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Abstract: Two VCSELSs placed facing each other with one biased chip while the second chip
is unbiased is shown as a promising alternative to the popularly used conventional SESAM
mode-locked VECSEL to generate mode-locked pulses. We propose a theoretical model
using time-delay differential rate equations and numerically show that the proposed dual-laser
configuration functions as a typical gain-absorber system. Parameter space defined by laser facet
reflectivities and current are used to show general trends in the exhibited nonlinear dynamics and
pulsed solutions.

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

1. Introduction

Vertical-Cavity Surface-Emitting Lasers (VCSELs) were developed over the last two decades
of the last century and found a multitude of applications such as optical communications,
optical sensing, displays, illuminations, computer optics, mobiles, etc. [1,2]. Despite being
highly reflective devices with low gain and much shorter cavity compared to the edge-emitting
lasers, VCSELSs exhibit a similar richness in nonlinear dynamics [3—-6]. VECSELs(Vertical
Extended-Cavity Surface-Emitting Lasers), in which one of the reflectors is external to the
cavity [7], maintain some of the advantages of fully monolithic VCSELSs, such as the circular
beam shape, but have very different, dynamics properties (and potentially an extra means of
controlling them) due to the long air cavity. Since 2000, semiconductor saturable absorber mirror
(SESAM) have been incorporated with VCSELS, both in an external cavity configuration and
on-chip, to produce passively modelocked pulses [8—10]. With the advancement of technology in
SESAM-modelocked VECSELSs have exhibited fundamentally modelocked pulses at repetition
frequencies between 85 MHz to 100 GHz [11,12]. While pulse durations as low as 100 fs have
been achieved [13]. Almost concurrent, the idea of two mutually coupled semiconductor lasers
in face-to-face configuration was explored in [14—16] and further expanded towards VCSELs
[17-20]. The present work theoretically shows the possibility of producing modelocked pulses in
an external cavity configuration using two VCSELs facing each other. By combining the idea of
SESAM-modelocked VECSELs and mutually coupled VCSELSs, we show that a VCSEL can
replace the function of a SESAM and exhibit a similar range of dynamics with reasonable pulse
duration in the several hundred femtoseconds range.

From the perspective of theoretical modelling, mutually-coupled laser systems have been
modelled through the delay-differential equations model [14] and composite-cavity modelling
based on semi-classical laser theory [21,22]. Specifically, the pulsed operation is modelled
in the VECSEL cavities through delay-differential equations as in [23] and the iterative pulse
shaping model [24-26]. In the presented work, we modify an existing generic theoretical model
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proposed in [23] based on delay-differential equations to simulate a pair of mutually-coupled
VCSEL chips instead of a typical VCSEL-SESAM external cavity configuration. The advantage
of employing delay-differential modelling over iterative modelling is the capability of exhibiting
both mode-locked and non-pulsed outputs without encountering the issue of stiff differential
equations. It should be noted that the iterative modelling has been used to successfully verify
mode-locked outputs upon feeding precise experimentally measured parameters [25]. However,
the proposed model here is used for the prediction of dynamics rather than for verification of
the experimental data. It is not limited to the prediction of pulsed states and is capable of
exhibiting chaotic and/or non-pulsed outputs. Furthermore, the model operates on user-defined
realistic experimental parameter values like cavity length, bias current, laser facet reflectivities
etc. enabling direct comparison to experiments which cater to the demands of integrated photonic
device makers.

The intention to develop and pursue this line of investigation is to primarily understand the
possibility and parameter space mapping of generating mode-locked pulses with two mutually
coupled VCSELs. Our work predicts the capability of such a system to generate mode-locked
pulses of picosecond and femtosecond regimes. Such results, comparable to typical SESAM
modelocked VECSELSs, are promising and can provide a decent alternative for general applications
or even serve as an origin for pre-compressed pulses in applications where the source of mode-
locked pulses is not important. Finally, selecting such an alternative also lowers the exercise of
designing the laser, engineering of SESAM, and its associated cost.

