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Abstract: This paper demonstrates that the linewidth enhancement factor of quantum dot lasers
is influenced by the external carrier transport issued from different external current sources.
A model combining the rate equation and semi-classical carrier noise is used to investigate
the different mechanisms leading to the above phenomenon in the context of a quantum dot
distributed feedback laser. Meanwhile, the linewidth enhancement factor extracted from the
optical phase modulation method shows dramatic differences when the quantum dot laser is
driven by different noise-level pumps. Furthermore, the influence of external carrier noise on the
frequency noise in the vicinity of the laser’s threshold current directly affects the magnitude of
the linewidth enhancement factor. Simulations also investigate how the external carrier transport
impacts the frequency noise and the spectral linewidth of the QD laser. Overall, we believe that
these results are of paramount importance for the development of on-chip integrated ultra-low
noise oscillators producing light at or below the shot-noise level.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Over the past decade, global Internet traffic has been exponentially increasing with the mul-
tiplication of end users [1]. Hyperscale data centers are widely deployed as pillars of the
telecom infrastructure, supporting both individual and commercial usage, from where the optical
transceivers became an essential part of the communication chain. At this stage, the phase noise
is critical to high data rate throughput. The most common light source employed in optical
transceivers are quantum well (QW) lasers, and these devices are not known for being low-phase
noise oscillators, hence often exhibiting a typical optical linewidth on the order of a few MHz,
which can not be directly exploited for the dense wavelength division multiplexing (DWDM)
system application. On the other hand, intrinsic optical linewidth below 100 kHz has been widely
reported in laser diodes made with quantum dot (QD) gain material [2-9]. Indeed, thanks to
their three-dimensional carrier confinement and discrete distribution of the density of states, QD
lasers, optical linewidths of QD lasers are about one order of magnitude smaller than their QW
counterparts lasers, which is desirable for applications requiring advanced modulation formats
[10], as well as for the development of novel transceivers based on subcarrier technology, for
instance. In addition, QD lasers are compatible with both hybrid and epitaxial integration on
silicon and exhibit low threshold current density, high thermal stability, and excellent optical
feedback tolerance, making them ideal light source candidates for on-chip and short-reach optical
links [11-15]. In recent years, QD lasers have been repeatedly reported as competent light
sources for silicon-based photonic integrated circuits (PICs) [16-20], that are designed not only
for optical transceivers but also for other advanced applications where low noise from the laser
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source is imperative such as in chip-scale gyroscope and quantum cryptography, to name a few.
In the telecom field, as the data traffic ramping-up is kept accelerating, scaling up transmission
capacity is still necessary, therefore the utilization of low-cost kHz and sub-kHz local oscillators
are required to leverage accessible 800 GBaud data rate [10,21]. For an integrated gyroscope,
in order to make the most accurate rotational measurement devices, the light source needs to
achieve low noise to improve the measurement accuracy for different scenarios [22]. Further,
QD lasers have the potential to realize on-chip quantum key distribution (QKD). Last but not
least, by exploiting the strong nonlinear properties of QD lasers, the quadrature amplitude of QD
lasers can also be reduced below the standard quantum limit (SQL) to obtain amplitude-noise
squeezing [23]. On these fronts, it is necessary to further suppress the noise level in QD lasers to
deliver simple and low-cost on-chip options.

Against this backdrop, the ay-factor is the key parameter to start with, since it quantifies the
amplitude-phase fluctuation-coupling of semiconductor lasers under current injections, and is
known to be a ruling aspect of not only the linewidth enhancement effects but also many other
aspects of the laser such as the noise, the modulation, and nonlinear dynamics properties [24].
In the context of developing ultra-narrow line oscillators, it is relevant to investigate how the
ag-factor and subsequently the frequency noise is affected by the pumping conditions namely
by the carrier transport across the junction [25]. The ay-factor is conventionally expressed
by the ratio between the refractive index and optical gain variations with respect to the carrier
density [26], which acts as a fundamental basis for the noise performance. Typically, it has
been demonstrated that the a-factor can be largely reduced using QD gain materials thanks to
the energy quantization and the wave function confinement within the heterostructure potential
in the three spatial dimensions [27]. The utilization of zero-dimensional nanostructures as
active media has proved their abilities for reaching low-intensity and phase-noise oscillators
[28]. Given that, it is important to better understand the role of the carrier noise generated
from the current source in order to provide an additional way to further minimize the ay-factor.
Typically, a low noise current source (i.e. a quiet pump) is usually required to reduce the impact
of external electrical noise when investigating the noise properties of a semiconductor laser
[29-31]. Therefore, if one can transfer a constant carrier sequence into a quiet photon stream,
then one would obtain sub-shot noise light. Fig. 1 illustrates the semiconductor laser pumped
by a normal pump whereby electrons bunched, whereas the electrons are anti-bunched under a
quiet pump for which the electrons stream does not show fluctuations in spacing, superior to the
shot noise. This latter property directly transforms the photon distribution with sub-Poissonian
statistics hence leading to the generation of non-classical states of light such as squeezed fields
[32-34]. As a semiconductor laser is a combination of a resistor-capacitor and an inductor
[35], it is important to better understand how the effects of the external carrier noise impact
the electro-optical properties. Let us stress that prior works have deeply investigated the noise
features from the laser junction but not really that from other circuit components like that from
the current source [36]. These external noise sources greatly affect the behavior of injected
carriers, which thus influences the laser-stimulated emission process.

