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Abstract

A review is presented of a range of investigations of the CW, self-pulsating and exci-
table behaviour of blue-violet InGaN lasers with different designs of saturable absorber. Bi-
furcations have been identified that are the origin of the phenomena and different device de-
signs are considered that are intended to control the laser behaviour in BD applications. It is
found that the properties of the saturable absorber strongly affect the self-pulsation and excit-
ability properties of the lasers. The influence on laser dynamics of other device and material
parameters has also been investigated. Very encouraging agreement between the results of
numerical calculations and the experimental data on self-pulsating laser operation is demon-
strated.

1. Introduction

During the recent years, violet InGaN lasers have received considerable attention for
applications in high-density optical disk storage and optical data processing. In particular,
laser diodes operating at a wavelength around 400nm are required for Blu-ray Disc (BD) sys-
temsif disk storage capacity isto be increased up to 25 Gbytes (see Figure 1). BD isthe name
of a next-generation optical disc format. The format offers more than five times the storage
capacity of traditional DVDs[1]. Much progressin the developments of violet-blue lasers has
been made since the first operation of such a laser was reported by Nakamura et. al. [2, 3].
Meanwhile, several groups have reported continuous-wave (CW) operation at room tempera-
ture using different fabrications methods [4-8]. Recently, violet laser diode performance has
been improved and the lifetime has been extended to over 15000h and 400nm CW laser dio-
des (LDs) are aready available commercially [9]. However, since the early investigation by
Nakamura [10], self-pulsating violet LDs have neither been reported nor studied in detail.

A laser is considered to produce self-pulsation (SP) if the output is a periodic train of
pulses for a constant injected current. The phenomenon of SP in semiconductor lasers, has
been found to be effective in reducing mode hopping noise and also optical feedback noise in
optical disk systems (compact disk and video disk players etc.) [11-13]. Also the modal noise
in multimode fibre links and communication systems (multimode fibre communication net-
works, and optical interconnects) is reduced by self-pulsating operation. Recently, self-
pulsating lasers have been used for optical clock recovery, which is a key functionality re-
quired for optical signal processing [14-16]. Self-pulsating operation is achieved mainly with
two types of lasers; lasers with a saturable absorber (absorptive Q-switching) [17,18] and the
more recent multi-section DFB lasers (with dispersive Q-switching and mode beating)
[19, 20]. In the latter case, very high frequencies can be achieved (up to 100GHz) and the fre-
quency can be tuned electrically and continuously over awide range [21].
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Excitability and coherence resonance are rapidly expanding topics in optics, having
been initially studied in biology [22] and chemistry [23]. Recently the phenomenon of excit-
ability has been predicted to occur in optical devices such as cavities [24, 25], different types
of lasers [26-28] etc. and convincing experimental evidence of excitability in a laser with a
short external cavity is reported in [29]. In addition, an experimental investigation of the ex-
citable properties of a solid-state laser with an intra-cavity saturable absorber (SA) is reported
by Larotonda et a [30].

In this review, we focus on an investigation of the phenomena of SP, excitability and
coherence resonance of blue-violet InGaN lasers with different SAs. These investigations ex-
tend and complement previous studies of blue laser dynamics [31-36]. It is shown how diffe-
rent laser structures can be used to control device behaviour and the dependence of SP and
excitability on laser geometry. The structure of the paper is as follows. In Section 2, we pre-
sent the laser structure, the physical model and the equations for the case of the SA layer
grown parallel to the active region. Numerically simulated results and experimental data of a
self-pulsating InGaN laser are presented and good agreement between the measured and cal-
culated characteristics of InGaN lasers SP is demonstrated. Also in Section 2, we study how
the laser and material parameters influence the laser dynamics and show that excitability can
occur. Section 3 is devoted to a presentation of laser designs and a model of a tandem blue
laser. The simulation results and discussions presented are based on single mode rate equa-
tions. Finally, conclusions are given in Section 4.