2. Theoretical model

Two single-longitudinal mode VCSELSs are considered as shown in Fig. 1. The VCSEL functioning
as the gain element is biased, while the second VCSEL is unbiased, thereby acting as the absorber.
The parameters associated with the VCSELs functioning as the gain and the absorber are referred
to using subscripts ‘g’and ‘a’, respectively, from here onwards. Table 1 shows the list of two
VCSELs’ parameters and their values mainly based on [23]. The front mirror reflectance of
the gain chip is reduced from =~ 1 to as low as 0.7 systematically while the reflectances of the
absorber chip are varied between =~ 1 to 0.1 to report the observed dynamics and displayed as
parameter space region plots. The two chips are treated as resonators, so the reflectance from
the front mirror is automatically included within the feedback terms. Furthermore, the VCSELSs
acting as the gain and the absorber with lower reflectances are not the same as the ones employed
in a traditional SESAM modelocked VCSEL model. For example, the VCSEL chip used here has
a higher reflectance facing the cavity and is somewhat lower than a free-standing VCSEL, along
with a slower recovery time than a normal SESAM.

The delay-differential equation model used to calculate carrier density and electric fields is
based on the formalism introduced in [23]. The carrier density rate equations are formulated as
follows:

dNgoa  Iga  Ngg

dt - edg’a Tg’a —Vg,a[Gng,na {Ng,a(t) - Nlrg,a}]Sg’a (1)

where I, = 0. The gain suppression is assumed to be zero, and the carrier lifetime to be constant
and independent of carrier density. Non-equilibrium carrier effects, as recently studied by a
fully microscopic many-body model for the carrier distributions and polarizations in [27], are
important for femtosecond operation, and may violate the assumptions above are not considered.
The gain is assumed to be linear and stated on the R.H.S. of Eq. (1) within the square brackets.
The group velocity is calculated as vg , = ¢/n, 4, With ¢ being the typical value for the speed of
light. The photon density is defined as:

1+r,
8.a
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lig,a

2

) @)




Research Article Vol. 31, No. 5/27 Feb 2023/ Optics Express 8298

Optics EXPRESS

I,
Einca = \/]_’W’Erg = ccav)
Er = TiqEinca = Erc + Erca
l Gain VCSEL Absorber VCSEL

— T; Toa T
Ka ia & 3
tia
>«
KN d,
! g I | g >
< —
Lg Lcav Lg

Fig. 1. Schematic representation of a dual-VCSEL configuration with one laser acting as
the gain biased at current set to I;;,; wWhile the second laser (the absorber) is unbiased. The
external cavity length is shown by Lcav, Ejyeg(q) denotes the complex amplitude of the
incident fields, E,.. () represents the complex amplitude of the field exiting the respective
chip into the external cavity and the laser parameters are stated in Table 1

Table 1. VCSEL gain and absorber chip parameters

Parameter Value
Back mirror amplitude reflectivity of the gain (r,) 0.9995
Back mirror amplitude reflectivity of the absorber (r,a) 0.97
Group refractive index(rng,q) 3.5
Internal losses for both chips («;) 0.001 um™!
Effective length for both chips (Lg) 1.5 um
Quantum cumulative thickness for both chips (d) 0.024 um
Radius of the active region for both chips (og) 1.2 um
Group refractive index for both chips (1,,) 3.5
Confinement factor for both chips (I'y) 0.06
Linewidth enhancement factor for both chips (ay) 3
Carrier lifetime for the gain chip (7) 1ns
Carrier lifetime for the absorber chip () 0.1 ns
Transparency carrier density of the gain (Ny-) 1x10%%um™3
Transparency carrier density of the absorber (Ny-) 2 X 106,um’3
Gain coeflicient of the gain (G,) 7 % 10 8um™!
Gain coefficient of the absorber (G,) 2.5% 107 um™!
Inter-chip attenuation for both chips (y) 1
Beam cross-section diameter ratio (gain:absorber) (w”) 2
External cavity round-trip time (Trr) 0.08 ns

where E,, , is the field reflected from the respective VCSEL chips. It is calculated by [23]:

dE,,, ~ o VYg.a
Tg,aecg,a$ = [6Gg,a - (1 - gcg,a)]Ercg,a+t[g,at;rog,ae @igalega _Eg’g‘a)(t - Tcav) , (3

’
8.a
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where Ej,cq.4 is a complex field of the incident field as stated within the square brackets on the
R.H.S. of Eq. (3). The real cavity attenuation factor is calculated as 6.4, = r,-g,arog,ae""fL, and
L is the geometric cavity length of the gain and the absorber chips. The transmissivity factors

(t;4,4) are calculated using the standard formula of f; , = - r?g oo I accordance with Fresnel

equations to maintain the sum of the reflectance and the transmittance at the media interface
equal to unity. Similarly, t;. is the transmittance seen by the light exiting from the laser facet
mirror towards the external cavity side, which has the same amplitude as r,, but with a different
phase. The parameters entering Eqns. 1-3 and their values are listed in Table 1.

