-T)(1-T2)], 11

e = <5 In[(1- T (1 - T2)] ay
Cc

Agzresonaor=— 1 1-Ty). 12

! o (=T (12)

The solution is repeated for the coupled cavities, with the effec-
tive transmission T determining the coupling between the laser and
resonator cavities. The resonance spectrum is shown in Fig. 1(d),
and the confinement factor is plotted vs the relative passive-
mode frequency Q,— Q. The customary mode confinement

APL Photon. 9, 086106 (2024); doi: 10.1063/5.0214254
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factor describing the overlap of the gain region with the opti-
cal mode within the laser cavity is ) / (F(l) +1 ), where F,(,i,,)r

nn,l nn,l nnr
= N onator 42 n?(2)un(2)un(2). Each resonance is composed of
multiple composite-cavity modes, yielding a finite linewidth A,y due
to the free-space coupling. The coupled-cavity plot shows three types
of resonances. At points where the uncoupled cavity resonances
align, there are two closely spaced composite-cavity resonances (rn
and rw), with their splitting determined by the coupling T;. The
other resonances (such as nr) originate from the eigenmodes of the
longer resonator cavity and are observable in the laser cavity due to
optical coupling. We note that the optical phase between the laser
and resonator cavity has an important effect on laser linewidth?”
and determines the operating regime, leading to the generation of
frequency combs at certain values of the phase.”””” In this work, the
phase is fixed at the optimal value for SIL operation.

B. Gain calculations

The microscopic, or quantum-mechanical, polarization p_(t)
is obtained by solving semiconductor Bloch equations, which are in
turn obtained as Heisenberg operator equations using a Hamilto-
nian for electrons and holes interacting with a radiation field (Sec. 3
of Ref. 39). The macroscopic polarization for each of the modes is
then obtained as

. . L
P = 25 O [Tz @py(e), (13)
mode q

where I'; is the transverse mode confinement factor, p is the dipole
matrix element for the interaction between the electron-hole pair
and the laser field, V 04e is the mode volume, and L is the extension
of un(2).

9, 086106-3
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C. Laser dynamics

Substituting Eqgs. (2) and (3) into Eq. (1) gives the following
equations for mode amplitudes and phases:

Vo Qo
ZEBi=-2F, - Z2Im(P 14
dr n 2 n 2¢e8 m( n)) ( )
Oy 1
¢n = Q- Qo - TO—R e(Py). (15)

The composite-cavity mode loss rate ;" is defined through the
linear mode confinement factors as

cav 4 abs
Yo =—2, 0 Lk (16)
np A

where summation is over all cavities in the system, a{’ is the absorp-
tion coefficient in the kth cavity, and np is an average background
refractive index.

Then, we calculate p, () to third order in electron-light inter-
action, substitute the results into Eq. (13), and from Egs. (14) and
(15), obtain the following equations for the slowly varying intensity
and phase of each cavity mode:

dl,

dr = [@"(N) = y5™[Ln + Su(N) + Y. 2v/Tulm Re[Bum(N)e ],

m+n

17)

dj’t" =Qn— Qo+ |:0,,(N) -> Tnm(N)Im]

+iSh(N)+ 3

m#*n

Im[Bnm(N)e W], (18)

TABLE I. Active medium coefficients.

where we introduced the new variables I, = [pE./(2hy)]>, v,
=¢,+Qut,and v, =y, — v, . On the right-hand side of Egs. (17)
and (18), g,sft is the saturated gain, and o, and 7., are the fre-
quency pulling and pushing coefficients, which describe the effect of
carrier-induced refractive index change and cause the deviation of
the lasing frequency from the cavity frequency Q,. In addition, the
frequency locking terms containing the coefficients B, and phase
differences v, provide a distinctive influence in composite cavity
lasers. They play a crucial role in laser spectral behavior by lock-
ing the laser to the high-Q resonator. The spontaneous emission
contributions, denoted as S,, and S‘,f, are obtained from a cavity quan-
tum electrodynamics (cQED) analysis for a single cavity mode.*’
Table I contains the expressions for the quantities introduced in
Egs. (17) and (18). Unlike gas and solid-state lasers, where active
medium coefficients are evaluated with unsaturated populations,
here, all active medium coefficients are calculated at the saturated
carrier density N due to rapid carrier scattering. Equations (17) and
(18) are solved simultaneously with the carrier density equation of
motion,