In this paper, we investigate both numerically and experimentally the influence of external
noise by considering the case of a distributed feedback (DFB) QD laser. The effects of carrier
noise on the ay-factor is usually analyzed by adding carrier, photon, and phase Langevin noise
into a semi-classical model based on rate equations [37]. However, the carrier noise originating
from the external current source is rarely considered in the literature [38,39], and even less for
QD semiconductor lasers. Thereby, we implement the noise source and quiet current source
conditions directly into our rate equation model. The ay-factor is subsequently extracted from the
frequency noise calculated by the diffusion coefficients. In addition to that, in our experiments, the
effects of carrier transport are taken into account by considering two different current sources with
distinct resistances. Previous studies indicated that semiconductor lasers exhibit different noise
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Fig. 1. Schematic diagram of the theoretical model illustrating the relationship between
injected carriers and photons in a semiconductor laser driven by (a) a normal pump and (b) a
quiet pump.

characteristics in such different bias conditions [32,40], which can definitely dwell tremendous
repercussions on the physical properties of the QD laser such as the ay-factor. Here, the ay-factor
is measured from around and above the laser threshold thanks to an optical phase modulation
technique which does not introduce any underestimation of the ay due to thermal effects. These
results clearly indicate that the external carrier noise can affect the photon statistics, hence
changing the linewidth enhancement effect, and subsequently the phase noise level. Therefore,
we believe that this work releases consistent unique theoretical and experimental findings on
the physics of QD lasers. Overall, the presented results can provide crucial guidelines for the
development of ultra-low-noise oscillators for not only high throughput optical transceivers but
also for other applications including Lidar systems, chip-scale gyroscopes, chemical and quantum
sensing, where sub-kHz linewidth is often a prerequisite specification.

2. Theory and numerical model

Figure 1 shows two current pumps for the QD laser: (a) normal pump and (b) quiet pump. The
effect of the pump on the laser is described with an equivalent circuit, where R is the junction
differential resistance of the laser, L is the parasitic inductance, and C is the parasitic capacitance.
The differential resistance emulates the damping resulting from the spontaneous and stimulated
recombination terms in the rate equation. The inductance represents the resonance phenomenon
of the laser. The capacitance contains the active layer diffusion capacitance and space charge
capacitance of the laser [41,42]. The normal pump can be achieved practically when the laser
junction differential resistance Ry = (dI/dV)~" is much larger than the internal resistance R of
the pump whereas the quiet pump is obtained in the opposite limit. It should be emphasized
that the current noise in semiconductor lasers is a combination of thermal diffusion noise and
generation-recombination noise about the minority carrier. [43,44]. These noise events arise
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sequentially and cause the departure of the minority carrier density from the equilibrium. Then,
the external circuit would restore the steady-state distribution of minority carriers and regulate
their injection into the active region via the relaxation process. For instance, when one has
the normal pump with an infinitesimal source resistance R;, this relaxation process would be
completed with a negligible delay time 7z c = R,C. As a result, the laser does not memorize the
previous event and thus each event occurs independently from the statistical point of view, which
is exactly the physical origin for the full-shot noise or photon Poissonian distribution as shown
in Fig. 1(a). On the contrary, if one has a quiet pump with a considerable source resistance Ry,
the modulation of minority carriers cannot be instantaneously eliminated by the external circuit
because of a large time delay 7z c. Therefore, the junction voltage is allowed to fluctuate by
the thermal diffusive transit and generation-recombination events as shown in Fig. 1(b). In this
context, if the recombination events exceed the average value, the junction voltage decreases
due to the excess thermal diffusive transit. However, since this junction-voltage decrease is not
recovered in time, the thermal diffusive transit rate temporarily decreases hence resulting in
fewer recombination events. This sequence works as a self-feedback stabilization mechanism for
regulating the pumping process, which potentially has a significant impact on the ag-factor and
the noise spectrum.