As discussed in [23], the model as described using Eqns. 1-3 does account for the cavity
bandwidths of the gain and absorber VCSEL chips; however, it contains several important
limitations. Most importantly, the dispersion of the gain (in the gain chip) and absorption (in the
absorber chip), and associated group dispersion delay, are neglected. Secondly, it is assumed that
the resonant frequencies of the gain and absorber chips are identical. Finally, we note that the
assumption related to a zero gain suppression and the linear gain trend should not change the
dynamics qualitatively. Specifically, it is known that the shape of the pulse is regulated by the
interaction between gain and absorption coefficients and that a resultant positive gain gives rise
to a pulse inside the external cavity [9]. This does not necessarily need be at the gain maximum.
Competition between these two mechanisms regulates the leading and the trailing edges of a
pulse. The pulses will broaden if the gain compression dominates, while the pulse shortens
and the area of stable mode-locking broadens if the absorption suppression dominates [9,10].
Thus, the effect on pulse dynamics will depend on the relation between gain and absorption
compression coefficients. While the order of magnitude of the two coefficients is reasonably well
known, the relation between them is not easy to determine from the literature. Calculating them
from the first principles would be a separate, nontrivial study. Therefore, in this initial work, we
assume that they cancel each other effectively.

3. Results and discussion

Figure 2 shows samples of system outputs that reflect qualitatively different dynamics, which
are later mapped in the parameter space in Figs. 4-6. Generally speaking, there is persistent
Fundamental Mode Locking (FML) in the system over the majority of the parameter space region
corresponding to stable pulse emission at the repetition frequency corresponding to the external
cavity round-trip (7gr = 0.08 ns unless specified otherwise). Initially, the instability in the
system is manifested in the FML pulse (fig. 2(a)) initially as a small shoulder pulse creeping
into the system output accompanied by amplitude modulation. This leads to pulse splitting as
seen in fig. 2(b) and followed by fig. 2(c). At higher current values and increasing nonlinearity,
we observe chaotic repetitive dynamics as shown in fig. 2(d). Figure 3 shows a typical optical
spectrum observed for fundamentally mode-locked pulses. The spectrum shown here is for the
same parameters generating pulses as seen in Fig. 2(a).

Figures 4—-6 show the general trend in the system dynamics for the parameter space defined by
the absorber’s inner reflectivity and the bias current applied to the gain chip. The inner reflectivity
of the gain chip is increased in each plot to observe the varying dynamics within the same set of
operating conditions. The variety of dynamics is indicated by different colours as indicated in
the caption. The focus of this study is to report the FML region; therefore, non-pulsed dynamics
or multi-pulsation is reported but will not be analyzed in detail. Remarkably, there are always
large green regions where FML is stable. Furthermore, we observe that the region of FML
shrinks and moves to higher absorber reflectivity as the reflectivity of the gain chip is increased.
Simultaneously, the blue region with mode-locked operation with a secondary pulse and the
hatched green region of multiple-pulse operation become enlarged. The same concerns the red
region in which the system exhibits chaotic dynamics. The threshold current at which lasing
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Fig. 2. Samples of system outputs for 7g7 = 0.08 ns: (a)Fundamental mode-locked pulse,
(b) Pulse splitting, (c) Double pulsing, (d) Chaotic dynamics
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Fig. 3. Optical spectrum calculated using Fast Fourier Transform for Fig. 2(a) showing
locked longitudinal modes at a repetition rate frep= 12.5 GHz. Inset: Magnified subset of
the optical spectrum to show the mode-locking.
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Fig. 4. Dynamical mapping for 7g7 = 0.08 ns and r,=0.7. Green: FML; Green (hatched):
FML with amplitude modulation; Blue: FML with shoulder pulse; Orange: Double pulsing;
Yellow: Double pulsing with shoulder pulse; Red: Fast chaotic dynamics.

begins increases at higher values of absorber reflectivity. The same trend for threshold current is
also observed as the value of gain reflectivity is increased.

