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This work reports on a high-efficiency InAs/GaAs distributed feedback quantum dot laser. The large optical
wavelength detuning at room temperature between the lasing peak and the gain peak causes the static, dynamic,
and nonlinear intrinsic properties to all improve with temperature, including the lasing efficiency, the modulation
dynamics, the linewidth enhancement factor, and consequently the reflection insensitivity. Results reported show
an optimum operating temperature at 75°C, highlighting the potential of the large optical mismatch assisted
single-frequency laser for the development of uncooled and isolator-free high-speed photonic integrated

circuits. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.421285

1. INTRODUCTION

In recent years, progress in monolithic photonic integration
technologies has paved the way for future low-cost, energy-
efficient, large-scale, and small-footprint photonic integrated
circuits (PICs) [1]. High performance on-chip light sources
with single-frequency behavior, especially distributed feedback
(DFB) semiconductor lasers play a crucial role in versatile ap-
plications, including high-resolution LIDAR systems [2], high-
speed supercomputers, and optical data centers [3]. Owing to
their narrow linewidth and large modulation bandwidth [4,5],
DEFB lasers that are spatially and spectrally single mode are use-
ful for wavelength-division multiplexing (WDM) and can sup-
port the large growing data transmission rate in this Big Data
era. In DFBs, the optical wavelength detuning (OWD), that is
to say, the wavelength mismatch between the DFB lasing wave-
length and the gain peak, plays a huge role in the device per-
formance. In particular, a strong operation stability is required
over a wide temperature range in silicon-based integrated tech-
nologies. Nevertheless, prior studies revealed that a positive
OWD leads to a degradation of the laser physical characteristics
such as the threshold current and the resonance frequency,
hence limiting their use for high-speed transmission when
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the temperature is out of the optimum condition [6,7]. On
the other hand, another major challenge is the development
of isolator-free PICs. To this end, the laser sensitivity to para-
sitic reflections, which directly result from the various active
and passive transitions and regrowth interfaces, is of paramount
importance to be taken into account [8]. Prior studies on the
external optical feedback (EOF) dynamics of semiconductor
lasers revealed that those unwanted reflections lead to strong
laser destabilization, such as mode-hopping, low-frequency
fluctuations, and coherence collapse [9-11], whose presence
degrades the power penalty and transmission performance of
lasers [12,13]. To overcome these issues, on-chip optical iso-
lators have been considered, however, at the price of poor iso-
lation performance, high cost, and large footprint for a PIC
[14]. To develop high-efficiency, single-frequency light sources
for isolator-free applications, a quantum confined active region
made with self-assembled quantum dots (QDs) is a promising
solution. With the charge carrier confinement in the three spa-
tial dimensions, the energy levels are completely discrete in
those nanostructures with zero dimensionality. Prior studies
demonstrated that semiconductor lasers made with these
nanocrystals lead to high lasing efficiency [15,16], low relative
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intensity noise [17-19], remarkable temperature stability [20],
and high tolerance for EOF [21-23]. More recently, it has been
shown that epitaxial QD lasers directly grown on silicon are
interesting for integrated technologies since they are less sensi-
tive to the dislocations arising during the epitaxial growth of
[I-V groups on silicon compared to their quantum well
(QW) counterparts [24]. In this context, the high thermal sta-
bility of QDs together with the large optical mismatch can be
considered to realize efficient quantum light emitters custom-
ized for high-temperature operation. In this work, we report on
an efficient 1.3 pm InAs QD DFB laser on GaAs that has a
large OWD at room temperature. By controlling the OWD
with temperature, namely, the shift of the gain peak with re-
spect to the DFB oscillation wavelength [25], we analyze its
light emission characteristics from 15°C to 55°C. In particular,
we link the influence of this optical detuning to the static, dy-
namic, and nonlinear characteristics of the QD laser. With the
design of an optimum condition at 75°C, results reported dem-
onstrate that all the performance characteristics of the DFB la-
ser are improved with temperature. For instance, the
multimode lasing emission that takes place across the gain peak
and due to temperature-dependent homogeneous linewidch
broadening mechanisms associated with different QD popula-
tions [26,27] is completely eliminated; moreover, the threshold
current, the linewidth enhancement factor (« factor), the noise
properties, the modulation dynamics, and the reflection insen-
sitivity are all greatly improved. In particular, the laser demon-
strates a very strong robustness against EOF at a high
temperature of 55°C, in the absence of any unstable behavior
with a strong feedback strength of 25% (-6 dB). This study
aims at giving a guideline for designing high-performance sin-
gle-frequency lasers that can be applied to an isolator-free and
uncooled integrated system.