2. Bluelaserswith saturable absorber
2.1. Model and equations
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Figure 1. The dependence of storage capacity of disks on the laser wavelength.

Figure 2 is a schematic diagram of the type self-pulsating laser structure considered,
which is based on lasers that have been fabricated in practice [37, 31]. The device consists of
an InGaN active layer and a p-type InGaN layer acting as a saturable absorber. The active
layer is composed of 6 quantum wells (wells of 1ngo7GaggsN; barriers of 1ngp2Gao.gsN), while
the saturable absorber consists of a single quantum well. The thickness of the saturable ab-
sorber is set in the range 1nm to 3nm. Most of numerical calculations reported in this paper
have been carried out for lasers with a SA of 3nm thickness because a thin layer is preferable
to prevent alarge threshold current. On the other hand, an excessively thin SA layer substan-
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tially reduces the operating range of the SP. The p-type AlGaN layer is intended to suppress
carrier evaporation between the active region and the SA [37].

p -electrode

Si0,

p -Al,,Gay N
p -GaN

p-mGaN SA ———_
p -Al,,Ga,,N

/o

4 i 2 f 4

e
3 1 3

InGaN active ? ; 7
n -GaN L

b

n -electrode

Figure 2. Schematic illustration of a blue-violet InGaN laser with a saturable absorber [37,32].

The model used in this paper was first proposed by Y amada [38, 39]. The equations of
laser operation are

%z[zaiéi(l\li_Ngi)/\/i_BS_Gth:|S+MZai§iNi/\/i 1)
dN __ad \ _ _Ne ﬁ_& (i —1y)
oy NS T§+§(TH Tt J @)

wherei and j label the layers of the central and outer regions, respectively (see Figure 2). Sis
the photon number, N; is the injected carrier number in the central region i, and N; is the same
in the outer region j. a, is the differential gain coefficient, &, is the field confinement ratio,
N is the transparent carrier number, 7 isthe carrier lifetime, and Tj; is an equivalent lifetime
giving the carrier diffusion from region i to j. I; gives the carrier injection from region j to i,
M is the equivalent total number of longitudinal modes M = Awn, L/2c[40] and V, is the

volume expressed by V. =W.d. L, where L is the laser length, and di and W are respectively
the thickness and width of region i. B isthe gain saturation coefficient B=B_ (N - N, )where
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in which n; is the refractive index, which is calculated by the first-order Sellmeier equation
n = \/bl + A2 1(/*-b,) , where by and b, are the fitting parameters (b;=4.37 and
b,=8.76x10'm?). A, is the central wavelength of the laser, R, is the dipole moment, and 7,

Is the intra-band relaxation time. The other parameters correspond to the active region (i =1).
The threshold gain level Gy, is given by

Gthzi[k+iln L J @)
2L RR,

where R; and R, are the reflectivity at the front and the back facets, respectively. k is the loss
coefficient. Parameters used in the calculations of Figures 3-10 are as shown in Table 1.

Table 1. Parameters used in numerical calculations

Symbol | Definition Value & units
Activeregion SA
a Differential  gain coeffi- | 1.85 x10™° m’s* | 13.0 x10m°’s™
cient
Ny Transparent carrier density | 1.4x10°m"™ 2.6x10”°m"
Ts Carrier lifetime 1.8-2.0ns 0.1ns
d Thickness 18nm 3nm
w Width 2.0um 2.0um
Other parameters
k L oss coefficient 15cm™
I Leak current 0.35I
Rp Reflectivity at back facet | 0.95
Rs Reflectivity at front facet | 0.20