A quiet pump with a sub-Poissonian carrier distribution and a normal pump with a Gaussian
carrier distribution can be well described by using a stochastic model [34,45]. However, in
this kind of representation, the inclusion of the phase term influencing the ay-factor is rather
complicated. Instead, the frequency noise and the ay-factor of a QD laser can be better modeled
with a rate equation approach [46,47]. Here, we incorporate into these rate equations the various
noise contributions by taking into account the different current sources. As shown in Fig. 2,
the QD carrier dynamics is described by considering a three-energy level system. The model
assumes a single-mode emission which is exactly the configuration achieved with the QD DFB
laser under study. Besides, it holds under the assumption that the active region consists of only
one QD ensemble, where the nanostructures are interconnected by a two-dimensional reservoir
state (RS) [48]. The QD contains two bound states: a two-fold degenerate ground state (GS) and a
four-fold degenerate excited state (ES). QDs are implicitly assumed to be always neutral, electrons
and holes are treated as electron-hole pairs, which means that the system is only composed of
excitonic energy states. Carriers are supposed to be injected directly from the contacts into the RS
levels. When different pumps set the same current, it can be assumed that the current expected
value is the same, but the variance is different. The different variances represent different noise
levels. The coupled rate equations on carrier, phase, and photon dynamics read as follows:

dNRS 77[ NES NRS RS
7 = —+ 5~ sl — PES) = —pon + Frs )]
! 4 Trs  Tgs TRs
dNgs  Ngs  Ngs NEgs Ngs  Ngs
7:(TS+ —5)(1 = pes) — —5(1 = ps) = —5 — —pon + FEs 2
Tes  TEs TGs Trs  TEs
dNgs  Ngs Ngs e
e —5(1 = ps) — —55(1 = pes) — TpvegasSas — —pon + Fas 3)
TGs TEs TGs
dSgs 1 Ngs
—Z-T — —)Sgs — Bsp—me + F, 4
o (Tpvegas T,,) Gs — PBsp o s “4)
d—¢ = Aw® + AWES + AWBS + F, (5)
a - Ao N N )

where the carrier numbers in the GS, ES, and RS energy levels are denoted by Ngs, Ngs, and
Ngs respectively while Sgs is the photon number in the GS and ¢ accounts for the phase of
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the electrical field. The carrier dynamics are shortly described as follows. First, carriers are
captured from the RS to the ES with a capture time ng then they relax from the ES down to

the GS level with a relaxation time ng Carriers can also be thermally re-emitted from the

ES to the RS with an escape time ‘rgSS . Similar dynamic behavior is followed for the carrier
population on the GS level with regard to the ES. In addition, carriers can also recombine
spontaneously with spontaneous emission times Tpo » Trg > and v at RS, ES, and GS levels,
respectively. As shown in Eq. (1), the pumping term 5l /g incorporates the injection efficiency n
and ¢q the elementary charge. Lastly, it should be pointed out that pgg, pgs correspond to the
carrier occupation probabilities into the ES and GS while gy, is the fraction of the spontaneous
emission coupled in the lasing mode, I', is the optical confinement factor, v, is the group velocity
and Awf,s’ES’GS accounts for the frequency shift of the carrier-induced laser field relative to the
frequency. FrsEs,Gs.s,s are the Langevin noise terms. The materials and optical parameters
used in the simulations are placed in Supplement 1. The characteristics of the QD laser are

investigated by small signal analysis.
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Fig. 2. Schematic representation of the electronic structure and carrier dynamics in a QD
for normal pumping conditions and quiet pumping conditions.