The paper is organized as follows. Section 2 introduces the
QD DEFB laser and its static characteristics. In Section 3, the
noise properties and dynamics of the device studied are ana-
lyzed. In Section 4, we perform the measurements of the line-
width enhancement factor of laser. Then, a detailed analysis of
the laser dynamics in optical feedback operation is presented in
Section 5. In Section 6, we conclude our results.

2. DESCRIPTION OF THE QD DEVICE

The active region of the device under study is grown from
eight-layer InAs QDs on (100) GaAs substrate by using
molecular beam epitaxy. The density of QDs is ~6 x 10! cm™
per layer. Each dot layer was separated by a p-doped GaAs
spacer, which is beneficial for further increasing the modal gain
up to about 50 to 60 cm™'. The luminescence width at half-
maximum of the active region is as narrow as ~24 meV at
room temperature, which means the inhomogeneous broaden-
ing caused by the size and shape distribution of the QDs is
quite low. Uniform QDs are highly beneficial for improving
laser performance, including the increase of thermal stability
[20,28], the reduction of @ factor [20], the improvement of
insensitivity to backreflections, and ensuring a single-mode
emission with low threshold and high efficiency [28].

The corrugated structure above the active region is fabri-
cated with electron beam lithography and wet etching, and

) O Vol. 9, No. 8 / August 2021 / Photonics Research 1551
—

the InGaP/GaAs gratings on top are formed by metal organic
vapor phase epitaxy. The cavity length L., and the coupling
coefficient « are designed to be 750 pm and 16 cm™, respec-
tively, and thus a normalized coupling coefficient kL of 1.2 is
applied to avoid strong longitudinal spatial hole burning
(LSHB) [27,29]. The laser is designed to operate at a high tem-
perature, and thus the OWD between the gain peak and the
DEFB oscillation wavelength is fixed at 25 nm at 25°C [30]. The
OWD technique has been applied to various semiconductor
lasers to improve their performance at a high temperature
[25,31]. In this study, the influence of this mismatch on the
QD lasers is analyzed. A high-reflection (HR) coating with re-
flectivity of 95% and an antireflection (AR) coating with reflec-
tivity of 3% are applied to the rear and front facets, respectively,
to break the longitudinal symmetry and operate at a single
longitudinal mode. Due to the interference between the grating
and the HR facet, the lasing properties are dependent on cleav-
age plane variations. In consequence, AR/HR DEFB lasers can
emit light either at the Bragg wavelength or at another wave-
length located within the laser stopband; this design is also able
to maximize the output power from the output facet [32].
More detailed device fabrication process information is avail-
able elsewhere [33].

Figure 1(a) depicts the light-current (Z-/) characteristics of
the QD DEFB laser operating under different temperatures. The
device studied exhibits a strong lasing stability over a wide tem-
perature range, by ensuring a sufficient output power over
15 mW from 15°C to 55°C. The variation of the operation
temperature 7 is found to influence other lasing features
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Fig. 1. (a) Light-current characteristics with temperature ranging
from 15°C to 55°C. (b) Threshold current (burgundy) and external

efficiency (jade) as a function of temperature.
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including threshold current 7y (burgundy) and external
efficiency 7 (jade) as shown in Fig. 1(b). The latter is calculated
through n = Z—i%, with / the Planck constant, ¢ the speed of
light, g4 the electron charge, and A the lasing wavelength. The
threshold current decreases with 7 down to a few milliamps,
meaning that a smaller OWD at a higher temperature is ben-
eficial for reducing the internal loss [28,34,35]. Besides, the
benefit brought by a small OWD can also be confirmed by
the increase of external efficiency with temperature up to
40°C, and the maximum external efficiency is 23%. Once
the temperature increases above 40°C, however, the active re-
gion of the laser suffers from a stronger carrier thermalization
that leads to more nonradiative recombination, whose presence
results in the decrease of the external efficiency as depicted in
Fig. 1(b). Nevertheless, it is worth stressing that this inconven-
ience can be partially compensated by the consecutive reduc-
tion of internal loss with the increase of temperature; up to
55°C, we do not observe a reincrease of the threshold current.
Moreover, the laser performance can be still improved at a high
temperature above 40°C by the OWD technique, which is dis-
cussed hereinafter.