2.2 CW and self-pulsating operations

As mentioned in section 1, SP can play an important role when semiconductor lasers are
used to read optical-storage disks because self-pulsating lasers are less sensitive to optical
feedback. As aresult, the use of SA to produce self-pulsating operation has been investigated
for many years in stripe-geometry lasers [41-43] and in double-section laser diodes [44]. Re-
cently, dispersive switching mechanism has been used to describe SP in multi-section dis-
tributed feedback (DFB) lasers [45-47]. A lot of effort has been devoted to explaining the
phenomenon and several models have been developed, which predict SP as well as other
kinds of behavior, such as bistability, excitability and chaos. However, in general, the physi-
cal mechanism of SP for lasers with a saturable absorber is the following [38]. In the absence
of photons in the active region, the electron density there is increased by injected current;
when the electron density approaches threshold, photons start to be generated and are ab-
sorbed in the absorber; hence the electron density in the absorber is increased, the photon ab-
sorption rate is reduced and the photon density is increased further; the electron density in the
activeregion is then reduced as aresult of stimulated emission and laser operation ceases. The
process then repests itself, which in semiconductor lasers produces pulses with a typical fre-
guency of the order of severa gigahertz.

In particular, it has been shown [37, 31] that in the case of alaser with a 650 um cavity
length, SP can be achieved experimentally for an injected current in the range from 163 to 220
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mA with a frequency range of 1.6 to 2.25 GHz. A typical experimental oscilloscope trace is
shown in Figure 3(a) for SP, which was almost stable during the 1.6 ps pulse duration of the
injection current. Figure 3(b) shows the calculated pulse trace for the same laser with an in-
jected current of 185 mA. The frequency of the pulsation shown in Figure 3(b) coincides with
that of Figure 3(a) and is approximately 2 GHz.

Qutput

U U

time 1ns /div time 1ns /div

(a) (b)

Figure 3. (a) Measured [37], and (b) calculated [31] pulse traces of a 650-um cavity length laser
with 185-mA injected current. The other parameters are asin Table .

The predicted region of self-pulsation is shown in the plot of laser cavity length versus
injected current shown in Figure 4. The solid line indicates the position of a Hopf bifurcation,
which gives the boundary between CW and self-pulsating operation. This line has been calcu-
lated using equations (1)—5) with InGaN laser parameters (see Table 1). The dashed line
shows the threshold current. The experimentally determined ranges of the self-pulsation for
different cavity lengths are indicated with dotted lines terminated by block sgquares. In the
case of the laser with a 650um cavity length, the upper limit of 220mA is actually that of the
current generator used, rather of the SP. It is clear from the figure that experiment and theory
generally agree very well. The main conclusions are that the foolowing: 1) The self-pulsation
region increases with cavity length; 2) A shorter laser cavity length gives a lower threshold
current and eventually leads to the disappearance of the SP region; 3) The cavity length range
from 350 to 650um can be considered to be suitable for SPin the InGaN lasers.

We next examine the laser dynamics in terms of bifurcation diagrams. A typical calcula-
tion of bifurcation for the periodic solution is shown in Figure 5, which shows the dependence
of peak photon number on injected current. When the injected current isincreased, CW opera-
tion is observed (thin solid line) from just above the threshold current but pulsations begin
when the Hopf bifurcation (marked by acircle) is reached. This behaviour differs from that of
other self-pulsating lasers reported in [38, 48, 49], where the self-pulsation starts at the
threshold current. In the previous work, the carrier lifetime in the SA region is assumed to be
the same as that in the active region. However, the carrier lifetime of the SA region in this
paper is set to be 0.1 ns, which is much smaller than 2.0 ns in the active region but isin line
with experimental observation and is believed to be caused by piezoelectric and tunnelling
effects, in the single-quantum-well structure [37, 50, 51]. After the Hopf bifurcation the pul-
sation amplitude reaches a maximum and then declines eventually disappearing at the upper
Hopf point. Both Hopf points are supercritical.
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Figure 4. Self-pulsation region in the plane of the
laser cavity length vs injected current. The dashed
line indicates the threshold current. Experimentally
measured ranges [37] of the self-pulsation are indi-
cated with dotted lines terminated by block squares.

Figure 5. A bifurcation diagram for a laser
with a 500um cavity length. The other pa
rametersare asin Table 1.