By using the Langevin approach, we investigate the characteristics of the frequency noise,
where the different carrier noises imposed by different current sources will be reflected. We
introduce Fgs(t), Fes(t), Fgs(t), Fs(t), and Fy (1) as Langevin noise terms into the carrier, photon,
and phase rate equations. Moreover, the correlation strength of noise sources is <Fi(t) F;(£)>
=2D;_;j6(t - 1), where indexes i, j refer to Ngs, Ngs, Ngs, S, and ® where D;_; is the diffusion
coefficient between two noise sources that are delta correlated. Fig. 3 briefly explains to the
reservoir model in order to characterize the laser noise performance. Pumped carriers are injected
into the laser structure (I/q), of which only a certain fraction (//g) arrive in the active region.
We considered carrier noise fluctuations on sub-nanosecond time scales since carrier noise
remains distinguishable at frequencies higher than GHz. At this point the carrier noise time scale
coincides with carrier lifetimes and photon lifetimes of almost one order of magnitude, so the
diffusion coeflicient between the two noise sources is delta-correlated [49]. Then, some carriers
participate in the spontaneous emission, and others go to the ES energy level and participate in
the subsequent dynamical processes. After the process of spontaneous and stimulated emission
of ES, some of the carriers reach the GS energy level. Finally, let us stress that the QD laser under
study only emits on the GS transition therefore the stimulated emission in ES is not considered.
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Fig. 3. Reservoir model used in the rate equation analysis of the QD laser. Each solid line
arrow in the flow chart represents the number of particles flowing per unit of time. The
dashed lines represent the relationship to the phase.

After the analysis of the particle flows into/out of the different reservoirs using the method
described in [50,51], the diffusion coefficients can be derived as follows. This would be the
critical aspect of distinguishing the different carrier noises from different sources.
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Following Cramer’s rule [52] and the above diffusion coefficients, the frequency noise (FN) of
the QD laser can be expressed by Eq. (15).

’ Y
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+(ID6-6I") [Mo-of + (1Ds-5I") Ms-of" + (|Do-o") [Mo-s (15)
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where w is the angular frequency applied on the QD laser. The M;_; are the algebraic cofactors
of Ag. A is the determinant obtained from the system of Egs. (1-5).

3. Results and discussion

The diffusion coefficient Dg_g serves as our key parameter for correlating frequency noise and
current source noise. When using a normal pump to drive the laser, we consider that the current
noise term 77/ /q affects the QD laser through the reservoir state into the active medium. When
injecting a quiet current to the QD laser, we can remove the n//g from the Dg_g and thus assume
that the current is noise-free for the QD laser. According to the above theory and Eq. (15), the
FN curves are obtained under different current sources as shown in Fig. 4(a-d). As the current
increases, the frequency noise issued from the two current sources gradually approaches the
low-frequency plateau. The FN value at low frequency corresponds to the optical linewidth
(Avoyr) of the QD laser, while that at the high-frequency plateau gives the Schawlow-Townes
linewidth (Avgr). It can be seen that the FN’s response at high-frequency does not depend on
the current sources. In other words, whatever normal pump or quiet pump, it has no effect
on the spontaneous emission noise dominated by the characteristics of the gain medium. The
peak between the two plateaus arising above the threshold current corresponds to the relaxation
oscillation frequency (Frp) of the QD laser. To this end, when the frequency is lower than Fgo,
the FN is determined not only by the spontaneous emission but also by the carrier fluctuations,
and the optical linewidth can be expressed as Avg = AVST(l+a/12{). Therefore, as the optical
linewidth is driven by different carrier noises, the linewidth enhancement factor is influenced. In
addition, maps displayed in Fig. 4(e) and 4(f) show that when the laser operates with a quiet
pump, the FN exhibits superior levels around the threshold transition. The inflection point at the
resonance frequency near 1.8 times threshold is attributed to the spontaneous emission factor
(Bsp = 1x 107%). Due to the limited spontaneous emission efficiency, the laser output power has
a nonlinear relationship with the above-threshold current. Overall, these simulations unlock how
the carrier noise originating from the current source impacts the FN of the QD laser in particular
near the threshold transition.

In the following, the ag-factor is extracted from the FN simulations and compared to the
experiments for different current source conditions. The two pumps were experimentally measured
to exhibit different noise characteristics. The specific methods and results are described in the
Supplement 1. To do so, a commercial QD DFB laser is used to extract the ay-factor around and
above the threshold current using an optical phase modulation method. The modulation of the QD
DFB laser at high frequency (13 ~ 18 GHz) leads to distinct side modes in the optical spectrum
and the side modes at different optical delays are used to retrieve the ay-factor. The experiment
is performed at room temperature (20 °C). Further details can be found in Supplement 1 and in
the references [53,54]. Such an approach allows us to retrieve the pump current dependence of
the ay-factor with and without quiet conditions. Experimental results are depicted in Fig. 5(a)
and compared with simulations (solid lines). Near the threshold current, it is shown that the
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Fig. 4. Simulated frequency noise spectra of the QD laser with normal pump (red line) and
quiet pump (blue line) at different bias currents (a-d). The frequency noise mapping with
bias pump and frequency under (e) normal pump and (f) quiet pump.

