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Linewidth Enhancement Factor in InAs/GaAs
Quantum Dot Lasers and Its Implication in
Isolator-Free and Narrow Linewidth Applications

Zeyu Zhang

Abstract—The linewidth enhancement factor (ay;) is an
important parameter for semiconductor lasers. In this paper,
we investigate, both theoretically and experimentally, the key
parameters that affect oy of InAs/GaAs quantum dot lasers.
Both dot uniformity and doping density are found to be critical
in achieving small oy in quantum dot lasers. The prospects
for quantum dot lasers in isolator-free and narrow linewidth
applications are also discussed.

Index Terms—Linewidth enhancement factor, quantum dot
laser, feedback sensitivity, narrow linewidth.

1. INTRODUCTION

NE of the major differences of semiconductor lasers from
O their solid-state counterpart is the existence of a carrier
reservoir in addition to the photon reservoir. As a result, the real
and the imaginary part of the complex refractive index in the
active region are coupled as an instantaneous change in carrier
density in the laser active region changes both the material
gain and real refractive index. This phenomenon manifests in
semiconductor lasers as broadened spectral linewidth compared
to what is predicted from the modified Schawlow-Townes
linewidth formula [1]. Henry [2] was the first to properly explain
the linewidth enhancement in semiconductor lasers with the
introduction of the linewidth enhancement factor
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where dn/, dn” are the variations in the real and imaginary
part of the refractive index for a change in carrier density
dN. An identical, yet independently developed, definition of
the linewidth enhancement factor was shortly after reported by
Vahala and Yariv [3] in their seminal paper on semiconductor
noise theory. Both [2] and [3] derived the now well recognized
linewidth formula for semiconductor laser:

Av = AV (1 + o) )

where Avg is the modified Schawlow-Townes linewidth. The
linewidth enhancement factor was soon found to be important
in various aspects of semiconductor laser dynamics. In a laser
feedback sensitivity study, the critical feedback level marking
the onset of coherence collapse [4] was discovered to be strongly
dependent on ayg [5], [6] from a stability analysis of the Lang-
Kobayashi rate equation [7].

For quantum well (QW) lasers, oy is normally in the range
of 2-5 [8]-[10] depending on the active region composition
and waveguide design. At these values, QW lasers experience
significant linewidth broadening. The critical feedback level has
been measured to be no larger than 10~ times the output power
[5]. The broadened linewidth has been proven to be detrimental
to frequency-comb enabled high precision spectroscopy and
optical atomic clock generation [11], [12]. The lack of feedback
tolerance in QW lasers necessitates the introduction of an optical
isolator into the package.

The reduction in active region dimensionality is an effective
way to reduce ay [13], [14]. In atom-like active regions as
seen in quantum dot (QD) lasers, the carriers are confined in
spatially separated potential boxes. For this reason, the variation
in the index or gain in a dot is highly localized and will have
little effect on another QD certain distance away. As pointed
out by [15], the improved symmetry in the gain spectrum of
QD laser also plays an important role in achieving smaller oy
compared to QW lasers. Due to the delta-like density of states,
the ideal inhomogeneously broadened gain spectrum of a QD
laser assumes a perfectly symmetrical gaussian shape. Granted
the peak gain wavelength stays the same, the Kramer-Kronig
relationship dictates a zero gain-peak differential refractive
index and therefore zero ayy regardless of carrier density.

In real self-assembled QD lasers, several issues complicate
the physics behind . First, the band-filling effect and
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many-body effects cause the gain peak wavelength to shift as
carrier density increases [16]. Therefore, the actual ayg at the
gain peak deviates from zero. Secondly, the Stranski-Krastanov
growth of QDs creates dots with a size variation, which translates
to aninhomogeneously broadened gain spectrum. Consequently,
the oy at any given wavelength is due to the contribution of
an ensemble of dots, among which the on-resonance and off-
resonance dots contribute differently. Furthermore, many of high
performance QD lasers are modulation p-doped for improved
device lifetime [17], temperature sensitivity [ 18] and modulation
speed [19]. The introduction of p-type doping in the active region
alters the position of the quasi-Fermi levels [20], which greatly
affects g of QD lasers.

In this work, a many-body gain model is employed to
calculate ap in InAs/GaAs QD lasers. The importance of dot
uniformity and modulation doping density in realizing small
ap will be demonstrated from both theoretical calculation
and measurements. Considering the high feedback insensitivity
of the QD lasers with small ag, the possible application of
these laser in future isolator-free system will be discussed. The
effect of having small oy in different narrow linewidth laser
configurations will also be quantitatively studied.