In order to estimate the SP frequency, numerical smulations were carried out in the
parameter plane of cavity length versus injected current. The results are shown in Figure 6,
where the darker regions correspond to SP and the white region to CW operation or no lasing. It
can be clearly seen how the SP frequency changes in the plane of the two parameters and, in
particular, how for afixed injected current the pulsation frequency becomes higher as the cavity
length is reduced.

In addition, we can consider the influence of other device and material parameters on
the laser dynamics. Figure 6 (b) shows the frequencies calculated for the SP region in the pa-
rameter plane of SA and active region differential gain coefficients. The laser cavity length is
500um, the injected current is fixed at 100mA and the other parametersfixed asin Table 1.
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Figure 6. Calculated variation of the SP frequency in the plane of different parameters: a) the
cavity length vsinjected current, b) SA vs active region differential gain. For case b) the injected cur-
rent isfixed to 100 mA. The other parameters are asin Table 1.
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First we consider the possible variation of differential gain in the active region and in the SA.
Note that the white background again corresponds to non-lasing or CW operations.

For aaive<l.0x10?m’s? the laser shows CW, but not SP, operation. FOr aive >
1.0x10”m’s* SP is possible but exceeding a critical level of differential gain in the active re-
gion is not a sufficient condition to get SP since its existence also depends on the level of differ-
ential gain in the SA. It is apparent from Figure 6(b) that the SP frequency increases with the
differential gain coefficient in the active region but a corresponding increase in the differential
gaininthe SA isnecessary if SPisto occur.

Next, we investigate the influence of different parameters on the SP. It has been estimated
[2, 3] that the carrier lifetime in an InGaN multi-quantum well laser diode is typically between
1.8ns and 3ns. In our calculations we have used 2ns in the active region but the same value is
considered to be very large for the SA. It is also worth noting that SP has been seen [37] in an
InGaN laser with a very short SA carrier lifetime but not in devices with large SA carrier life-
time. With regard to measurements relevant to SAS, it has recently been found that the quantum
well carrier lifetime drastically decreases from 2.5ns to 2ps with increasing reverse bias [50].
This decrease has been attributed to carrier escape by tunneling through tilted barriers. Also, a
room temperature study of the dependence of carrier lifetime on well width in an InGaN single
quantum well [51] found the carrier recombination to be dominated by nonradiative processes.
Within the quantum well thickness range from 1nm to 6 nm, the carrier lifetime was found to
increase from 180ps to 340ps. In this paper a SA carrier lifetime of 0.1 ns has been used unless
otherwise stated. However, in Figure 7(a) we examine the effect on SP of varying the carrier
lifetimes in the active region and the SA for two values of SA thickness ds,, while keeping al
other parameters with the values given in Table 1.
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The results predict that when the carrier lifetime in the active region is smaller than 1.5ns,
only CW operation occurs and that a large 15 in the active region requires arelatively low value
of the carrier lifetime in the SA for SP operation to occur. In Figure 7b we show the corre-
sponding diagram (with dsa = 3nm) for two different values of the optical loss coefficient:
k =15cm™ (solid line) and k = 20cm™ (dashed line). It can be seen that an increase in the
loss coefficient results in a substantial shrinkage of the SP region.

Now we consider the influence of the SA thickness dsx on the laser properties. The
thickness of the SA affects the field confinement factor, the carrier lifetime, and the carrier
overflow. Figure 7c shows the SP region in the parameter plane of cavity length versus the
injected current for different values of thickness of the SA. The lines in Figure 7c¢ represent
the boundaries between the CW and SP regions. The variation of the thickness from 1 to 3 nm
is considered to be appropriate for our fabricated lasers. For the thinner SA, the SP region
becomes much smaller. This behaviour can be explained by recognizing that the decrease of
the SA thickness results in a smaller optical confinement factor. A reduction of SA thickness
also leads to a lower threshold current. Thus, we conclude that thinner SAs imply lower
threshold currents but reduced SP regions.