- ynrN - BspN2> (19)

dN SBhQW [ : sat 7]]
2 L I,
dt 8hQoT, (Zhy zn: 8 ln enqQw

where the variables are defined in Tabh 1. In addition, in Table I, F;

- o Qongw/ (hyeghow ). Dy (x) = 2 L (x) =
the active region width and length, 8 is the spontaneous emission
factor, y b 18 the carrier population relaxation rate, and f| (se,q, U T)
and f(enq ,, T) are the electron and hole populations, with
chemical potentials ¢, and p, at temperature T.

e wand Ly are

Parameter

Equation

Small-signal gain
Saturated gain

Frequency pulling
Population inversion
Frequency locking

Gain compression

Frequency pushing

Linear susceptibility

Nonlinear susceptibility, diagonal

Nonlinear susceptibility, off-diagonal

Spontaneous emission, intensity Sn =

Spontaneous emission, phase

gn = 2Re[FIT, T ALY Ny
sat _ 8
S S S

on = Im[FB T, IO ADN,,]

nn,l

Nipy = f(se,q> He» T) +f(8h,q; Uy T) -1

Bum = Fil T ASONG,,
Zny‘fn) I{E(ASJ )
Knm = ——0 = 7D\
yahl"sm)lRe(Aﬁl))
Tum = 2F) F,(,f,,) Im(AS,fn))y/yah
ALY = 3, Dy(Qu - wg)
3
Af,,? 24 Dy(Qn wq)Ly(Qn — wq)
Af(;n) " Zq D)’(Q" - wq)
x [2Ly(Qum — wq) + Dy, (Qn = Q)
x (Dy(Qn wq) +Dy(Qq — wm))]

gohqw WLy (1)
ggg\(;,‘mdc (2hy> I‘nnl ﬁBspf(se'”’ He> T)f(£h>"’ Hy> T)

2
cav epVimode ([ 2 )" L
= Yn 2hv, 2hy ) I,
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TABLE Il. QD and QW DFB laser parameters with values based on devices we fab-

ricated. The QD active region consists of Ing 15Gag gsAs QWs embedding InAs QDs.
The QW active region consists of Ing ggAlg gs Gag 26As QWs.

Parameter Symbol Qw QD
QW height hqw (nm) 6 9
Waveguide height hyg (pm) 0.214 0.88
Stripe width w (ym) 4 3
Cavity length Lg (um) 200 800
Number of QWs nQw 7 5
QD density Ngp (m™?) - 4x10™
Inhomogeneous broadening Ajpp (meV) e 10
Dephasing rate y (s 10" 10"
Bimolecular recombination rate  Bsy (m>s™') 1076 1076
Defect loss rate Vor (sH 108 2x10°
Carrier injection efficiency n 0.7 0.7

After numerically solving Egs. (17)-(19), we obtain a time-
dependent total output electric field of the laser,

E(t) = 3 V(5" . (20)

According to the Wiener-Khinchin theorem, the lasing spec-
trum can be determined by Fourier transforming the autocorrelation
function

G *eo 2mifrT
S(f,t):/ dr E(t + 7)E(1) ", @1)
0
Frequengy (MHz)
-100  -50 50 100
a 10° b 30 118
AQ.,, (MHz) _
— |_E
108+ 100 <15 lg x
=
ﬁ 7
10 0 10
£ 50 4100 -50 0 50 100
ks Mode number
% 6 ¢ 1.0
£ 10 E
>
- 10 5
9]
10°} ®05
(o))
£
1 @
10t ‘  Too—, . =
10 20 30 60 -30 0 30 60
Current (mA) Frequency (kHz)

FIG. 2. (a) Calculated full-width at half maximum (FWHM) of the lasing spectrum vs
injection current for a QD single-cavity laser. The passive cavity linewidth AQcay for
each curve is indicated. The curves depict the FWHM of the time-averaged lasing
spectrum S(f). (b) The blue curve shows the intensity of composite-cavity modes
at twice the lasing threshold. The x-axis indicates the composite-cavity mode num-
ber (bottom) and mode frequency Q, — Qq (top). The orange curve shows the
cavity resonance for comparison. (c) S( f) computed for AQcay = 50 MHz and 30
mA injection current.

