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A BSTRACT. Experimental results on transie nt phenomena in semiconductor lase rs 

are report ed. A travelling-wave rale equation model for the investigation of th e 

non -linear dynamics and ch aos in se miconductor lase rs is presented. The mode l 
includes Ihe effect s of defects wh ich aCI as oplicall y sa lurable absorbing cenlres. 
eXlernal cavi lY oplical feedback . and Ih e coefficie nl of spontaneous emission 
coupled inlo Ih e lasing modes . Num erical results a nd an alylica l solulio ns confirm 
Iha t the increasc of de nsi ty o f salurable absorbe rs decreases Ihe onse l frequency of 
pulsa tions. Furthermo re, these results provlde stro ng evidence o f chaotic dynamics 
in se miconductor lasers corpo ra ted with external cavity . 

1. Introduction 

Planar gain-guided multimode injection lasers are preferred to index-guided 
devices as a light source for low-to-medium capacity optical communication 
systems to avoid modal noise problems (Whiteaway 1982) . Among the most 
important issues on these lasers is the transverse mode contro\. The transverse 
mode instability, attributed to the deformation of laser gain profile, ca uses kinks 
in light output/current curves (Nakamura et al. 1981), and accompanied by 
anomalous lasing behaviours such as mode profile deformation and lateral shift 
(Botez and Herskowitz 1980) , self-pulsations (Peterman and Arnold 1982), 
intensity fluctuation (Kresel 1981), and deterioration of modulation characteristics 
(Lang 1977) . 

The foregoing non-linear dynamical phenomena of semiconductor lasers have 
been the subject of extensive theoretical and experimental investigations (Shore 
1987). However, it is now appreciated that such phenomena as self-oscillations 
may represent one form of quite general complex dynamical behaviour related to 
the appearance of optical turbulence or optical chaos (Boyd et al. 1986) . A 
remarkable aspect of the theoretical treatment of optical instabilities is the 
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reliance upon mathematical results which have been obtained in the recent past 
(Guckenheimer and Holmes 1983). Further developments in mathematical 
understanding of non-linear dynamical systems are required to explore the full 
range of optical instabilities (Adams 1987). 

In this paper, some experimental studies on self-sustained pulsations (SSP) 
behaviour and transient effects in semiconductor lasers are reported. These data, 
together with other results which have appeared in the literature (Compbell and 
Abbot 1980; Channin et al. 1979; Haramitsu 1981; Hartman et al. 1979; Su 1981; 
Vander Ziel1979 & 1981), enable us to establish a theoretical model to discuss the 
non-linear phenomena. 

2. Experimental Results 

The basic device characteristic curve is the light output-current (L-I) as shown 
in Fig. 1. It can be seen from the figure that the kink observed at a power level well 
above threshold. Kink has been associated with mode shift towards the stripe edge 
(Azawi and Abbas 1987) . Below the kink, regions of self-sustained pulsations 
(SSP) were found, and the onset frequency of pulsations was current dependent. 
The onset frequency of pulsations in the first region was few MHz increasing when 
going to the next region and quenched near the kink . 

Fig . 2 shows a pulse distribution of the laser output inside the region of SSP. 
This type of pulse height distribution analysis was performed by the series 30 MCA 
(Multichannd Analyzer) during data acquisition. It is clearly seen from the figure 
that the incident light from the laser generates a pulse train from the detector to 
the series 30 which is a time - random mixture of pulses of all possible amplitudes. 

At sufficiently higher pumping rate (1.31 I,h) beyond the kink, pulse 
distributions were recorded as shown in Fig. 3. In comparison with Fig. 2 , the 
distributions are narrower, i.e., few amplitudes which are proportional to the 
energies of incident light that was absorbed by the detector. The spectral peak 
shifts with the biasing current as can be seen from Fig. 3. 

The shift of peak energy with the current above threshold is plotted in Fig. 4. 
It is evident from the graph that many variations in the curve declivity occurring 
from the onset of SSP to the kink. At (1.31 I'h) and above the curve has a steady 
inel ination. 

3. Theoretical Analysis 

The experimental results presented above provide good evidence that 
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self-sustained pulsation origInate from ddects in the laser cavity which act as 
optically saturable absorbers . A small amount of external optical feedback can 
greatly influence the induced-noise resulting from chaos (Azawi and Thomas 
1985) . Fluctuations in photon density during pulsations are caused by photon 
absorption in optical saturable centres . The theoretical analysis based on the 
saturable model will be presented. The good agreement between theoretical 
predictions and the experimental results gives support to the model assumed. 