2.3 Excitability

Excitability in optics is potentially of great interest because of the prospects for applica-
tions in optoelectronic devices, primarily for optical switching, clock recovery, pulse reshap-
ing and the generation of a coherence resonance output of pulses. General bifurcation analysis
related to excitability in different types of laser is reported in [27] but here we discuss specifi-
cally the mechanism of excitability for a blue InGaN laser suitable for practical applications.
We begin by considering what is predicted to happen if the carrier lifetime in the SA isin-
creased from 0.1 nsto 2 ns for alaser with a cavity length of 650 um and a SA thickness of 2
nm. The results of the numerical calculations of photon number against injected current are
shown in Figure 8.

For a SA with acarrier lifetime of 0.1 ns, the laser exhibits SP as a result of the Hopf bi-
furcations marked by the squares in Figure 8a. With increasing SA carrier lifetime, the
pulsation region decreases as shown in Figure 8b. The carrier lifetime of 1.4 ns, to which
Figure 8c refers, is considered the critical value, after which the hysteresis phenomenon
implicit in Figure 8d (corresponding to a lifetime of 2 ns) appears. A further increase of SA
carrier lifetime is accompanied by a decrease of the size of the pulsation region and more
pronounced hysteresis. A linear stability analysis shows that the lower branch of the hys-
teresis curve is stable while the upper one is unstable. For the same current, a stable node, a
saddle, and an unstable focus are present, providing conditions that can result in excitable
behaviour. In fact, we have found that when the operating point is situated in the current
range denoted by (e) in Figure 8d, the laser is excitable. We have aso found that the
phenomenon of excitability becomes more pronounced as the cavity length is increased. We
note that excitability has been predicted to occur when the carrier lifetimes in the active and
SA regions are the same, in contrast to the conditions for SP, where a significantly shorter
lifetime in the SA is required. This means that excitability could be achieved in practice in a
device, where the saturable absorber is made of the same material as the active region and is
located next to it in the longitudina direction. An alternative approach to obtaining
excitability is to have a suitable value for the absorption level. Figure 9 shows a bifurcation
diagram in the plane of SA differential gain coefficient versusinjected current for alaser with
a cavity length of 650 um and carrier lifetimes of 2 nsand 0.5 nsin the active and SA regions,
respectively.
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Figure 8. Dependence
of stationary photon num-
ber S on the injected cur-
rent for different values of
the carrier lifetime in the
saturable absorber. The
cavity length is 650 ym and
the carrier lifetime is
a) 7,(SA)=0.1ns , b)
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For asa < 12x10"2m?>s™ the laser shows either CW or nonlasing operation for any value of
injected current. However, an increase of the differential gain coefficient of the SA causesthe
system to cross the Hopf bifurcation indicated by the solid thick line in Figure 9. Further in-
crease of the differential gain coefficient of the SA results in a homoclinic bifurcation, which
is denoted by the filled circle in Figure 6. Between the dotted and dashed lines, excitability is
found to occur. The implication of the figure is that, to achieve excitability in practice by this
approach, we need a sufficiently high value of SA differential gain coefficient. However, in-
creasing the SA differential gain coefficient increases both the absorption level and the in-
jected current.

