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ABSTRACT The numerical analysis of a semiconductor ring laser (SRL) by using the basic two-mode model KEYWORDS

and a parameter mismatch in the backscattering coefficients is presented in this paper to account for the ~ Semiconductor

asymmetry along the ring. The operation of SRL is discovered to be affected by changing the conservative  ring laser

backscattering parameter for a fixed value of the dissipative backscattering parameter, and the bidirectional Parameter Mis-

regime with alternating oscillation can be suppressed. The numerical results of this paper and the experimental match

results of the literature depicts a good correspondence. Backscattering
parameter
Oscillations

INTRODUCTION

Semiconductor ring lasers are particularly well suited for mono-
lithic integration because, unlike integrated lasers of the Fabry-
Perot type, they do not require cleaved facets or gratings to provide
the essential optical feedback (M. Sorel and Donati 2002; M. Sorel
and Laybourn 2002; T. Krauss and Roberts 1990). Key elements of
photonic integrated circuits are SRLs. Due to the active cavity’s
circular design, a SRL can function in either the clockwise (CW) or
counterclockwise (CCW) directions (CCW). For applications such
as wavelength filtering, multiplexing-demultiplexing, electrical
and all-optical switching, and bistable optical memory, SRLs are
potential possibilities (J. J. Liang and Ballantyne 1997). For the
investigation of generalized rings and two-mode laser systems,
many theoretical models with an emphasis on the interaction be-
tween two counter-propagating modes and their interaction with
the active medium have been developed. The He-Ne ring laser
(Menegozzi and Lamb 1973) and the CO2 laser (H. Zeghlache and
Mello 1988) are the systems that have received the most atten-
tion, as they were able to take advantage of the rotation-induced
asymmetry between the two counter-propagating modes.

In the case of two-mode semiconductor lasers, Etrich et al.
(C. Etrich and Zeghlache 1992) have proposed a model based
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on the time evolution of the electric fields. They discussed how
the two counter-propagating modes’ interference caused a slowly
fluctuating carrier-induced grating that had an impact on how the
device operated. In other studies, the formation of intensity oscilla-
tions brought on by mode-to-mode phase-coupling is highlighted
(R. C. Neelen and Woerdman 1992; P. Mandel and Otsuka 1993;
P. A. Khandokhin and Mande 1995). A particular treatment was
devised for the SRL by Sargent et al. (Sargent 1993) who derived
a simple model for the intensities of the two modes starting from
first principles, enlightening the importance of the self- and cross-
gain saturation parameters. Later, Sorel et al. (M. Sorel and Donati
2002) proposed a model which takes into account self- and cross-
gain saturation effects as in the work of Sargent (Sargent 1993) and
includes backscattering contributions originating at the coupling
to an output waveguide.

An oscillating bidirectional regime in SRLs was experimentally
observed, and this model, which is based on two mean-field equa-
tions for the counter-propagating modes and a third rate equation
for the carriers, has been successful in explaining this finding. By
studying optical switching has been found to be helpful as well
(T. Perez and Mirasso 2007) However, as shown by the experi-
mental data, it has not been able to explain the discrepancy in
the intensities of the two counter-propagating modes observed in
the bidirectional continuous wave (bi-cw) and bidirectional with
alternate oscillations (bi-AO) regimes (M. Sorel and Donati 2002;
M. Sorel and Donat 2003).
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In addition some of the experiments made in SRLs (M. Sorel
and Laybourn 2002) showed that applying a current bias on the
output waveguide contacts affects the laser operation and unidi-
rectional mode can be achieved. To the best of our knowledge,
there is not yet a numerical explanation of the above mentioned
experimental results. This paper shows that parameter mismatch
in the backscattering coefficients explains the experimental results.
The remainder of the paper is as follows. Section 2 presents the
rate equations of SRLs and the results obtained during the nu-
merical investigation of SRLs under the backscattering coefficients
mismatch .Section 3 concludes the paper.

RATE EQUATIONS OF SRLS AND RESULTS

Due to the fact that the two-mode model has represented SRLs as
gyroscopes (Numa 2000) and accounted for the noticed alternating
oscillation regime in the light-intensity (L-I) characteristics of the
SRL (M. Sorel and Donati 2002). So the model used in this paper is
built on the fundamental two-mode model but has a mismatched
parameter in the dissipative k;’ and conservative k.” backscattering
coefficients. The ideal symmetry along the ring is actually never
achieved in a real system for a variety of reasons, including flaws in
the waveguide, output coupler, and scattering centers [1]. The sum
of the two counter-propagating waves can be used to represent the
overall electric field inside the ring cavity in the single longitudi-
nal mode operation: E'(x, t) = Ey’e 1(ot=k) 4 gyleillt=kx) 4 ¢
where E;’ and E,’ are the mean-field slowly varying complex am-
plitudes of the electric field associated with the two propagation
directions, i.e., mode 1 is CCW and mode 2 is CW; x is the longi-
tudinal spatial coordinate along the ring circumference, assumed
positive in the CCW direction and wy is the optical frequency of
the selected longitudinal mode. The rate equations are given by
(M. Sorel and Donati 2002; M. Sorel and Donat 2003; L. Gelens and
Danckaer 2009; S. T. Kingni and Danckaert 2012; S. T. Kingni and
Orou 2020).