Pulse Height Analysis (PHA) at SSP 

300 

250 

~ ·c 
~ 

200
.0 

~ 
~ 
iii 
c 
Q) 

E 150 
:c 
Ol 
:.J 

100 

50 

OL-~L-~____~______ ____~ ~______~ ~L- ____ ____ 

30 40 50 60 70 80 90 

MCA Channel Number 

Fig. 2. Pulse height analysis (PHA) of the laser output at the onset o f SSP. 
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3.1 Rate equations: 

The single-mode rate equations for the densities of injected electrons (n) , 
photons (s), and saturable absorbers (N) are given as follows (Chik et al. 1980; 
Wong and Carroll 1987) : 

dn J n FcB 
- As (n - no) ----c- s(t-.)n (1)CIt ed 'sp 

ds s j3n Fc
As (n-no) + + ----c- s(t-.) (2)

dt ' s 'sp 

dN No-N - CoNs (3)CIt 'a 

where J is the current density, d is the active layer thickness, e electronic charge, 
' sp and 's are the spontaneous and stimulated lifetimes , A & B are constants , no 
minimal carrier density, F fraction of light fed back to the laser, c speed of light, L 
external cavity length, • roundtrip time of the external cavity , and j3 is the fraction 
of the spontaneous emission coupled into the lasing mode . The term 0 N 
represents the coefficient of loss contributed by the saturable absorbers where 0 is 
the effective capture cross section. No is the density of saturable absorbers in the 
laser cavity and 'a represents the average lifetime that the absorbers have in their 
excited state. 

3.2 . Steady state solution 

Single-mode rate equations are adopted for analysis as found experimentally 
that lasers with essentially a single dominant mode pulsate as do multimode lasers 
(Chik et al. 1980). The steady state solution of the coupled rate equations provides 
useful insights into the basic principles of the laser. The result from steady state 
solution is: 

1 Fc 
n = no + 

A·s AL 

where we have neglected the spontaneous emission rate term. It is clear that the 
electron density above threshold is dependent on F. Increasing the photon 
population by feedback inside the cavity depletes the electron concentration. 
Also, the gain coefficient, which is a function of injected carrier concentration, 
will not saturate at and above threshold . 
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3.3 . Transient solution 

A pumping step current was used in the computation to turn on the laser to 
what will become steady state values 0 and 5. During the transience the electron 
and photon population deviate from their mean values in the form: 

6n=n-o (4) 

6S=S-5 (5) 

and using the Taylor expansion to the first order for the transition rates around 
equilibrium values as; where adopted: 

a R SI a RSI 
RSI RSI + 6n + 6s (6)

on as 

a Rsp 
R sp Rsp + 6n (7)

an 

Using equations (6) and (7) in the rate equations and with the solution in form 

6n = (6n)0 exp [-(a - iWR) t] (8) 

yields the expression for intrinsic resonance frequency above threshold: 

_ {_l_ (_J_ + f3) _ ~ [(_1_ (_J_ + 1) + FLCB )lT/2 (9) 
Lstsp J lh 4 LSp J lh 

where J lh is the threshold current density. 

The resonance frequency is seen to increase with the decreasing carrier and 
photon lifetimes, and to increase with current density above threshold. The effect 
of saturable absorbers is to reduce the SSP to a damped relaxation oscillation with 
external optical feedback at constant pumping rate. It also indicates that, W R is 
affected by L, the external cavity length. 

3.4. Numerical Solution 

It is convenient to work with reduced rate equations after normalizing the 
various quantities in equations (1-3), we obtain: 

dn' . , '( / /) B' / /-=J-n-s n-no-l( sn (1)'
dt 
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ds' 
dt '= ex [s' (n' - nO - 1) + I3n'N] + 1( s' . sp (2)' 

dN* N'b N* coN*s' 
(3)'Cit A 

With the values: 

j = A . s .sp (lied) 

1( = FelL 

B' = BIA 

To investigate the frequency characteristics of the laser diode under modulation, 
the transfer function should be evaluated and the driving current be replaced by 
the sum of dc bias and modulated component, as: 

j = jo + 6 j ' exp (i wmt), (10) 

where Wm is the angular frequency of modulation . 

Solving normalized rate equation for first-order perturbation , the diode transfer 
function (the ratio of photon density and modulated component of current) can be 
found: 

ex (s + 13) 
H(w)= 

[fi(l +1( B') - no] [ex (S + 13)] (11) 
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When a modulated component of the current is applied to the laser , high 
frequency chaos will occur (as we will see) because high-frequency components 
are highly amplified compared to the low-frequency components. 

4. Results of Theoretical Analysis 

We will use the equations derived in previous section especially the 
expressions for relaxation osciJlation and modulation depth to make a theoretical 
investigation of the effects of the saturable absorbers, optical feedback, and the 
spontaneous emission coefficient on the non-linear dynamical behaviour of the 
laser. We will allocate reasonable values to the some of the parameters involved to 
obtain quantitative results and we will not attempt to fit the theory in detail but we 
will show the general way in which the important parameters affect the laser 
behaviour. 

4.1. Values of parameters 

Typical values of laser parameters used in this investigation a re summarized 
in Table 1. The values of (Ga, AI) As laser were taken from (Wong and Carroll 
1987). For the saturable absorbers, No, 0, and Ta used in the numerical simulation 
are taken from (Chick et al. 1980) . The values of F & L are taken as variables 
covering the ranges observed in the laser studied. 