As was mentioned above, the existence of excitability is determined by the carrier life-
times, the absorption level in the saturable absorber and the cavity length. Let us now consider
the case of a more pronounced excitability. Figure 10(a) shows the different types of system
behaviour found in the photon number — injected current plane for large values of carrier life-
time in both the active and the SA regions (2ns) and high absorption level (a = 23x10'm%s™)
with a 650 pum cavity length. When the injected current is smaller than 114 mA, the laser
shows only CW operation, corresponding to the existence of a stable stationary state (stable
focus). For injected currents between 114 and 124 mA, a linear stability analysis shows the
existence of a saddle close to a stable node, which is well known to provide a mechanism for
excitability. A confirmation that excitability is actually predicted in this case is given below.
When the injected current is in the range 124-128 mA the laser shows SP operation, corre-
sponding to the presence of alimit cycle. A further increase of injected current resultsin CW
operation. As aresult we are led to conclude that a large carrier lifetime in the SA, a high ab-
sorption level and alarge cavity length are required to achieve pronounced excitability. Figure
10(b) shows the response of the laser to a sequence of injected current pulses with different
amplitudes and delay times when it isin a state within the excitability region (circle in Figure
10(a)). There is a substantial response when an input pulse exceeds a certain threshold (such
as for the first perturbation pulse) while the response to pulses below the threshold (such as
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the third pulse) is much smaller. Comparison of the effect of the first and fourth pulses shows
that the response is essentially independent of the perturbation amplitude as long asit is above
threshold.
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Figure 9. The bifurcation
diagram in the plane of saturable
absorber differential gain coeffi-
cient vs. injected current for alaser
with a cavity length of 650 um and
a saturable absorber thickness of
2nm. The carrier lifetimes in the
active region and in the saturable
absorber are 2 ns and 0.5 ns re-
spectively. The other parameters
areasin Table1l. Thelaser behav-
iour in the excitable region is de-
noted by EX. The solid line repre-
sents a Hopf bifurcation line.

Figure 10. a The different
regimes of behaviour in the output
number-injected current plane for
a laser with a cavity length of
650 um and saturable absorber
thickness of 2 nm. The saturable
absorber differential gain coeffi-
cient is fixed at 23x10?m°s?, the
carrier lifetimes are 2 ns in both
active and saturable absorber re-
gions. b) Response of the system
to a train of pulses with different
amplitudes and time separations
perturbing the injected current.
The initial conditions correspond
to the circle in Fig. 10(a). The dot-
ted line denotes the excitability
threshold.
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Further, there is evidence of a refractory period, since when the two pulses are separated by a
sufficiently short time interval (such as the fifth and sixth pulses), the later pulse has an insig-
nificant effect on the system. On the other hand there is a clear evidence of a significant re-
sponse to both pulses when they are separated by a sufficiently large time interval (compare
first and second pulses). Taken together the above properties are a clear indication of the
presence of excitability in the system. Specifically, we have been able to confirm the three
characteristics of excitability: the existence of a threshold above, which an excitation can oc-
cur; a response independent of the magnitude of a perturbation above the threshold; and the
existence of arefractory period.

In conclusion it is important to emphasise that getting experimental excitable behaviour
of InGaN lasers is still accompanied by significant difficulties. However, we expect that the
phenomena of excitability could be observed in lasers with cavity lengths larger than 650 pum
and athick AlGaN layer, which resultsin alarger carrier life time in the SA. We believe that
our work provides a good basis for future study and, in particular, provides some pointers for
more detailed investigations of excitability and coherence resonance in InGaN lasers and their
possible practical applications.

3. Tandem blue laser
3.1 Model and equations

Multi section lasers have been investigated for many years and, during the last few
years, blue-violet tandem lasers of the type shown schematically in Figure 11 have been the
subject of considerable attention. The devices used in our studies were fabricated structures
grown by metal-organic chemical vapour deposition (for detail of the fabrication method, see
[37]). The devices consist of two regions, A and B. Figure 11 shows a laser in which both re-
gions are active as a result of the two injected currents I; and I, for the switch K in position 1.
In contrast, for switch K in positions 2 and 3 the region A is active while region B acts as a
SA layer.

The laser dynamics have been investigated using the single mode rate equations [32]

as [L L L L
E: |:TAaA§A(nA_ngA)+TBaB§B(nB _ngB)_Gth]S+ M |:aATA§AnA+aB ngBnB:| (5)
dn, a, L, N
—A-_ZATAE (n,—n,)S-—A+—L 6
dt VA L gA( A gA) TA eVA ( )
2 K position 1
eV,
e _Bleein _nys- e o/ M y nostion 2 @)
d v, LB BT g Ty
0 K postion 3

where Sis the photon number, L is the cavity length of the full laser. The second term in the
photon rate equation describes the spontaneous emission and M is the equivalent total number
of the longitudinal modes, which is evaluated from the half-width of the linear gain spectrum.
Tq is the effective diffusion lifetime. The subscripts A and B refer to regions A and B, respec-