II. THEORETICAL MODEL AND MEASUREMENT TECHNIQUE

Three batches of QD lasers with unintentionally doped (UID),
5% 107 cm™3,and 1 x 10*® cm™~3 p-type dopant concentration
in the active region are grown and fabricated. These doping
concentrations correspond to, on average, 0, 10, and 20 extra
holes per QD. The lasers are otherwise the same as the ones
reported before [21].

The theoretical modeling of QD active region starts from
solving the equation of motion for the electron-hole polarization
amplitude p,a:

dpaﬁ
dt

= iWapPas — 1Qas (nz + ng — 1) + S;Bp +555%

3)
where w, and 2,4 are the renormalized transition and Rabi
frequencies, n,, and ng are the electron and hole populations in
states « and /3. Dephasing contributions from carrier-phonon
and carrier-carrier scattering are given by Sg;p and SC 5%
respectively. The input to the calculations are the electron
and hole energy levels, as well as the optical dipole matrix
elements, computed using a Schrodinger-Poisson solver [22].
To connect the microscopic polarization amplitude p, s with the
macroscopic complex dielectric polarization amplitude P (w),
we utilize the relationship:

P(w) = % >3 ttapgpas, )
a B

where h is the Planck constant and ji.g is the dipole matrix
element. The summation in (4) is over all QD and QW states.
The material gain Gy and carrier induced phased change per
distance d¢/dz is then directly proportional to P (w) based on:

w

A = B

Im (P (w)), ®)
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where £¢ and c are the permittivity and speed of light in
vacuum, 7 is the background refractive index, E (w) is the laser
electric field amplitude, w is its frequency, V' is the dot-in-a-well
(DWELL) volume. Details for the formulation and evaluation of
egs. (3) to (6) are described in the literature [16].

The calculation in (5) and (6) are for a homogeneous
population of QD. For the presence of inhomogeneous
broadening due to QD size fluctuations, we performed a
statistical average over a range of band-gap energy e:

(w) = Re (P (w)), (6)

© 1 €—¢g ?
Sun () = [ e [ () ] Sl
@)
where S refers to either G or do/dz, g4 is the InAs band-
gap energy, and we assume a weighting described by a normal
distribution characterized by an inhomogeneous broadening
width Ay,p. Following the formal definition of the linewidth
enhancement factor, the o is then calculated from:

d(d¢/dz);ny,
dN

®)

= T TG
dN

The experimental characterization of «y involves directly
measuring the change of real and imaginary parts of the
complex refractive index. After Fabry-Perot (FP) laser sample
preparation, amplified spontaneous emission (ASE) spectra are
measured at different current injection levels under pulsed
conditions. The mode-sum method [23] is then employed to
extract the change of gain (Ag) and thereby the change of the
imaginary part of the index (n”) from the ASE spectra. The
change of the real part of the index (n') can be extracted by
tracking the wavelength shift of the peaks of the FP modes
(AAm). ap can then be extracted based on

dn'/dN %A)»m_ 4drn’ Ak
dn"/dN — EAg A2 Ag’

€))

ayg =

III. RESULTS AND DISCUSSION

The simulated homogeneously broadened spectra of Gy and
d¢/dz are shown in Fig. 1(a)(b), respectively. The nonzero gain
bandwidth in (a) is due to the many-body collisions represented
by SZ;BP and Sg5° in (3). These collisions result in a finite
life time of carriers at certain energy state. Through quantum
mechanics, the finite life time is translated to full-width-at-
half-maximum (FWHM) of ~5 meV in the homogeneously
broadened gain spectrum of the QD laser. The red-shifted
emission energy is due to bandgap renormalization from
Coulomb coupling between discrete QD states and continuum
states in the QW [24], [25].

Due to the small gain bandwidth in the homogeneous QD
population, the carrier induced phase change shows strong
wavelength dependence (Fig. 1(b)). At photon energy more than
10 meV away from gain peak, the refractive index decreases
with increasing carrier injection. Such dependence on the carrier
density gives rise to positive ay and is commonly observed
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(a)(b) Simulated homogeneously broadened spectra of Gy and d¢/dz at ground state in an undoped QD laser active region at carrier density from

2 x 10" em™2to 3 x 10M cm™2. The area dot density is 1 x 100 cm~2. The arrows in (b) points to the direction of increasing carrier density. (c)(d) Schematic
representations of how the inhomogeneous broadened gain spectrum of a QD laser is composed of contribution of dot groups with different emission energy. In

(©), Ajnp = 10 meV. In (d), Ajpn = 20 meV.

in QW lasers [26]. In addition, since the differential gain at
the tail of the gain spectra is very small, the absolute value
of ayy at said wavelength regime becomes fairly large. At the
gain peak wavelength, however, the refractive index increases
with increasing carrier injection. This is due to bandgap
renormalization that red shifts the peak emission wavelength.
Therefore, the model predicts a negative oy at wavelengths
around gain peak in homogeneous QD population.