APL Photon. 9, 086106 (2024); doi: 10.1063/5.0214254
© Author(s) 2024

The time-averaged lasing spectrum is obtained by averaging

over time T,

S() =1 I i (). 22)

Il. SINGLE CAVITY LASERS

We first apply the theory to single-cavity lasers, such as lasers
with cavities formed by cleaved facets or distributed Bragg reflec-
tors. Table II lists the laser parameters used in the simulations, which
are characteristic of the experimental devices with which we will
be comparing the results.”' ** For QD lasers, the summation over
transition energies in the quantities given in Table T is replaced
by an integration over the QD transition energies &; = hw,; to
account for the inhomogeneous population distribution of quantum
dots,

2
1 2Ngp /*w &q
S s 2 [T e exp - .3
AZq: " Vot S N Xp[ (ﬁAmh)] =

where Ay, is the inhomogeneous broadening width and Ngp is the
QD density per layer (in cm™2). From electronic structure calcula-
tions, the dipole matrix element p = e x 0.6 nm, and the electron and
hole confinement energies are 100 and 60 meV, respectively. The

a , b
10 15 30
AQ.,, (MHz) Qw
= 25 %
9 w ' - g
10 ¢ > 20 =
1000 [ 5 <
o 15 3
— _— =
i:‘, 10° 0 10
5 200 012 o2
§ 10"t ¢
£ 100 3 30 —
10 | @2 5
2 2
106 3 81 ° E
S 8
0 20
105 L L L L
20 40 60 80 0 1
Current (mA) N (10 cm
d e
35 QW 1
06}
I T
o o
0.3}
25} 1
0.0}
5 10 15 0
N (10'2 cm?) N (10" cm

FIG. 3. (a) Calculated full-width at half maximum (FWHM) of the lasing spectrum vs
injection current for a QW single-cavity laser. The passive cavity linewidth AQcay
for each curve is indicated. The curves depict the FWHM of the time-averaged
lasing spectrum S(f). (b) Peak gain (blue) and gain compression factor (orange)
vs carrier density for QW laser. (d) Linewidth enhancement factor vs carrier density
for QW laser. (c) and (e) Same for the QD laser.
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confinement energies are from the QW band edges to the center of
the QD inhomogeneous distribution.

For the QW case, summation over states is replaced by integra-
tion over the two-dimensional conduction and valence bands,

1 e [Tk (24)
AT mJo ’

where k is the carrier momentum and A is the QW area. The dipole
matrix element is g = e x 0.4 nm, and the electron and hole con-
finement energies are 60 and 40 meV, respectively. The confinement
energies are from the QW band edges to the band edges of the bulk
cladding layers.

Figure 2(a) shows the dependence of linewidth of a QD DFB
laser on the injection current for different passive-cavity linewidths
AQcay, and Fig. 3(a) shows the same for a QW DFB laser. Two
mechanisms contribute to the linewidth narrowing. The first is
gain clamping, as in the Schawlow-Townes laser linewidth treat-
ment, where the saturated gain gi’* remains pegged to the cavity
loss rate ;" after threshold is reached.*” This appreciably reduces
the number of composite-cavity modes contributing to the emis-
sion, as shown in Fig. 2(b), where the orange curve corresponds
to the cavity resonance shape and the blue curve corresponds to
mode intensity at twice the lasing threshold. There is a second
mechanism described by the term in Eq. (18) containing the rel-
ative phase y, . It tends to lock the composite-cavity modes to a
common frequency, i.e., dy, . /dt = 0 for all lasing modes. However,
all simulations for single-cavity lasers show only partial locking,
which produces a S(f,t) with time-varying width and spectral
position. The resulting time-averaged lasing spectrum is shown in
Fig. 2(c).

There are important quantitative differences between the QW
and QD cases. Linewidth narrowing in QW single-cavity lasers sat-
urates around the MHz level [Fig. 3(a)], while linewidth narrowing
in QD single-cavity lasers saturates considerably lower, around tens
of kHz. The difference, as indicated by comparing Figs. 3(d) and
3(e), is due to the significantly smaller frequency pulling coefficient
0, in QD lasers, resulting in a considerably reduced LEF, given by
ap = 20,/g,, with the unsaturated gain and saturation intensity
shown in Figs. 3(b) and 3(c).