tively; na) is the injected currier density, La and Lg are the cavity lengths, a,, are the dif-
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ferential gain coefficients, &, arethe field confinement factors, which have been calculated
for each design and taken to vary during the pulsations; n, s are the transparency carrier
densities, 7,5 are the carrier lifetimesand 1, ,, are the injected currents. The threshold gain

level Gy, is given by equation (4). The parameter values k = 20cm™, as = 1.5x10"? m°s?,
ag= 9.0x10m’s™, 1 = 1 ns, ridge width 2 pm, active region thickness 16nm, and R=0.25,
Ry,=0.95 are used in the calculations that produced the results shown in figures 12-14.

Figure 11. A sche
matic diagram of the blue
tandem laser structure with
two regions A and B. The
contacts of region B have an
electrical connection that
can be broken by means of
switch K. When K isin the
position 1 current isinjected
into region A and region B
and so that both can be ac-
tive. The two cases when
| the switch K isin position 2

and in position 3 have been
also investigated.

I

3.2 CW, SP and excitability of tandem lasers

The numerical calculations have been carried out by solving equations (5)-(7) for the
three cases shown in Figure 11:

e model (1) when thetwo injected currents are supplied —switch K in position 1
e model (2) when the switch K isin position 2
e model (3) when the switch K is in position 3

When currents are injected into regions A and B, switch K in position 1, both regions
can be active. The calculated dependence of the photon number S on the current injected into
region A for different injected currents in region B is shown in Figure 12. For a current of
20mA injected into region B, the threshold current of region A is estimated to be 55 mA. A
decrease of injected current in region B leads to an increase of the threshold current of region
A up to avalue of approximately 110 mA. When the injected current in region B is decreased
below 10 mA, the s-shaped curvesin Figure 12 suggest that there is a non-smooth dependence
of output power on injected current which is also seen in the experimental results. In this re-
gime it should be possible to switch between two states. We also note that only CW operation
has been observed in the experiment.

In the case of model (1), the laser diode needs two current sources and, in any case, ex-
perimental evidence for SP has not yet been achieved. An alternative approach isthe model (2)
where a current is only injected into region A and the contacts of region B have an electrical
connection that can be broken by means of switch K in position 3.

We now examine the behaviour of the device when the switch K isin position 2 or 3.
Figure 13a shows the cal culated dependence of the photon number Son the injected current in
the region A when the switch K isin position 3 (thin line) and in position 2 (solid line). When
the switchisin position 3 regions A and B are similar in nature; they are made of
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the same materials and differ only in that one is active as a result of current injection. As a
result, the carrier lifetime in both can be assumed to have the same value (7, =74 =1.0 ns).
Only CW operation described by the thin line in Figure 13ais predicted in this case. However,

when the switch is in position 2, the carrier lifetime in region B can be expected to become
much smaller as aresult of carrier diffusion.
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injected current in region A [mA] injected current in region A [mA]
a) b)

Figure 13. The dependence of the photon number S on the current injected into region A for
the case when the switch K isin position 2 and in position 3. Left: Numerical calculations: Thin

line — the switch K is in position 3 and 7y, =74 =10 ns, ny =23x10* m?
Nga =1.3x10®m*. Thick line — the switch K is in position 2 and 7, =1.0ns, 74, = 0.1ns,
T;=01 ns n,=23x10" m® n,;=01x10" m? a,=15x10" m’s?

a, = 9.0x10™?m’s™. The dotted line terminated by squares represents the SP region. The cavity

lengths of regions A and B are 490um and 52.3um respectively. Right: the experimentally ob-
served dependence of output power on the current injected into region, respectively [37,32]. The
inset shows the dependence of SP frequency on output power when SP occurs.