L g (1+m>[cn<N—No><1fss>|E1'|Zfsc\E2’|27Tipus'l
- K4E4 (1a)
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— KhE, (1b)
o = LN av-Nya-elE R B )
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where E;, the fields, N(t) the carrier density, « denotes the
linewidth enhancement factor accounting for phase-amplitude
coupling in the semiconductor medium, G, the modal gain factor
for the two modes, which depending on the semiconductor gain
factor, Ny the carrier density at transparency, s and ¢, are self-and
cross-gain saturation coefficients, respectively and T, the photon
lifetime in the ring cavity. The parameters k} , = kiﬁ B» T ik}, ., are
the complex backscattering coefficient where k;h i the parameters
and k{, ., represent the dissipative and conservative components
of backscattering respectively. The parameter ], ¢, [, s represent
the injected ring current density, the electron charge, the active
layer thickness and the carrier lifetime, respectively. A suitable
normalization of equations (1a) to (lc) leads to the following
dimensionless form (M. Sorel and Donati 2002):
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with the following rescalings:
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SRL is numerically analyzed by integrating the set of equa-
tions (2a) to (2c) with similar values of parameters to those of
(M. Sorel and Donati 2002), but assuming that the backscattering co-
efficients are varied following the general rule: k., 4, = k, 4, + 04
or kg, 4, = k¢, 4, + 04 where the values of the backscattering pa-
rameters coincide with those used in (M. Sorel and Donati 2002)
and o, 4 are the mismatch parameters k., 4, or k., 4, in the con-
servative and dissipative backscattering coefficients, respectively.
The authors of (Kenmogne et al. 2022, 2021) present the bifurca-
tion diagrams which depict the local maxima of the trajectories
of the systems under investigation. While, Figures 1,2,4,5 and 6
are the amplitude curves which present the global maxima of the
trajectories of the sets equations (2a) to (2c). Figure 1 illustrates
the L-I curves of both modes by using numerical simulation of
sets equations (2a) to (2c) obtained for k;, = k4, = 3.27 X 107%;
ke, = 4.4 x 1072 0, = 1073 and k¢, = ke, + 0.

10 . . ; . . ;

10 % Intensity
(4]

0 0.2 0.4 06 08
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Figure 1 L-I curvefora = 35,5 = 5x1073,¢c = 1072, ¢4 =

2x 1073 kg, = kg, =327 x 1074 ke, =44 x 1072, 0, = 103 and
ke, =k, +0.
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When the injection currenty is increased, Figure 1 exhibits bi-
cw (regime A), bi-A0 (regime B) and unidirectional (regime C).
Figure 1 shows that |E;|? is a bit larger than |E,|? in bi-cw and
bi-AO regimes as the revealed experimental results of Figure 2.a
of (M. Sorel and Donati 2002) whereas in Fig. 2.b of (M. Sorel and
Donati 2002) without taking into account the parameter mismatch
in the backscattering coefficients, the two modes have the same
intensities in regimes A and B. The threshold current in Fig. 2.b
of (M. Sorel and Donati 2002) (yy, = 1.0) is equal to the one of
Fig. 1 This means that parameter mismatch in the conservative
backscattering coefficient does not affect the threshold current in
the model. So, one can note that Fig. 1 is more close to the exper-
imental results (see Fig. 2.a of (M. Sorel and Donati 2002)) than
Fig. 2.b of (M. Sorel and Donati 2002). Therefore, the mathematical
model with parameters mismatch used here is the most indicated
way to explain the SRL behaviour. Assuming now k¢, = k¢, + 0
and o; = 1073 Figure 2 presents three distinct operating regimes
and the same threshold current (y, = 1.0) as in Fig. 1 but the
intensity of CW mode is a bit larger than the intensity of CCW
mode.

10 T T T T T T T T T

Qlmax™2
¢ Q2max™2

10xIntensity
(82

0 . . . " 4
0 0.2 0.4 06 0.8 1

Injection current p

Figure 2 LI curve fora = 3.5,s = 5x1073,c = 1072, =
2x1073%, kg, = kg, =327 x 1074 ke, = 44 x 1072, 0. = 1073
and k¢, = k¢, +0c .

