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ABC-model analysis of gain-switched pulse characteristics
in low-dimensional semiconductor lasers

Xumin Bao, Yuejun Liu, Guoen Weng, Xiaobo Hu, Shaoqiang Chen

Abstract. The gain-switching dynamics of low-dimensional semi-
conductor lasers is simulated numerically by using a two-dimen-
sional rate-equation model. Use is also made of the ABC model,
where the carrier recombination rate is described by a function of
carrier densities including Shockley — Read—Hall (SRH) recombi-
nation coefficient A, spontaneous emission coefficient B and Auger
recombination coefficient C. Effects of the A BC parameters on the
ultrafast gain-switched pulse characteristics with high-density pulse
excitation are analysed. It is found that while the parameter 4 has
almost no obvious effects, the parameters B and C have distinctly
different effects: B influences significantly the delay time of the
gain-switched pulse, while C affects mainly the pulse intensity.

Keywords: rate equation, gain-switching, Auger recombination, semi-
conductor laser.

1. Introduction

Compact, stable, low-cost and short-pulse semiconductor
lasers have a wide range of applications such as laser systems,
optical measurements, LiFi systems [1,2], integrated optics
and optical storages [3—5]. Quantum-well or quantum-dot
based low-dimensional semiconductor lasers have the advan-
tages of low threshold and controllable lasing wavelength
[6-9], and short pulses generated by semiconductor lasers
under gain-switching operation have the advantages of low-
cost and tunable operation frequency [10—12]. Although the
gain-switching technique has been widely studied [13-16], it
is still not well used in real applications due to the low power
and long pulse duration (several tens of picoseconds) [11,17].
In order to promote their applications, gain-switched semi-
conductor lasers should generate short pulses with high power
and short duration, which is generally achieved under high-
density pulsed current injection [14,18,19] or pulsed optical
pumping [15, 16,20].

Carrier recombination processes play an important role in
the optical properties of optoelectronic materials and devices.
It is reported [21,22] that the external quantum efficiency
drop mechanism in GalnN/GaN LEDs with high current
injection is likely caused by Auger recombination processes
rather than by the dislocation density. It is also reported [23]
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that Auger recombination can strongly increase the threshold
current and limit the power conversion efficiency of high-
power GaN-based lasers. In order to understand and con-
sequently improve the performance of high power semicon-
ductor lasers, it is of great importance to study the effects of
carrier recombination processes on the lasing performance
of semiconductor lasers with high output powers.

We have previously constructed a two-dimensional semi-
conductor laser rate equation model including gain saturation
effects to simulate and analyse the gain-switching properties
of semiconductor lasers [20,24]. The practicability of the
model has been well demonstrated with successful design and
product of 2-ps short pulses via gain-switched semiconductor
lasers [16,20]. In that model, the carrier lifetime was assumed
to be constant during gain-switching, and the separate effects
of the 4 BC parameters [Shockley—Read—Hall (SRH) recom-
bination coefficient 4, spontaneous emission coefficient B and
Auger recombination coefficient C] as functions of carrier
density were not taken into account.

In this paper, in order to investigate the effects of the
ABC parameters on the pulse generation dynamics in gain-
switched low-dimensional semiconductor lasers with high
density excitation, we modified the single-mode rate equation
with the ABC model, and then analysed gain-switching
characteristics of semiconductor lasers with different 4BC
parameters. We demonstrated that the delay time, pulse
intensity and full width at half maximum of gain-switched
output pulses can be affected significantly by the sponta-
neous emission coefficient B and Auger recombination coef-
ficient C. Temporal evolutions of the photon density and
carrier density with different values of the ABC parameters
were also presented for in-depth understanding of the influ-
ence of the parameters.

2. Simulation model

We use the following rate equation including ABC parame-
ters for simulation [24, 25]:
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where s?P is the two-dimensional (2D) photon density for all
active layers; n°P is the 2D carrier density per single active
layer; 7pomp is the time-integrated injected carrier density per
single active layer; £(¢) is the normalised time trace of the
pump pulse; m is the active layer number; I'is the confinement
factor; v, is the group velocity; g(gs, gos n3P) is the nonlinear
material gain model defined by a function of g, (saturated
gain), g, (differential gain) and n3® (transparency density);
7, is the photon lifetime; ¢ is the gain compression factor; and
B is the spontaneous coupling factor.

In the numerical simulations, we used the following
parameters: 73° = 0.7x10'2 cm™; npony = 2.94x10'2 cm 2,
which is 10 times greater than the threshold value; 7, = 3.7 ps;

Table 1. Values and the variation range of simulation variables.

Parameter Variation range
e=0 (0-0.15)x 102 cm?
gs=1100 cm™ 103016950 cm!
g0=13x10"cm (1-15)x10~° cm
A=45%x100s"! 106-107 571

10710 cm?s7!
108-10" cm?* 5!

B=231x10"cm?s™!
C=73x10"%cm*s™!

v, = 8.57x107 cm ps!; and = 5.0x107. A Gaussian func-
tion with a pulse duration of 2 ps is assumed for &£(7) as a
pump light source. We varied the variables respectively in the
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Figure 1. (Colour online) (a—c) Temporal evolution of normalised photon density and (d—f) output waveforms at different values of €, g; and g.
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fixed range shown in Table 1 to investigate their effects on
gain-switched pulse characteristics [21,24,26—-29].