Since the inhomogeneously broadened gain spectrum is the
weighted sum of homogeneoussly broadened spectra of QD
with different sizes, in a realistic QD active region «j at
any wavelength is also the weighted sum of its homogeneous
counterparts. Fig. 1(c)(d) provide insightful illustration on how
dot size variation (A;,),) affects ay at gain peak in QD lasers.
In both Fig. 1(c)(d), the peak gain of QD active region mainly
comes from the contribution of a homogeneous QD group
with highest dot density. Due to the small homogeneous gain
bandwidth, QD groups more than 10 meV detuned from the laser
gain peak barely contributes to the peak gain, in spite of their
significant population. However, the same detuned QD groups,
as pointed out before, also show large positive ayy at the peak
of the inhomogeneously broadened laser gain spectrum (the tail
of their own homogeneously broadened spectra). Comparing
Fig. 1(c) and (d), it can be seen that the larger Ay}, is, the more
the contribution from these detuned QD group to ay at gain
peak. As dot uniformity in the QD active region improves, the

QD groups within the 10 meV detuning range will dominate the
behavior of ay of the laser. The QD active region satisfying this
condition is expected to show close to zero or even negative
ap. The calculated ap of an undoped QD active region at
different A;}, is shown in Fig. 2. The effects of detuned dot
groups on the gain-peak ap can be clearly seen in Fig. 2(a).
A homogeneous dot group originally shows negative alpha at
the gain peak. As the dot size variation worsens, oy at the
gain peak increases due to large ayy at tails of the detuned dot
groups. For A;,y, larger than 10 meV, the gain-peak oy begins
to be dominated by the behavior of the detuned dot groups. The
dependence of gain-peak vy on carrier density at different A;,y,
is shown in Fig. 2(b). It can be seen that dot size variation not
only modifies the gain-peak ay, it also alters the trends of oy
versus carrier density. By comparing the gain bandwidth of the
calculated inhomomogeous broadened gain spectrum with that
of the measured gain spectrum extracted from ASE spectrum,
the A;,p, in our lasers is determined to be ~10 meV [21]. The
high dot uniformity in these lasers enables the gain-peak A,y
to be less affected by the detuned dot group.

When p-type doping is introduced in the QD active region,
the quasi-Fermi levels in the conduction and valence band
will be shifted down to lower energy. The movement of the
quasi-Fermi levels causes a reduced transparent carrier density
and increased differential gain in the laser active region [20],
[27]. The effects of p-type dopants on the material gain and
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(a) Calculated spectra of oy at the ground state of an undoped QD active region under different inhomogeneous broadening at carrier density of

1 x 10! cm~2. The red circles mark oy at the gain peak wavelength under each inhomogeneous broadening condition. (b) Calculated gain-peak cvyy as a function
of carrier density and inhomogeneous broadening. The traces from bottom up are for A;,;, = 0,5, 10, 15 and 20 meV.
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(a)(b) Simulated inhomogeneously broadened spectra of Gy and d¢/dz at the ground state in QD laser active regions with different p doping levels.

The blue, pink and red lines in (a) and (b) represent doping density of on average 0, 10 and 20 extra holes per dot. The calculation in both (a) and (b) are done at
a carrier density of 1.7 x 10 em~2 and Ajp,p, of 10 meV. (c)(d) Calculated and measured gain-peak ay of the QD active region with Aj,p, of 10 meV. UID:

unintentionally doped.