Figure 2 depicts the optical spectra of the device at 2 x I, by
increasing the temperature from 15°C to 55°C. The multimode
lasing dynamics observed across the gain peak are magnified
when decreasing the temperature down to 15°C. This multi-
mode dynamic results from the contribution of the different
QD populations that are desynchronized at a low temperature
through the temperature-dependent homogeneous gain broad-
ening. In addition, let us stress that the reduction of the gain
and the multimode operation also illustrates why the output
power decreases at a low temperature. Furthermore, in DFB
semiconductor lasers, the temperature-dependent OWD can
be described by the following relationship:

dy, d4
o -2y & (Mﬁ—(”‘i)ﬁ-m (1)

where 4y and 4, are the wavelength of the DFB mode and that
at the gain peak, respectively, and ddg/d7 and d4,/d7 are the

corresponding temperature coefficients. The temperature
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Fig. 2. Optical spectra of the QD DFB laser from 15°C to 55°C
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Fig. 3. Temperature-dependent (a) DFB wavelength (burgundy),

optical gain peak (jade), (b) optical wavelength detuning (gray), and

side-mode suppression ratio (emerald).

where 4 is coincident with 4, is described as 7', In this study,
the evolution of the wavelength shift of 4, (burgundy) and 4,
(jade) as a function of temperature variation is shown in
Fig. 3(a). The lasing wavelength of the DFB laser is determined
by the temperature-dependent refractive index of the material
composing DFB laser active region, whereas that of the gain
peak is determined by the temperature-dependent material
gain. In the device studied, the temperature-induced wave-
length shift is at 0.12 nm/°C and 0.63 nm/°C for 1, and
Ay» tespectively. From Eq. (1), it turns out that the optimal per-
formance of a DFB laser occurs at the temperature 7', that is
to say, for 49 = 4, [34]. In this study, the optical detuning
vanishes for 7, ~ 75°C, which corresponds to the optimum
temperature condition. Figure 3(b) depicts the temperature-
dependent OWD (gray), and the side-mode suppression ratio
(SMSR, emerald) of the DFB laser. Experimental results also
demonstrate that a high SMSR over 50 dB is always maintained
over the entire temperature ranging from 15°C to 55°C. These
results confirm that an optimum wavelength mismatch is an
efficient approach to design a single-frequency source for an
uncooled photonic integrated system.

3. RELATIVE INTENSITY NOISE AND
MODULATION DYNAMIC PROPERTIES

Optical transceivers with low relative intensity noise (RIN) are
required for carrying broadband data with low bit error rate
[36]. The RIN properties of the DFB laser studied are therefore
investigated in this section. To do so, the output light is
coupled into a lens-end fiber, and then it is sent to a low-noise
photodiode with a bandwidth of 10 GHz. The AC signal is
amplified by a broadband amplifier with a typical small-signal
gain of 30 dB, while the DC voltage is measured by a voltage
meter through the DC monitor port of the photodiode. The
amplified noise spectrum is measured on an electrical spectrum
analyzer. More details of the experimental configurations can be
found in Ref. [19]. Note that the measured intensity noise
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Fig. 4. (a) Measured RIN spectra at several bias currents at 20°C.
(b) Extracted damping factor y as a function of the squared relaxation
oscillation frequency f%q at 20°C (jade) and at 55°C (burgundy).
(c) Tendency of K-factor versus the temperature; 7, is marked by
the black dashed line.

spectrum reflects the contribution of the fluctuation in carrier
density but not including the shot noise, since the RIN level is
usually much higher [37]. Figure 4(a) depicts the RIN spectra
in different bias conditions at 20°C, and the bias current rang-
ing from 11 to 27 mA corresponding to each spectrum is
marked in the same color. Owing to the low spontaneous emis-
sion factor, RIN values as low as -150 to - 160 dB/Hz have
been reported in the past few years in both native and silicon-
based QD lasers [17,19,38]. In this study, a low RIN level of
-150 dB/Hz at 10 GHz is also demonstrated. By increasing
the bias current, the peak of the relaxation oscillation frequency
(ROF) moves from 1 GHz to about 4 GHz, until the received
power attained the maximal limit of the photodiode beyond
3 x Iy, (0.72 mW). In what follows, both the ROF and damp-
ing factor y are then extracted independently by curve-fitting
the RIN spectrum through the relationship [19,36]

a+ bw?
(@ - i) +

RIN(w) = (2

where wrg is the angular ROF, y is the damping factor, w is the
angular frequency, and # and 4 are the coefficients used for the
curve fitting.