4.2. Pulsations 

Firstly , we will calculate the oscillation frequency and its variatioll with 
pumping rate for two values of i3 neglecting feedback and saturable absorbers as 
shown in Fig. 5 . It is indicated that i3 introduce pronounced noise (chaos) peaks in 
frequency regions where optical communication systems operate. The contribu­
tion of spontaneous emission into the oscillating frequency exhibits a strong 
ringing since every modulation pulse causes relaxation oscillation and will affect 
the pulse code modulation in Gbit/s. The effect of optical feedback on the noise 
character of the laser diode is plotted in Fig. 6. It has been noted that the external 
cavity, under proper conditions, can considerably increase the lifetime of the 
photons inside the laser cavity and therefore lead to a decrease in the intrinsic 
frequency (Chen 1980), and the noise frequencies are related to the round-trip 
time of the external cavity . In Fig . 6 we plotted the calculated curves for zero 
feedback and for 5% of the light fed back into the laser cavity. One can see that 
the calculated curves reflect the effect of feedback at small pumping rates. 

Fig. 7 shows the oscillation frequency plotted as a function of pumping rate 
for different values of No (density of saturable absorbers). The results obtained 
here using the model described by the rate equations suggest that the sustained 
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pulsations could be caused by saturable absorbers with density greater than 2 x 
1015 3cm- . 

Plot of FR vs. J/J'h 
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Plot of FR vs. J/J'h 
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Fig. 6. Oscillation frequency against pumping rate as a function of F (fraction of light fed back) . Solid 
curve for F = 0 and dashed for F = 5% & L = 5 cm. 

Fig. 8 shows the oscillation frequency as a function of saturable absorbers for 
two different values of bias current. For lower values of No, the oscillation is 
damped and the frequency is close to the relaxation oscillation, i.e ., at No = 0, 
But, as No increases the oscillation frequency decreases and becomes sustained 
oscillation. 

1.5 
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Table I. Parameter values used in this calculation 

Parameters Symbol Values 

Active layer thickness 

Laser cavity length 

Carrier lifetime 

Photon lifetime 

Minimal carrier density 

Density of saturable absorbers 

Effective capture cross section 

Absorbers lifetime 

d 

L 

o 

0.1 !-1m 

250 ~m 

3 nsec 

3 psec 

1.0 x 1024 m - 3 

2.0 x 1021 m- 3 

1.0 x 10- 18 m2 

10 nsec 

Keeping the bias current fixed (l/J th = 1.5) and varying F, the fraction of light 
fed back to the laser cavity, the obtained values then plotted as in Fig. 9 . It can be 
seen that when the amount of light fed back to the laser was decreased, the 
induced-pulsations due to feedback quenched to relaxation oscillation, which 
indicates that self-sustained pulsation may arise due to the presence of induced 
losses (saturable absorbers) in the laser cavity depending on the increase of photon 
density as a result of feedback. Another parameter that affect the frequency of 
self-sustained oscillation is the fraction of spontaneous emission coupled to lasing 
mode, 13. When 13 decreased the oscillation frequency continues to decrease in 
frequency at a more decreasing rate than before. 

4 .3. Laser Modulation 

The frequency modulation of the laser is affected by the value of 13 as 
indicated in Fig. 11. When spontaneous emission (noise) was coupled to the lasing 
mode, the diode transfer function "modulation depth" was decreased and the 
resonance frequency was also decreased . These plots can be used to qualitatively 
analyze the frequency response of the laser diodes and indicate that high­
frequency ringing will occur if modulated at this region . 

Fig . 12 shows the plot of laser modulation depth against frequency of different 
values of F. A great deal of laser modulation was decreased as F increased, as can 
be seen from the graph . Although more photons will be in the laser cavity as a 
result of optical feedback but the optical induced losses will deplete the photon 
density and decrease the transfer funstion. 

5. Conclusion 

Chaotic behaviour of semicondustor laser have been studied experimentally 
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Variations of FA with J/J," 

1950 

1900 

N 
I 

~ 
>. 
u 
c 
Q) 
~ 
cr 1850 ~ 
u.. 
u 
·iii 
c ·c 
E 

1800 

1750 

1.1 	 1.2 

Normalized Current 

Fig. 7. 	 Solid curve shows the oscillation frequency for saturable absorbers of density No = 2 .0 X 10'5 
cm - J (F=5% & L=5 cm) . Dashed curve for No=O. 

and theoretically. From experimental results we have observed that the onset of 
self-sustained pulsations at low optical power level and quenched near the kink . 
The results obtained suggest that the pulsations could be caused by saturable 
absorbers. In this investigation we have developed a theoretical model which can 
account the effects of saturable absorbers, optical feedback and spontaneous 
emission on the observed non-linear behaviour of the lasers studied. The 

1.3 
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Variations of Frequency with Absorbing Centres 
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Fig. 8. Oscillation frequency against absorbers density for two values of bias current (normalized to 
the threshold current J th). F = 5% , L = 2 cm & 13 = 1O~4 . 

spontaneous emission can affect the transient response of the laser and contribute 
to the ringing effects . The optical reflection from an external cavity introduce 
pronounced noise on the laser dynamics and suggest using optical isolators 
between the laser diode and transmission lines in optical communications 
operating in the region where affected by F . Based on our model we have been 
able to estimate the density of saturable absorbers that are sufficient to shift the 
pulsation frequency or quenching them . 
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