ag-factor becomes much smaller under quiet pumping conditions. For instance at the threshold,
with a normal pump, the ay-factor is about 1.7 while it is reduced to 0.5 with quiet pumping. To
generate this different carrier noise in the numerical model, we set n//q to O for the quiet pump
case and set the actual current as a normal pump because the 77//q is the external carrier noise
source. The louder the carrier noise, the easier it is to be captured by defect states and to affect the
efficiency of the stimulated emission. Simulations also reveal that near the threshold transition,
the ay-factor balloons as shown in the red curve in Fig. 5(a) which is due to a combination
of population inversion and inefficient emission by carrier noise. Indeed, the optical phase
modulation requires sufficient power from the laser which is hardly the case when operating near
the threshold. Despite that, we demonstrate that the measured ay-factors are qualitatively in
good agreement with those from the simulations. Interestingly, previous work also showed a
rise of the ay-factor extracted in a QD laser from amplified spontaneous emission (ASE) and
normal pump across the threshold, but the exact reasons for this phenomenon remain unclear
[27]. Whereas, with the quiet carriers driving, the ay-factor of the QD laser near threshold
current only appears as a step due to population inversion, which was also simulated in the
reference [25]. The ay-factor doesn’t drop to zero at sub-threshold but approximates a minute
value of approximately 0.02. Even when the effect of external carrier noise was eliminated in
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quiet pumping simulations, the impacts of spontaneous emission and other intrinsic noises on the
sub-threshold ay-factor remain, leading to a diminished ay-factor value that is not entirely zero.
Furthermore, both our experimental and simulation results show that no more differences are
observed as the current increases. The ay-factor becomes independent of the carrier noise.

= ' ' ; - 10 : :
(a) (b) ——Normal pump-Sim
8 ——Quiet pump-Sim
21 N ¢~ Normal pump-Exp
5 t é 6 ~§-Quiet pump-Exp
E <
g1 =l
S =
——Normal pump-Sim e
0 — Quiet pump-Sim g 2
¢ Normal pump-Exp .
% Quiet pump-Exp 0 s a e .
-1 . . . X . i ‘
0.8 1 12 14 16 18 1 2 3 4 5
"y, My,

Fig. 5. Experimental (dotted line) and simulated (solid line) (a) @g-factor and (b) optical
linewidth with bias current under different pumps.

As the optical linewidth is linked to the ay-factor, the measurement of the QD DFB laser’s
linewidth is also performed with a delayed self-heterodyne interferometer at 20 °C. Results are
shown by the dots in Fig. 5(b) for both normal and quiet pump conditions. In order to extract
the linewidths, a Voigt fitting profile is used. Due to technical limitations on the coupled output
power, the optical linewidths could only be extracted above twice the threshold current. As
expected, we found that the linewidth evolves with the injection current with a sharp decrease
above the threshold from several MHz down to a stable value of approximately 500 kHz which is
typical for a QD laser [2]. At high pump current, there is no significant difference in the optical
linewidth when driven by different current sources, which is also consistent with the simulation
results. However, when the laser is driven slightly above the threshold, simulations reveal that
the use of a normal pump only contributes to increasing the linewidth. For instance, at 1.5 times
the threshold current, the optical linewidth is 1.8 MHz when the quiet pump is against 3.2 MHz
for the normal pumping conditions. The ay-factor obtained under different noise conditions of
the pump directly determines the tendency of the linewidth. The linewidth will be expanded in a
squared ay-factor manner. The overlap of @y-factor at high currents also makes the linewidth
independent of different noise conditions pump. Therefore, the impacts of external carrier noise
on frequency noise dramatically extend to both the ay-factor and the optical linewidth.

4. Conclusion

This work investigates the influence of the external carrier transport on the ay-factor of a QD
DFB laser. With the quiet pump, the ay-factor is found to be much smaller around the threshold
as compared to normal pump conditions. Numerical models and experiments together verify this
interesting phenomenon. On top of that, simulations also highlight that the use of the quiet pump
near the threshold current is beneficial for reducing the frequency noise and subsequently the
optical linewidth, but has less impact at high currents. It must be emphasized that the a-factor
of the QW laser under different pumps described in Supplement 1 also demonstrates similar
results to those of the QD laser. Future work will concentrate on the generation of squeezed
states for producing low-noise QD lasers below or at the shot noise level.
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