Implementing the microscopic (quantum-mechanical)
approach is greatly facilitated by the fact that active medium
coefficients are determined solely by the gain structure and are
independent of the cavity configuration. This allows one to leverage
data from well-established laser systems, such as QD and QW DFB
lasers, to gain insights into the III-V section. In particular, the
spectral overlaps A,S:,,) and A,Sf,,) depend on the electronic levels and
the polarization dephasing rate y. We obtain the electronic structure
from band structure calculations given the epitaxial growth sheet.
The gain compression factors calculated from the third order
electron-hole polarization are consistent with the four-wave mixing
coefficients extracted in pump-probe experiments.”> Further
confirmation comes from the comparisons between theory and
experimental studies of mode-locked pulse and RF spectra in
self-mode-locked InAs QD lasers.”” The carrier scatter rate y is
determined by fitting the linear gain g, vs carrier density curve
(calculated using the formula in Table I) to predictions from many-
body theory, where scattering is addressed through quantum kinetic
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FIG. 4. Experimental and calculated (solid and dashed) L-I curves for (a) QW
and (b) QD active regions. The values listed in Table || for parameters describ-
ing sample quality (injection efficiency and defect loss) are obtained by fitting the
experimental data with AQcay = 10 MHz for the QD and AQcay = 200 MHz for
the QW.

equations.””"® Extending this comparative analysis with lasers of
different lengths offers insights into inhomogeneous broadening.’
Interestingly, the extracted QD and QW scattering rates are similar,
a prediction affirmed by quantum kinetic calculations because of the
balancing among different Coulomb correlation contributions.*’
It means that the distinctions observed between QD and QW
integrated III-V/Si lasers arise solely from the differences between
zero-dimensional vs two-dimensional carrier densities of states. The
other sample-dependent extrinsic parameters (injection efficiency
and defect loss) are extracted by reproducing the measured L-I
curves from our fabricated QD and QW DFB lasers (Fig. 4). 142 The
output power is computed as

-2
p= YOutSBVmode( < )

(1)
— | Y /L, 2
4 2hy nn (25)

n

where y, . = —cIn(1 - T1)/(2Lin1). For the fits, we assume passive
cavity linewidths AQcy = 10 and 100 MHz, respectively, for the
QD and QW lasers. The choices are made based on the measured
QD and QW linewidths of 26 kHz and 7.16 MHz, respectively."”’
Figures 4(a) and 4(b) show those values to fall between AQcay
= 1-10 MHz for the QD laser and very close to AQcy = 200 MHz
for the QW laser. The other calculations are performed using the
same extracted parameter values.

IV. SELF-INJECTION LOCKED LASERS

This section discusses the laser linewidth when a high-Q res-
onator is optically coupled to the QD or QW DFB lasers, as modeled
in the previous section. Figures 5(a) and 5(b) show the computed
spontaneous emission limited lasing linewidth vs injection current
for the QW and QD lasers described by the parameters in Table II.
The passive-cavity linewidths AQc.y = 1 GHz, 100 MHz, and 10 MHz
are obtained by lasing at the rw, rn, and nr resonances, respec-
tively, with L; = 3 mm, T = 0.040, T, = 0.035. For AQc.y = 100 and
10 MHz, both QD and QW lasers exhibit significant linewidth nar-
rowing to less than 10" x AQcay, which is a significant improvement
over the single-cavity results. The similarity in linewidths for QW
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FIG. 5. Calculated spontaneous emission limited linewidth vs injection current for
the SIL lasers with (a) QW and (b) QD active media.

and QD lasers suggests that the SiN cavity can mitigate the carrier-
induced refractive index, facilitating complete frequency locking
of the composite-cavity modes and, thus, defining the linewidth
solely by S‘ﬁ. Conversely, the AQc,y = 1 GHz curve in Fig. 5(b) does
not show the same significant linewidth narrowing as in the other
scenarios. Examination of the input-output (L-I) dependence indi-
cates that intracavity intensity must be sufficiently high to achieve
complete frequency locking.