Figure 4(b) displays the damping factor as a function of
the squared ROF at 20°C (jade) and at 55°C (burgundy). The
linear evolution is defined as y = Kf3y + 7o with K the
K-factor, y, the damping factor offset associated with the in-
verse of the differential carrier lifetime (z,), and f the ROF.
The K-factor and y, of the device at 20°C are thus measured as
2.9 ns and 6.3 GHz, respectively. As the temperature increases
to 55°C, the K-factor decreases to 1.7 ns, whereas y, shifts to
8.5 GHz. Table 1 summarizes the room-temperature device
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Table 1. Modulation Dynamic Performance between
InAs QD Lasers Grown on GaAs and on Si Substrate at
Room Temperature

Reference [39] [40] [41] [19]
Substrate GaAs GaAs GaAs Si Si
I, (mA) 9.3 9.2 140 140  23.0
I, (mm) 075 0304 04 058 135
K (ns) 2.90 0.90 0.68 0.92 1.70
Frapme (GH2) 3.0 9.9 131 97 52

parameters of this work aggregated with those previously
reported in 1.3 pm InAs QD lasers grown on either native
GaAs substrate or silicon substrate (with sole ground-state las-
ing). It is worth stressing that a low K-factor typically below
1 ns is desired to ensure a large maximum 3 dB bandwidth
3B, max = 2/2x/K [39,41]. To increase the modulation
capabilities, shortening the cavity length below 500 pm is pre-
ferred. The modulation bandwidth can also be increased with
p-modulation doping of the active region in order to improve
the carrier transport across the barrier [41]. In this study, the
large K-factor is attributed to the low differential gain at room
temperature [42,43]. However, when the OWD is reduced, the
K-factor drops down to 1.7 ns at 55°C and can be further re-
duced in the optimum temperature condition 77,. As illus-
trated in Fig. 4(c), the K-factor is estimated to be below
1 ns at 7", where the differential gain is at its maximum value.
Note that another important parameter ruling out the K-factor
is the gain compression factor €p [42]. The gain compression is
caused by a cascade of complex processes such as carrier heating
and spatial and spectral hole burning [22,44,45]. In this study,
the determination of the gain compression factor with respect
to the output power €p is performed in Section 4. Its value
ranges between 3 x 1072 and 7 x 102 mW™! in the full tem-
perature range (15°C-55°C), meaning that it contributes little
to the large K-factor measured. Last but not least, the strong
damping together with the low gain compression suggests a
high degree of resistance against backreflections as discussed
hereinafter.

4. LINEWIDTH ENHANCEMENT FACTOR

The linewidth enhancement factor is known to be a gain-
medium parameter to describe the carrier density dependencies
of gain and carrier-induced refractive index. A material with
near-zero @ factor is highly expected to be the active region
for semiconductor lasers to improve their resistance to backre-
flection [46], and the QDs are ideal solutions for on-chip light
sources to approach isolator-free applications [22,47]. Several
methods have been proposed to measure the a factor of opto-
electronics devices such as amplified spontaneous emission
(ASE) [48], injection-locking [49], and FM/AM [50]. In this
work, the a factor is extracted using the sinusoidal optical phase
modulation technique [51], which allows to extract the above-
threshold a factor without introducing thermal effects. In the
measurements, the device is directly modulated by a sine wave
within the small signal modulation regime. The sinusoidal sig-
nal is supplied by a radio-frequency (RF) generator at a modu-
lation frequency f,, of 12 GHz, which is high enough to
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Fig. 5. (a) Optical spectra around the DFB mode and the modu-
lation sidebands of the DFB laser operating at 2 x /4, under 55°C. The
spectra obtained for four different optical delays are normalized to the
main lobes. (b) Effective a factor in different operation conditions. 7',

is marked by the black dashed line.