refractive index of the QD active region are shown in Fig. 3(a)(b).
Due to lower transparency and higher differential gain, the p
doped QD active region shows significantly higher material
gain (Fig. 3(a)). The additional holes from the dopants also
further decreases the refractive index compared to the undoped
case(Fig. 3(b)). The calculated and measured gain-peak oy are
shown in Fig. 3(c)(d). For the UID laser, the sharp increase in
ag close to 1.3 x 101 cm™2 results from the QD active region

going through transparency at said carrier density. Due to the
aforementioned changes in Gy and d¢/dz with doping density,
both the calculation and measurement indicates decreased gain-
peak ap with increasing doping density. Despite the similar
dependence on carrier density and doping density, the measured
ay is larger compared to the calculated counterpart. This is
probably due to the fact that the model only calculates oy in
a single layer of DWELL, while the measured oy is from the
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extracted changes in gain and refractive index experienced by
the entire optical mode. For this reason, any build up of carrier
in regions other than the DWELL active region could cause the
model to underestimate ayy. Nevertheless, the measured gy in
doped samples is still significantly smaller than what has been
observed in QW lasers. More importantly, p doping in QD lasers
provides a way to engineer the agy with the additional benefits
of improved modulation speed [19] and device reliability [17].
Through further improvement in dot uniformity, reduction of
laser threshold through high reflective (HR) coating, or having
more doping density in the QD active region, closer to zero [28]
or even negative ayy could be achieved.

IV. ISOLATOR-FREE OPERATION WITH QUANTUM DOT LASERS

Now that the ingredients for obtaining small ay in QD
semiconductor lasers are well understood, it is necessary
to consider the practical implementations of these lasers in
applications where small oy is crucial to proper performance.
The first type of applications to be considered here are diode
laser packages requiring low optical feedback sensitivity. In
almost all commercial butterfly packaged tunable lasers or
narrow linewidth lasers, co-packaged optical isolators can be
found to ensure larger than 30 dB optical isolation [29], [30].
These isolators must be installed because the QW lasers in
these package typically only tolerate feedback level up to 10~*
times the output power [5]. The inclusion of optical isolators
in the laser assembly increases the packaging complexity and
the overall cost of the product. It is therefore highly desired to
eliminate the co-package optical isolator yet still maintain the
feedback tolerance of the product.

In semiconductor stability analysis, when the ratio of laser
power reflected back into the laser cavity reaches above a certain
threshold, the laser will operate in the regime of coherence
collapse marked by severely broadened laser linewidth and
rapidly deteriorated laser relative intensity noise (RIN) [4]. The
threshold for the feedback power ratio is called critical feedback
level (ferit). From a small signal analysis of the Lang-Kobayashi
rate equation [7], ferit manifests as the feedback level where the
system just starts to acquire an unstable pole. f., turns out to
be a strong function of ayy especially when ayy is smaller than
1, as in the case of a QD laser. The relationship between fe.i
and agg can be described by [5], [31]:

(K f24+7%)% 1+ af
16C2 of

fcrit = (10)

where 71, is the round-trip time in the laser cavity, f; is
the relaxation oscillation rate, and C' = (1 — R)/2V/R is the
coupling strength from the laser main cavity to the external
cavity from a laser facet with reflectivity R. The term K f2 +
Yo is known as the damping factor <, in which K is the
proportionality factor between «y and f2 and v, is the damping
factor offset. Alternative forms of the critical feedback level
have been proposed in the literature [32], [33]. However, they
are limited in the range of applicable feedback intensity and ayg.
(10) is chosen here since it best approximates the exact numerical
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Fig. 4. (a) Calculated modulation response of a QW laser and a p-doped QD

laser in this work. Both lasers are in-plane Fabry-Perot lasers. The transport
effects and the interaction between the ground state and excited state of the
QD active region are not considered in the calculation. More involved dynamic
analysis can be found in [34]. (b) Estimated critical feedback level of the QW and
QD lasers under discussion. The stars marks the possible operation points of the
lasers above threshold. 0 dB represents 100% reflection. (10) is an approximated
solution in the regime of small apy. The exact solution gives even higher feo,i¢
for agy < 1 [6].

solution from the Lang-Kobayashi equation, and for this reason
is applicable to practically all feedback intensity and ay [5], [6].