Phase dynamics, as governed by Eq. (18), plays an equally
important role in linewidth narrowing as gain clamping. Within
the range of injection current where significant linewidth narrow-
ing occurs, partial frequency locking leads to both QD and QW

lasers exhibiting complex dynamical behaviors that are related to
those observed and predicted for self-injection locking.'””" To illus-
trate this, we track the time dependencies of the lasing frequencies,
dl//n/dt, in composite-cavity modes n = 0, £2, +4, +6 in the QD laser
with AQcy = 100 MHz. At 24 mA, the time traces show signifi-
cant fluctuation, with dy, /dt spiking randomly [Fig. 6(a), top]. The
resulting time-averaged spectrum has a linewidth of AQ; =5 MHz
[Fig. 6(a), bottom]. A noticeable change in dynamical behavior
occurs at the slightly higher injection current of 26 mA. The time
traces in Fig. 6(b) indicate a focusing of dy, /dt traces and synchro-
nization in the spiking. The resulting time-averaged spectrum has
a linewidth of 1 MHz. For injection current values over 32 mA,
complete frequency locking takes place. Figure 6(c) shows that at
100 mA, all dy, /dt time traces merge, yielding a remarkably narrow
laser linewidth of 10 Hz.

We also compare our model to the results of external-cavity
locking (ECL) experiments, in which a 16 m long optical fiber
reflector is coupled to a QD or QW laser.** This coupled-cavity con-
figuration is highly suitable for our composite cavity model. Figure 7
shows the comparison. The extrinsic laser properties (y, . =2
x10° 71, 7 =0.7,Aipy =10 meV for the QD laser, and vy,
=10% 57,7 = 0.7 for the QW laser) are determined by fitting our
model to the experimentally measured L-I curves [Figs. 7(a) and
7(b)]. With the choices of AQc.y as indicated in Figs. 7(c) and 7(d),
we obtain relatively good agreement with the experiment. The hol-
low markers and dashed lines are for the free-running lasers, while
the solid markers and solid lines are for the lasers coupled to the
optical fiber.

For complex systems, such as integrated self-injection locked
lasers, the vast parameter space presents numerous opportunities
and challenges for design engineering.”” Often, enhancing one per-
formance parameter might compromise another. In this section,
we discuss an example where our model can facilitate parametric
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FIG. 6. Top: lasing frequency as a function of time for modes n = 0, +2, +4, +6 with injection current (a) 24 mA, (b) 26 mA, and (c) 100 mA. Bottom: corresponding averaged

lasing spectra S( ). The results are shown for the QD laser with AQcay = 100 MHz.
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studies to yield informed design decisions, especially in applications
requiring a balance between output power and narrow linewidth.

The modeling performed so far is based on gain structures from
our own fabricated lasers.”** However, the L-I curves suggest that
they may not be optimal for III-V/SiN lasers. For example, fewer
QW layers may lower the threshold current, as shown in Fig. 8(a).
Reducing from seven to four or fewer QW layers can significantly
reduce the threshold current by almost an order of magnitude. How-
ever, the downside to this reduction is a decrease in output power
and the onset of L-I rollover. Furthermore, the single-QW result
indicates a limit in decreasing the number of QW layers, with the
linewidth plateauing at 1 MHz regardless of the injection current.
Similar to the QD AQcy = 1 GHz case in Fig. 5(b), a minimum
intracavity intensity is necessary to achieve the full benefits of the
SiN resonator. Otherwise, the laser’s behavior is akin to that with
unfiltered feedback.

For the QD II-V/SiN laser, appreciable L-I rollover sug-
gests the potential benefit of incorporating additional QD layers.
Figure 8(b) indicates that increasing the number of QD layers from
five enhances the output power without a significant penalty in
threshold current or linewidth. Notably, the linewidth reaches Hz-
level before any L-I rollover, which is beneficial to modulation
speed. However, surpassing nine QD layers may introduce engi-
neering challenges, such as maintaining current uniformity over the
entire active region. Similar benefits are observed when increasing
the QD density within each layer.