approach a ~ 2f3/m, where f and m are the frequency modu-
lation index and the amplitude modulation index, respectively
[52]. The optical signal is then sent to a fiber coupled phase
modulator that is modulated at the same f . An optical delay
line is placed between the DFB laser and the phase modulator
in order to control the delay between the optical and electrical
signals at the input of the phase modulator [53]. The output
signal from the modulator is finally sent to a high-resolution
optical spectrum analyzer to resolve the optical carrier and
the modulation sidebands. More details of the experimental
configurations can be found in Ref. [51]. Figure 5(a) depicts
the optical spectra corresponding to four different delays
equally spaced by 1/f,, being 20.3 ps, when the DFB laser
operates at 2 x [y, under 55°C. By increasing the delay length
(k-1)/f,, from k = 1to k = 4 (kis an integer), the peaks of
the left and right side modes normalized to the main lobe are
retrieved as /% yand / /j_l , respectively. The a factor can therefore
be calculated by the following relationship [51]:

o= Im(\/ Q-1Q+1) 3)
RC(\/ Q71Q+1) ’

with

Q=L -1+ -1%),
Q= (<14 + ) + %, - 17). 4)

The effective a factors measured in different operation con-
ditions are shown in Fig. 5(b). By increasing the bias current, the
enlargement of the a factor in agreement with previous work
[20,45] is attributed to the gain compression. In all temperature
conditions, the effective @ factor exhibits a strong stability against
the current variation. As shown, its value enlarges from 2 to 2.6
with the increasing bias current from 2 x /4, to 6 x I 4, at 55°C.
These features indicate that the corresponding gain compression
coefficients €p are quite low. Indeed, the €p can be estimated
by the variation of above-threshold a factor as a function
of output power P, according to the relationship a(P) =
aGs(l —+ GPP) + aEs(l - GPP)_l, WhCrC ags and Qg are thC
a factor at the threshold of the ground state (GS) and excited
state (ES), respectively [45]. In this study, the second term of
the aforementioned equation can be omitted since the device
studied exhibits sole GS emission. The € measured thus slightly
changes from 2 x 107% to 7 x 10 mW ! with the increase of
temperature from 15°C to 55°C. These low values are rather
found similar to those of QW lasers than those observed on other
QD devices [19,45]. On the other hand, our results reveal that
the above-threshold « factor exhibits a strong dependence of the
operation temperature through the wavelength mismatch.
Discussions in Section 3 demonstrate that the reduced OWD
decreases the internal loss, thus resulting in the increase of differ-
ential gain, and hence the effective a factor minimizes. For in-
stance, the a factor reduces from 3.4 to 2 by increasing the
temperature from 15°C to 55°C, when the device operates at
2 x [ 4. It is worth stressing that the a factor can be further mini-
mized once the temperature increases to 7,. These results bring
novel insight in designing DFB lasers, given that the detuning
between the Bragg wavelength and the optical gain peak can be
properly optimized to minimize the & factor at a high temper-
ature. The laser performance such as its tolerance for optical feed-
back can thus be largely improved. Corresponding discussions
are performed in Section 5.

5. NONLINEAR DYNAMICS

In this section, we investigate the nonlinear dynamics of the
DFB laser in presence of coherent EOF. The EOF process in-
volved in a semiconductor laser is described as the amplitude-
phase coupling in the active region between the feedback light
field and that of the intra-cavity, which results in the field fluc-
tuation both in amplitude and phase [20]. The returned field
that is coupled back to the laser cavity brings both a phase fluc-
tuation and a perturbation on the photon density, and the latter
leads to a fluctuation of the carrier density and the optical gain.
The gain variation therefore impacts the refractive index
through the a factor, hence resulting in a deviation of the lasing
wavelength. It is worth stressing that the phase fluctuation in-
duced from the returned field is also associated with the wave-
length fluctuation; however, its impact is minimized in the
long-cavity feedback regime where the external cavity length
exceeds the coherence length [9,23]. Therefore, the laser system
can suffer from severe optical instabilities such as coherence
collapse (CC) operation in the presence of EOF. To character-
ize the coherent reflection sensitivity, an approach to estimate
the critical feedback level 7, for CC operation is described as
follows [36]:

crit
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Electrical spectrum
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Optical spectrum
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Fig.6. Experimental setup used for the long-delay coherent external
optical feedback measurement. ISO, optical isolator; PD, photodiode;
PC, polarization controller; VOA, variable optical attenuator.
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where 7; is the photon cavity round-trip time, and C is the
cavity coupling factor depending on the grating parameters,
the facet reflectivities, and phases for the case of DFB lasers
[54,55]. By following Eq. (5), the QDs, being the gain medium
of semiconductor lasers, exhibit a strong potential for improv-
ing their feedback resistance, owing to the stronger damping
and possibly the smaller & factor over QWs [22]. In this study,
the diminution of the a factor with the increase of temperature
suggests an improved immunity against the parasitic reflec-
tions [56].

Figure 6 schematically depicts the experimental configura-
tions for EOF. Laser emission is coupled by an AR-coated lens-
end fiber, and 90% of the coupled power is sent to the 12 m
long-delay feedback path, where the light is reflected back to
the laser cavity. In the experiments, such a 12 m long external
cavity ensures that the ROF of the laser is well beyond the ex-
ternal cavity frequency, and hence the impact of the phase is
negligible. The backreflector combined with a variable optical
attenuator (VOA) is then wired to change the feedback strength
Fexe- 10 this work, 7. is defined as the ratio between the power
returned to the laser cavity and the free-space emitting power of
the laser, and the practical achievable 7., ranges from 0% to
30%. A polarization controller is inserted in the external cavity
to compensate for the polarization rotation in the fiber, which
hence maximizes the effects of EOF. The remaining 10% of
coupled light is transferred to an optical switch, where the sig-
nal can be swapped between the optical and electrical spectrum
analyzer for further analysis.

Figure 7 displays the feedback dynamics both in the RF and
optical domains and for two different bias conditions, when the
DEFB laser operates at 25°C where the OWD remains large. The
first column depicts the behaviors at 2 x /), and the second
column depicts those at 6 x /. The first and second rows
present the RF spectra and the RF power mapping, whereas
the third and fourth rows correspond to the optical spectra
and the spectral power mapping. Operating at 2 x [, the de-
vice studied remains stable against EOF up to r; = 2.5%,
and then it directly enters into CC operation regime. First,
the periodic oscillation [gold spectrum in Fig. 7(a)] induced
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Fig. 7. RF spectra and optical spectra in different 7., conditions,
when the DFB laser operates at [(a) and (e)] 2 x /y, and [(b) and
()] 6x1y at 25°C. Corresponding power mapping of the RF
and optical spectra as a function of 7., [(c) and (g)] at 2 x 7, and

[(d) and (h)] at 6 x 7.

by the undamped relaxation oscillation takes place at the onset
of the instabilities, and the ROF together with its higher har-
monics is identified; then the CC operation is fully developed
with a stronger 7, and the laser exhibits chaotic oscillation
[burgundy spectrum in Fig. 7(a)]. Corresponding 7., to these
spectra are marked by the gold and burgundy dashed lines in
Fig. 7(c), respectively. In such a low bias condition, the DFB
laser remains single-mode oscillation except for the mode
broadening in the regime of CC operation as shown in
Figs. 7(e) and 7(g).

More regimes on the route to CC are identified when the
bias current increases to 6 x /,. In this study, four regimes are
retrieved in agreement with a prior study [9]. All the 7., cor-
responding to the spectra in Figs. 7(b) and 7(f) are remarked by
the dashed lines in the same colors in Figs. 7(d) and 7(h). In
regime I where the 7 is below 2%, the DFB laser remains
stable. With an 7., ranging from 2% to 6%, the laser enters
into regime I where the dual-wavelength lasing takes place and
a series of low-frequency peaks are observed in the RF response
[gold spectra in Figs. 7(b) and 7(d)]. Different from the mode
hopping observed in a prior study [9], the DFB mode in this
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Fig. 8. (a), (b) RF spectra and optical spectra in different ., con-
ditions, when the DFB laser operates at 6x /g at 55°C. (c),
(d) Corresponding power mapping of the RF and optical spectra as
a function of 7.