In (10), the quantities related to the intrinsic properties of the
laser active region are vy and ay. Therefore, both damping of the
relaxation oscillations and oy affect the fe,i; of semiconductor
lasers. The laser modulation response along with the relationship
between f.it and ay are plotted in Fig. 4(a)(b) for a QW and
a QD laser. The QD laser parameters used in the calculation
in Fig. 4 are extracted from experiment. The key parameters
and extraction procedure are discussed in Appendix A. The
QW laser considered here assumes the same cavity design and
relaxation oscillation frequency as the QD laser but different
K-factor. In a diode laser, f2 and ~ are linearly related by the
proportionality factor K, which depends on how the laser gain
is compressed by the photon density in the cavity. In a QD
lasers, the gain compression factor is reported to be at least
10 times that in a typical QW laser [35]. Consequently, the
lowest K -factor reported in QD lasers is in the range of 0.7-
0.9 ns [36], [37], while the lowest K -factor in QW lasers is
in the range of 0.2-0.3 ns [38], [39]. The significant damping
in QD lasers causes most modulation experiments to show a
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lack of pronounced relaxation oscillation peaks as shown in
Fig. 4(a). When feedback is presented in the system, the laser
relaxation oscillation response will be superimposed with strong
parasitic oscillation that distablizes the laser [6]. The roughly
3 times higher K -factor in QD lasers reduces the impact of
such parasitic oscillation and makes QD lasers to be ~10 dB
better than QW lasers based on (10), granted that all other
parameters are the same. In addition, the much smaller ay
in QD lasers further enhances the tolerance to feedback. The
smallest oy at threshold observed in our experiment is ~0.5 as
shown in Fig. 3(d). Considering the nonpinned carrier density
above threshold in QD laser [40], oy increases significantly
above threshold [28]. Assuming four-fold increase in oy above
threshold, the QD laser is still predicted to tolerate up to 20% of
optical feedback (Fig. 4(b)). Such behavior has been recently
observed in feedback sensitivity experiments [41]. Feedback
tolerance at this level is more than sufficient to warrant the future
application of QD lasers in isolator-free laser packages.

V. QUANTUM DOT LASERS IN NARROW-LINEWIDTH
APPLICATIONS

The discovery and naming of «yy is closely tied to the optical
linewidth of semiconductor lasers [1]. Knowing the ultra-low
ag in QD lasers, perhaps the most obvious applications of these
laser are in systems with stringent linewidth requirement. In
the receiver of a coherent communication system, for example,
narrow linewidth lasers as low noise local oscillators are crucial
in restoring the information encoded in the phase quadrature.
Narrow linewidth operation of semiconductor lasers has been
achieved through coupling with high-Q resonators in external
cavity [42] or lateral confinement engineering in heterogeneous
laser cross-section [43]. In the latter case, the dependence of
laser linewidth on ay follows (2). In the former case, due to the
presence of the external cavity, the laser linewidth formula is
modified as:

1+ a?
7 (11)

where I’ is the linewidth reduction factor due to the external
cavity. It is defined as:

Av = Avr

F=14+A+B (12)

A _ id(bext — Text (13)
7, dw TL

po b dred (14)

dw -~
In (13) and (14), ¢ext and 7oyt are the phase and magnitude
of the effective mirror response of the external cavity. (13)
denotes the reduction of longitudinal confinement of light due
to external cavity. This is accomplished by the introduction
of high-Q passive resonator or long delay line in the external
cavity. (14) represents the contribution of the detuned loading
effect, which arises from the coupling of gain and refractive
index through carrier density in semiconductor laser [44].
Interestingly, a high ayy is desirable in order to maximize the
linewidth reduction from the external cavity. Since ay appears
on both the numerator and denominator of (11), it is informative

TL Text
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Fig. 5. (a) Existing laser designs to achieve narrow linewidth operation in
semiconductor lasers. I: DFB laser. II: DBR laser with passive waveguide
grating. III: external cavity laser with two high-Q ring resonators in one of the
loop mirrors. SOA: semiconductor optical amplifier. (b) Dependence of laser
linewidth on linewidth enhancement factor in each laser design. The calculated
linewidth is normalized with respect to O ay scenario. The detailed calculation
procedure and parameters can be found in Appendix B.

to look into the overall effect of oy on the laser linewidth.
Fig. 5(a) illustrates three designs to achieve narrow linewidth
operation in a semiconductor laser. The first design is that of a
distributed feedback (DFB) laser. In a heterogeneous integration
platform, laser linewidth of 18 kHz has been achieved [43]. The
second design is that of a distributed Bragg reflector (DBR) laser.
By having long DBR mirrors in the external cavity in low loss
silicon or silicon nitride platforms, the longitudinal confinement
factor can be significantly reduced to have a large A factor. The
third design involves forming high-Q resonators in a waveguide
loop mirror in the external cavity. Not only does the high Q factor
in the ring resonator enhance the A factor, the sharp filtering
response of these resonators results in a large B factor. Using
realistic external cavity design parameters, the normalized laser
linewidth as a function oy is shown in 5(b) for each of the laser
design in 5(a).