165



Moldavian Journal of the Physical Sciences, Vol.5, N2, 2006

The relation between the gain coefficient and the electron density is nonlinear, but is
approximated with two lines around the operating point. Then different values for the carrier
density for transparency are introduced in the analysis. Region B acts as a SA and a small car-
rier lifetime can provide the conditions for SP to occur. If the lifetime in the SA is taken as
0.1 ns, SPis predicted to occur in the range of current values from 85 mA to 125 mA denoted
by the dotted line terminated by squares in Figure 13a. The squares indicate Hopf-bifurcation
points. Experimental confirmation [32, 37] of the predicted behaviour is shown in Figure 13b,
where the grey line gives the dependence of output power on injected current in region A for
the case when the switch K in position 3. Only CW operation was observed despite a careful
search for SP. The black line in Figure 13b gives the corresponding experimental results when
the switch K isin position 2. In this case SP was observed accompanied by a small increase of
threshold current. Comparison of Figures 13a and 13b shows, that there is a good agreement
between the results of the numerical calculations and the experimental data. The inset of Fig-
ure 13b shows the dependence of SP frequency on output power with SPin the range 1.6 GHz
up to 2.2 GHz. The presence of hysteresisis evident in Figure 12. Thus, thisis the first indica-
tion that the phenomenon of excitability might be possible.

Now, we will focus on the study of the laser behaviour in the case when the switch K is
in position 3 (Figure 11). Figure 14 shows the bifurcation diagram in the parameter plane of
region B cavity length versus injected current of region A. The solid line shows the Hopf-
bifurcation points, which are terminated by the saddle-node bifurcation, marked by a circle. A
linear stability analysis shows that in the region EX a node, a saddle and an unstable focus co-
exist and the system behaves as an excitable one. In the numerical calculations we have also
confirmed the three characteristics of excitability: the existence of a threshold above, which
an excitation can occur; a response independent of the magnitude of a perturbation above the
threshold; and the existence of arefractory period.

200
g
= 150 ] . . o .
g, Figure 14. Bifurcation diagram in the
8 Lg— |1 plane the switch K in Fig.11 is in
2 100 position 3. The parameters are L,=500um,
% Nga=1.8x10%m*, nge=1.0x10"m>,
s 17e=1.0ns. The circle denotes the point of
g 50+ saddle node bifurcation.
g nonlasing or CW

0 . : : : ‘ . :

50 100 150 200 250

region A injected current [mA]

In summary, we expect that the phenomena of excitability could be observed in lasers
with a cavity length larger than 650 pum and a thick AlGaN layer, which results in the larger
carrier lifetime in the SA. We believe that our work provides a good basis for future study. In
particular it provides some pointers for more detailed investigations of excitability and coher-
ence resonance in InGaN lasers and their possible practical applications.

4. Conclusions

In this review we have investigated the CW, self-pulsating (SP) and excitable behaviour
of blue InGaN lasers with different saturable absorber (SA) designs. The roles of the SA prop-
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erties have been pointed out with a view to controlling laser output characteristics. Two laser
structures have been investigated: one with a SA grown parallel to the active medium and a tan-
dem laser. For lasers with a SA grown pardléd to the active layer, a bifurcation analysis shows
that a Hopf bifurcation is responsible for the appearance of SP under suitable conditions. Also
two different possibilities to obtain excitable behaviour of the devices have been discussed. It
has been shown that a relatively short carrier lifetime in the SA is required for SP, whereas a
large one is more appropriate for excitable behaviour. Large cavity length and high SA differ-
ential gain coefficient are also favourable for pronounced excitability. For the tandem laser it
was found that an injected current in region B implies alow threshold current in region A but it
results only in CW operation. We have also demonstrated the SP operation of a tandem InGaN
laser with an externally controlled circuit. The conditions for SP have been predicted by calcu-
lations based on a single mode rate equation model of the device. SP has also been achieved
in experiments on fabricated lasers with properties very similar to those predicted theoreti-
cally. Finaly, we believe the results presented suggest that the proposed new design of a blue
laser is promising for the production of self-pulsating lasers with improved performance.
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