study suffers from a wavelength fluctuation within the transi-
tion from regime I to regime II. However, the observed peaks
induced by the external cavity modes are different from the
low-frequency fluctuations that take place in the long-cavity
regime [57,58]. By increasing the 7. to ~7%, the low-
frequency peaks are largely suppressed, which means the device
restabilizes and enters into regime III [burgundy spectrum in
Fig. 7(b)]. Nevertheless, this operation regime is too narrow to
observe the restabilization in the optical spectrum [burgundy
spectrum in Fig. 7(f)]. Further increasing the 7., above 8%,
which is defined as the 7 in this study, the laser enters into
regime IV in the presence of the DFB mode broadening and
chaotic oscillations [gray spectra in Figs. 7(b) and 7(f)]. In such
a high bias condition, the DFB laser is overdamped, and it does
not show any periodic oscillation in regime IV.

In aforementioned sections, discussions reveal that a near-
zero OWD that occurs at a high temperature is beneficial for
improving laser performances, especially the decrease of the ef-
fective a factor. According to Eq. (5), the feedback insensitivity
of device can thus be largely enhanced. Figure 8 displays the
feedback dynamics at 6 x Iy, both in the RF and optical do-
mains, when the device studied operates near the optimum
temperature condition at 55°C. Corresponding . to the per-
formed spectra are marked by the gold and burgundy dashed
lines in Figs. 8(c) and 8(d). In this case, the onset of regime II
occurs at ., being 5%, where the external cavity frequencies
are observed [gold spectrum in Fig. 8(a)]; however, different
from the phenomena observed at 25°C, the optical spectrum
remains stable without showing either multimode lasing on
the gain peak or DFB mode broadening [gold spectrum in
Fig. 8(b)]. Thus, a small OWD is also beneficial for reducing
the strength of the external cavity frequencies in regime II. By
increasing the 7. up to ~25%, regime III is too narrow to be
observed, and the laser directly enters into regime IV by per-
forming CC operation both in the RF and optical domains
[burgundy spectra in Figs. 8(a) and 8(b)], where both the

50

(%)

crit

15 35 55 75
Temperature (OC)

Fig. 9. Ciritical feedback level 7, associated with the onset of co-

herence collapse (CC) operation under different operation conditions.

T, is marked by the black dashed line.

broadening of the DFB mode and the lasing of the side modes
are observed.

Figure 9 depicts the 7. as a function of temperature in dif-
ferent bias conditions. Results demonstrate that the feedback
resistance of the device studied is largely improved by reducing
the OWD, which is confirmed by the increase of 7 from 4%
(-14 dB) t0 25% (-6 dB) at 6 x /,. The tolerance for feedback
can be further improved at 7', as displayed from the different
tendency lines. On the other hand, in all temperature condi-
tions, 7, increases with the bias current until 4 x 7,3, at which
saturation is observed. This behavior in agreement with prior
studies [59,60] is attributed to the enlarged intra-cavity photon
density with the bias current, whereas the saturation of 7 at a
high bias results from the overdamping of the laser.

6. CONCLUSIONS

In this paper, we report an in-depth investigation on a 1.3 pm
InAs/GaAs QD single-frequency laser specifically designed to
increase the maximum lasing temperature. The effect of the
optical mismatch between the optical gain peak and the oscil-
lation wavelength is studied and linked to the static, dynamic,
and nonlinear characteristics of the QD laser. In particular, we
show that the combination of QDs as a gain medium and an
optical wavelength detuning as large as 25 nm at room temper-
ature allows us to successfully fully control the thermal effects.
In this context, the increase of operation temperature is no
longer a limiting factor of the device performance. With the
design of an optimum temperature condition of 75°C, this
DEFB laser enables the best performance at a high temperature
in terms of threshold current, output power, a factor, intensity
noise, modulation dynamics, and reflection insensitivity.
Importantly, the OWD technique is able to be applied to vari-
ous semiconductor lasers to enhance their performance at a
high temperature. Nevertheless, the QDs with a high degree
of thermal stability maximize the improvement of performance.
To sum up, the large optical mismatch assisted single-frequency
QD DFB laser exhibits a strong potential not only for isolator-
free applications but also for emerging markets that require
high-temperature operations and improved coherent light
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sources, such as resource findings in deep underground, mobile
applications, and uncooled integrated systems.
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