In all three cases, a smaller oy corresponds to narrower
linewidth. In a DFB laser the dependence of linewidth on
ay follows strictly the 1 + o relationship in (2). Assuming
the same ay for QW and QD lasers as used in the feedback
sensitivity analysis, the linewidth in QD DFB lasers should be
13% of that in a monolithic QW DFB laser, which typically
exhibits linewidth of a few MHz. In comparison, intrinsic
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TABLE I
SIMULATION PARAMETERS USED FOR FIG. 4
Parameter QD laser in this work
Differential quantum efficiency 0.35
Photon lifetime (ps) 2.04
Differential carrier lifetime (ns) 0.157
Gain compression factor (cm3) 5x 1016
Differential gai t.
i 'eren ia ‘gam wrf 318 x 10-15
carrier density (cm?)
Differential gain wrt.
ifferentia gam w 3.04 x 10-13
photon density (cm?)

linewidth as low as 80 kHz has been reported in QD DFB lasers
[45], [46]. For external cavity DBR lasers, the majority of F'is
from A due to the relatively flat mirror response at peak mirror
reflection. Consequently, F' is a weak function of oy, making
the overall dependence on gy similar to that in the DFB laser.
For an external cavity laser with high-Q resonators as part of
the waveguide mirror, the B factor dominates I’ because of the
sharp filter responses of the resonators. Only 50% reduction in
linewidth can be achieved by replacing the QW active region
with the QD counterpart. However, the lowest linewidth in
diode lasers by far is reported for lasers integrated with high-Q
resonator. Further reduction in linewidth with QD active region
is still invaluable.

VI. CONCLUSION

We have shown experimentally and theoretically the critical
role dot uniformity plays in achieving ultra small oy in QD
lasers. In addition, the introduction of modulation p doping in the
QD active region further reduces ay. By adjusting the amount
of p-doping in the QD active region, one can even engineer oy
to suit the target application. With small ay; and high damping
frequency, QD lasers have been shown to exhibit much higher
feedback tolerance compared to QW lasers. The ultra-stable
operation of QD lasers make it possible to construction laser
systems without co-packaged optical isolators. Last but not least,
the small agg in QD lasers has been shown to significantly reduce
laser linewidth compared to QW lasers in all existing narrow
linewidth laser designs.

APPENDIX A
QUANTUM DOT LASER PARAMETER EXTRACTION

After measuring the ASE spectra of the QD lasers, the net
modal gain as a function of current is measured using the
mode-sum method [23]. Laser transparency is then measured
at the gain-peak wavelength using the Andrekson method [47],
which enables the extraction of total optical loss (threshold
gain) of the laser [17]. Since the calculated material gain is
obtained at different carrier density, comparing the measured
material gain with the simulation results allows the extraction
of carrier recombination coefficients. The key parameters in the
laser modulation response including differential gain, photon
life time, and differential carrier life time can then be calculated
from the extracted quantities. The laser relaxation oscillation
is modeled using a compact rate equation model implemented
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Fig. 6. (a) Effective mirror response of the external cavity laser in Fig. 5(a) II1.
In this simulation, K = 0.1, o = 3 m™ 1, R, =300 pm and Ry, = 310 pm.
(b) The linewidth reduction factor for the same laser design calculated based on
(12)—(14).

similarly to the one detailed in [48]. The parameters used for
Fig. 4 are listed in Table L.

APPENDIX B
LINEWIDTH REDUCTION FACTOR CALCULATION

This section will give an example of how linewidth reduction
factor is calculated for an external cavity laser. The vernier
ring external cavity laser design in Fig. 5(a) will be analyzed
here. In this laser, both waveguide loop mirrors are broadband
and offer little wavelength selectivity. Therefore, the mirror
response is described by the transmission over the two high-Q
ring resonators:

ry= T Tb . 5215227}2'5 ’%1522778'5 (15)
- fra-trb T/ * gk * ok

T =natintio 1 — Moty th,
Na = e~ (iB+a)2m R, (16)
m = 6*(j3+0¢)2ﬂRb (17)

where k;,, and t;, are the cross-coupled and through-coupled
field coefficients for ring ¢ and port n, 7; is the round-trip phase
and loss accumulation in ring ¢, R; is the radius for ring ¢, 3
is the wave number, « is the field attenuation coefficient in the
waveguide and j is the imaginary unit. The computed effective
mirror response and the corresponding linewidth reduction
factor are shown in Fig. 6. As expected from the physical
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interpretation of A and B, the maxima of A occur at the
resonance wavelength of the resonators while the maxima of
B are detuned to the red side of each resonance peak. Since
F' is dominated by B, the maxima of F’ are detuned from the
resonance peaks of the ring resonators as well.
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