3. Results and discussion

The effects of ¢, g, go, A, B and C on gain-switched pulse
generation are first investigated. Figures la, 1b and lc show
the 2D plots of the temporal evolution of the photon density
with continuously changing ¢, g, and g, the intensities of the
images indicate the normalised photon densities. Figures 1d,
le and 1f show the plots of the output pulse waveforms with
certain different values of ¢, g, and g, corresponding to
Figs la, 1b and Ic, respectively. Figure la shows that ¢ has

almost no effect on the delay time of the pulse, but mostly
affects the pulse width by changing the falling part of the
pulse, more clearly, by modulating the high photon density
part (peak of pulse) as shown by Fig. 1d. Figure 1b shows that
g, significantly affects the delay time in a large time region.
From the plot in Fig. le, we can see that g, affects not only the
delay time but also the rise time of the pulse, and therefore
the pulses became sharper at the rising edge with increasing g,.
Figures lc and If show that the pulse shape can be also
changed by varying g, but not so obvious compared with g.
By comparing Fig. 1e with Fig. 1f, it can be seen that the pulse
width can be changed significantly; however, it is hard to
change the pulse width by changing g, once g, is fixed. These
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Figure 2. (Colour online) (a—c) Temporal evolution of normalised photon density and (d—f) output waveforms at different values of 4, B and C.
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results are in good agreement with the previous results [24],
where saturation effects and average carrier lifetime were used.

Figures 2a, 2b and 2¢ show the photon-density normalised
2D plots of the temporal evolution of the photon density with
continuously changing parameters A, B and C. Figures 2d,
2e and 2f show the plots of the output pulse waveforms
with certain different values of 4, B and C. It follows from
Figs 2a and 2d that 4 hardly affects the pulse intensity and
the characteristics of the pulses. Figures 2b and 2e show
that the pulse delay time decreases with increasing B, while
keeping the intensity and pulse width hardly changed. On the
contrary, Figs 2c and 2f demonstrate that C significantly

affects the pulse intensity, while hardly affects the delay time
and pulse width. Therefore, we can roughly summarise the
effects of 4, B and C on the pulse characteristics: A nearly
has no influence on the pulse delay time, pulse width and
intensity; B can significantly affect the delay time; and C can
significantly affect the intensity. The effects of B and C are
distinctly different.

Next, in order to have a further understanding of the
influence of B and C on gain-switching dynamics, we analysed
the temporal evolution of carrier density, photon density and
gain. Figure 3 shows the typical time evolutions of carrier
density, material gain and photon density during a cycle of
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gain-switched pulse generation with different values of B
and C. One can see from Figs 3a and 3c that, after the 2-ps
pumping process, the carrier density drops smoothly before
the pulse generation process. This phenomenon is caused by
both radiative recombination and nonradiative recombina-
tion. In ABC model, the differential carrier lifetime 7y is
given by 1/zgs = A + 2Bn + 3Cn?. It shows that under higher
carrier density, the effect of Auger recombination becomes
more significant and carrier lifetime becomes shorter; there-
fore, the carrier drop with higher values of C is faster, which
causes a lower peak intensity of the pulse as shown in Fig. 3c.
Figure 3a shows that increasing B does not have obvious
effect on the carrier-density drop but can cause a decrease in
the delay time of pulse generation. This result can be under-
stood as the initial photon density generated by spontaneous
emission is higher with high values of the parameter B, and
the rates of photon generation are at a relatively high level so
that the stimulated emission process starts earlier. Figures 3b
and 3d show the plot of photon density and gain as functions
of carrier density. In Fig. 3b, the curves overlap well even at
different values of the parameter B, which indicates that B
hardly affects the gain-switching dynamics and the intensity
of the generated pulse. In contrast, Fig. 3d shows that increas-
ing C affects the gain-switching dynamics obviously by
decreasing carrier density and accordingly decreasing optical
gain, resulting in a decrease in the peak intensity of the pulse.

More detailed analysis of the temporal characteristics is
shown in Figs 4 and 5. Figures 4a—4c and 5a—5c¢ clearly
demonstrate that B only affects the delay time, and does

not have obvious effects on the carrier density dependence
of pulse width and photon density. Figures 4d—5f and 5d—5f
clearly show that C mainly affects the output power of the
pulses, and does not have significant effects on the carrier density
dependence of delay time and pulse width. This phenomenon
is attributed to the fact that the increasing spontaneous
emission enhances the initial photon density and the effect of
Auger recombination on carrier lifetime is a three order term.
One can also see from Figs 5f and 2f that the effect of the
parameter C having a value of no less than 107'® cm* 57! is
insignificant. Thus, in designing semiconductor lasers for
gain-switched short-pulse generation one should keep the
parameter C less than 1078 cm* s

4. Conclusions

We investigated the effects of carrier recombination coeffi-
cients on gain-switched short-pulse-generation characteristics
in low-dimensional semiconductor lasers under high carrier
density through a rate-equation model including the ABC
model. The results showed that the radiative recombination
coefficient B has a strong impact on the delay time of the
gain-switched-pulse, while the Auger recombination coeffi-
cient C has a strong impact on the intensity of the gain-
switched-pulse. In order to obtain ultrashort and ultrafast
optical pulses with high peak power, it is useful to suppress
the Auger recombination and increase the radiative recombi-
nation coefficients in the design and fabrication of semicon-
ductor laser for gain-switching operation.
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