As is clear from Figs. 8(a) and 8(b), L-I rollover poses a con-
straint on output power, attributable to two primary factors. First,
gain compression from spatial and spectral hole burning leads to
saturation. This is accounted for in our model by performing the
electron-hole polarization derivation to the third order in the light-
carrier interaction. With the onset of gain compression, the carrier
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FIG. 7. (a) and (b) L-I curves of the QD and QW lasers used in external cav-
ity experiments. (c) and (d) Linewidth vs current plots for the same lasers. The
dashed curves are simulation data for free-running lasers, the solid curves are sim-
ulation data for cavity-locked lasers, the hollow markers are experimental data for
free-running lasers, and the solid markers are experimental data for cavity-locked
lasers.
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population is not clamped to the threshold value but continues to
increase with the increasing injection current. Second, gain satu-
ration occurs at high carrier densities in both QW and QD gain
structures. For QWs, the saturation stems from the step function
carrier density of states, while in QDs, it results from both the finite
density of QD and the inhomogeneous broadening, presently lim-
ited by the current epitaxial growth capability. Working together,
these two factors result in the L-I rollover. Class B rate-equation
treatment [see, e.g., Eq. (5.17) in Ref. 1] predicts a linear L-I behavior
in the absence of ad hoc gain compression factors.

V. CONCLUSION

This paper describes a study of the effects of the gain medium
on linewidth narrowing in integrated self-injection locked III-V
QW and QD lasers. The theoretical approach accounts for (a) mul-
timode laser interaction resulting in mode competition and wave
mixing, (b) the quantum-optical contributions from spontaneous
emission, and (c) the coupling dynamics among optical components
via composite laser/free-space eigenmodes. This extension beyond
traditional rate equation models allows predictions directly con-
nected to band structure while emphasizing the distinction between
intrinsic and extrinsic effects. The former guides engineering design,
while the latter indicates fabrication quality.

Applying this theory to single-cavity lasers, such as DFB, DBR,
or coated-facet lasers, reveals two primary physical mechanisms for
linewidth narrowing: gain clamping, as in the Schawlow-Townes
model, and frequency locking of composite laser/free-space modes.
For single-cavity lasers, there is only partial frequency locking,
resulting in linewidths limited by frequency drifts of the lasing spec-
tra. For integrated IITI-V/SiN lasers, complete frequency locking can
be achieved due to the mitigation of carrier-induced refractive index
with a passive high-Q cavity, thereby reaching Hz-level spontaneous
emission limited linewidths for both QW and QD lasers. Parametric

9, 086106-8

Z¥'€5'€2 20T dunr gz


https://pubs.aip.org/aip/app

studies suggest that the 2D QW carrier density of states helps achieve
high output power, while the 0D QD carrier density of states benefits
low threshold currents. Studies over a broad parameter space®” show
that integrated III-V/SiN QW and QD lasers offer complementary
solutions to meet the diverse requirements of photonic applications
with highly stable semiconductor lasers.

The theoretical framework is also validated with experimen-
tal data from InAs QD and InGaAsP QW DFB and DBR lasers.
Recent experiments with QD and QW lasers coupled to an opti-
cal fiber in an external cavity configuration reinforce the composite
mode approach for modeling coupled laser and resonator cavities.
The application of cavity-QED physics has been partially validated
by accurately capturing the deviation of the lasing spectrum from
a Lorentzian function in nanolaser experiments.“ Furthermore,
the model’s precision in describing III-V optical nonlinearities has
been confirmed through four-wave mixing and pump-probe exper-
iments,*° as well as by reproducing the measured pulse train and RF
spectrum of self-mode-locked InAs QD lasers.”

Despite these advances, our theory is still evolving. The current
free-carrier gain theory, while effective in describing the differences
between 3D QD confinement and 1D QW confinement, does not
fully account for many-body effects. This omission may lead to inac-
curate predictions, especially regarding inhomogeneous broadening
and the impact of doping on QD carrier-induced refractive index.
Moreover, integrating the effects of cavity-QED into semiclassical
laser theory poses a challenge. Work is under way to develop a com-
prehensive quantum optical treatment for integrated cavity-locked
lasers and to refine the strong-signal multimode description—a
challenge persisting in atomic, molecular, and optical (AMO) laser
physics.
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