Particularly focussing on FML region across Figs. 4—6, we show the dynamics traversing away
from FML in Fig. 7. To produce this figure, we keep the absorber’s reflectivity constant at 0.7,
as observed in Figs. 4-6 and vary the gain chip reflectivity while plotting the local maxima
(indicated in red markers) and local minima (indicated in blue markers). The FML region is
observed to be limited to lower values of bias current as the gain chip’s reflectivity increases
from r, =0.7 in Fig. 7(a) to ry =0.9 in Fig. 7(c). Furthermore, the pulse peak intensity reduces
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Fig. 5. Dynamical mapping for 7gr = 0.08 ns and rg=0.8.Green: FML; Green (hatched):
FML with amplitude modulation; Blue: FML with shoulder pulse; Red: Fast chaotic
dynamics; Purple: Pulse splitting.
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Fig. 6. Dynamical mapping for 7g7 = 0.08 ns and r¢=0.9.Green: FML; Green (hatched):
FML with amplitude modulation; Blue: FML with shoulder pulse; Red: Fast chaotic
dynamics; Purple: Pulse splitting; Grey: Harmonic mode-locking.

significantly as well. For higher bias currents, non-FML and complex dynamics show local
maxima and minima unevenly distributed as expected. Additionally, the gap between the values
of maxima and minima closes as well.

We also note that the stability of fundamental mode-locking is disturbed as one increases the
cavity length, as seen in Fig. 8. We observe clean FML pulses until g7 =0.4 ns. However, there
is some minor pulse splitting at the peak of the pulses, as seen by local maxima and minima
coinciding for 7gr = 0.24 ns and 7z = 0.32 ns. At even longer cavity lengths, we observe
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Fig. 7. Local maxima (red) and local minima (blue) as a function of bias current (mA) for
rq = 0.7 and increasing r (a) 0.7, (b) 0.8, (c) 0.9. The background shades are reflective of
the key indicated in the caption of the Figs. 4-6 namely, blue: FML with shoulder pulse; red:
fast chaotic dynamics and purple: pulse splitting.

consistent amplitude modulation and pulse splitting. On the other hand, the peak pulse intensity
can also be observed to have increased. It should be noted that the computation time increases
with an increase in the cavity length.

Figure 9 shows the average pulse durations at constant absorber reflectivity values across the
range of bias currents and a variety of gain chip inner reflectivity. The pulse duration increases at a
constant bias current with increasing the gain chip reflectivity. The pulse duration almost doubles
for very high gain chip reflectivity (r,>0.9). This broadening of the pulses is also synchronous
with the increase in the parameter space occupied by complex and non-FML dynamics in Fig. 6
compared to Figs. 4 and 5.

On the other hand, no general trend is observed in Fig. 10, when keeping the bias current
constant and observing the pulse durations with changing absorber reflectivity for a variety
of gain chip reflectivity. It should be noted that the pulse durations observed as low as 60 fs
are indeed the current limit of state-of-the-art fundamental modelocked pulses [28]. However,
pulse durations below 100 fs are predicted in Figs. 9 and 10 need a more detailed study of the
possibility of such short pulse generation in our dual VCSEL system. It is certainly limited by the
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VCSEL chip parameters, such as the inner side reflectances of the laser diode chips, and needs a
shorter absorber recovery time. Additionally, generating such shorter pulses makes it necessary
to account more accurately for dispersion and gain and cavities bandwidths. Specifically, the gain
and absorption dispersion, with the peak gain detuned dynamically from the cavity resonance
and their interplay with the cavity dispersion, need to be analyzed as mentioned above. Fast gain
and absorption compression would also need to be taken into consideration. This is reserved for
future work.

4. Conclusion

A theoretical model serving as a paradigm for multi-sectional and free-space elements with
flexible cavity configuration used to analyze dynamics of mutually-coupled VCSELSs chips is
shown. It is adapted from the theoretical model proposed in [23], which serves as a foundation
for the work done in this study. The model uses experimental parameters as user-defined
inputs allowing for direct comparisons to experiments and directed toward the community of
photonic device makers. The presented work focuses on studying the parameter space region of
mode-locking in a GHz range dual-vcsel chip configuration. The model maps different pulsed
and non-pulsed dynamics for a large range of parameters. By studying the defined parameter
space region, we show the change in the FML region with a change in the front mirror laser
reflectivities. We show the optimal range of parameters exhibiting FML and its instability with
changes in cavity lengths. Through this work, we wish to share the proposed theoretical model
with the community of integrated photonic device makers and intend to confirm the predictions
experimentally in future works.
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