From Figure 2, one can remark a selection between the two
modes according to whether the corresponding mode of is larger
or not. The implications of the ring lasing direction when the
output waveguide contacts are forward biased, as seen in Figure
3, are discussed in (M. Sorel and Laybourn 2002), which clarifies
this behavior.

According to (M. Sorel and Laybourn 2002) applying bias cur-
rent Iy, on port 1 larger than 30 mA, the CCW mode is completely
suppressed by the increased power sent back into the ring, which
also directs the unidirectional laser output to port 2, i.e., on CW
mode. This can be seen in Figure 5 of (M. Sorel and Laybourn 2002)
, which reports CW power for increasing ring current and for two
different bias current values Iy, . Figure 4 presents the L-I curves
of both modesobtained for k., = k¢, + o¢ in order to have the CW
mode as a dominating mode.

The numerical findings of this paper and the experimental re-
sults of (M. Sorel and Laybourn 2002) are in good accord in Figure
4. To complete this comparison, the L- I curves of both modes are
plotted by using the same parameters values as in Fig. 4.
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Figure 3 Geometry of ring laser illustrating the layout contact:
IR, Iw,, I, indicate the current biases applied to the ring and to
the two output waveguide contacts, respectively .
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0

Figure 4 L- I curve of CW mode fora = 35,5 = 5 x 1073,
c=10"29=2x1073,ky, = ks, =327 x 1074k, =44 x 1072,
and k¢, = k¢, + 0¢. 0c = 0 (solid line) and o, = 2.2 x 103 (dashed
line).
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Figure 5 L- I curve of both modes. Parameters values of Figure 4
are conserved.

Figure 5 reveals that for high shift between the two conservative
backscattering coefficients, the laser operates only in unidirectional
regime. The existing mode is the one having the higher value of
conservative backscattering parameters. Fig. 5 also illustrates
a good correspondence with the experimental results of Sorel et
al. (M. Sorel and Laybourn 2002). Therefore we can note that
the experimental correspondence of conservative backscattering
parameters (k, ¢,) can be the current biases applied to the two
output waveguide contacts (I, w,). The higher value of conser-
vative backscattering coefficient of a mode corresponds to lower
current bias applied to one of the two output waveguides. The
disappearance (or death) of switching observed in Figs. 4 and 5
is sufficient to assert that (k,¢,) can be a control parameter for
switching phenomenon.

For a fixed value of dissipative backscattering parameter k;, =
kg, = 3.27 x 1074, and when varying the conservative backscatter-
ing parameter according to ¢ (ke, = 4.4 x 1072 and k¢, = k¢, + 0
) it is found that the gap between Q2 = |E{|? and Q,% = |E,|?
modes seen in bi-cw and bi-A0 regimes widens when o is in-
creased. We have also noted by increasing o, how the SRL acts to
suppress the bi-A0 regime as shown Fig. 6.

In Figure 6, when o is increased, the Q1 2% = |Eq,|? in bi-A0
regime narrows progressively. This reduction is due to the decrease
of maximum values and the increase of minimum values of each
mode simultaneously. In addition, the pump current () interval
for the bi-A0 shrinks (see Fig. 6.a to Fig. 6.c) when o is increased
and can definitely disappear (see Fig.6.d). Then, we have noted
that by increasing o, the switching between the two modes is not
suppressed, but it is observed just for high value of (). Now as
the mismatch in the dissipative backscattering is concerned, we
have found that using (k;, = kc,) and k;, = k¢, + o there is no
significant change in the SRL behaviour.
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Figure 6 L- I curve of mode 1 displaying the effect of increasing
oc on the bi-AO regime fora = 3.5,5 = 5 x 1073, ¢ = 1072,

¥ =103 ky, = kg, =327 x 1074 ke, =44 x 1072, k¢, = ke, + 0.
a)o.=0;b)o. =10"3;¢c)0, =1.7x 103 and d) 0, = 3 x 1073

CONCLUSION

This paper was devoted to the numerical investigation of semicon-
ductor ring laser based on the basic two-modes model with inclu-
sion of a parameter mismatch in the dissipative and conservative
backscattering parameters. By varying the conservative backscat-
tering parameter, it was demonstrated that the pump interval for
the bidirectional with alternate oscillationsregime shrinks and fi-
nally disappears for a given value of the dissipative backscattering
parameter. While the difference between the intensities of the two
counter-propagating modes were observed in the bidirectional con-
tinuous wave and bidirectional with alternate oscillations regimes
grows. The mismatch in dissipative backscattering coefficient has
no effect on the SRL behaviour. A good correspondence between
our numerical resultsof this paper and the experimental results of
Sorel et al. (M. Sorel and Donati 2002; M. Sorel and Laybourn 2002)
is revealed.
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