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Abstract—Room-temparature operation of self-pulsating
InGaN lasers was obtained at a wavelength of 395 nm. The laser
structure consists of a multiquantum-well InGaN active layer
and a p-type InGaN single-quantum-well saturable absorber. The
frequency range of the self-pulsation was from 1.6 to 2.9 GHz.
The experimental results were well explained with our theoret-
ical analysis. We found that features of the saturable absorber
strongly affect the self-pulsation. Influence of device and material
parameters on the laser dynamics was also investigated.

Index Terms—Room temperature, saturable absorber, self-pul-
sation, violet InGaN laser.

I. INTRODUCTION

DURING recent years, violet InGaN lasers have received
considerable attention for the application to high-density

optical disk storage and optical data processing. Much progress
in the development of violet-blue lasers has been made since
the first operation of the laser was reported by Nakamuraet al.
[1], [2]. Meanwhile, several groups have reported the CW oper-
ation at room temperature using different fabrications methods
[3]–[7]. Recently, the violet laser diode (LD) performance has
been improved and the lifetime has been extended to over
15 000 h. Already the 400-nm CW LDs are available commer-
cially. Nevertheless, little has been reported on self-pulsating
voilet LDs since the earlier investigation by Nakamura [8]. The
phenomenon of self-pulsation (SP) is considered to be the most
important for reduction of the feedback noise [9]–[11].

In this paper, we focus on generation of SP in a multi-
quantum-well (MQW) InGaN laser with an additional p-type
InGaN saturable absorber (SA). The peak of the emission
spectrum was observed around 395 nm. In the fabrication
process, the SA layer was grown in parallel to the active region.
However, the additional growth of an SA layer complicates
the fabrication and tends to increase the threshold current. The
purpose of this study is to describe the self-pulsating character-
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Fig. 1. Schematic view of the InGaN laser.

istics of an InGaN MQW laser with an SA, which can generate
self-pulsations at room temperature. In Section II, we present
the laser structure, model, and equations. In Section III, numeri-
cally simulated results and experimental data of a self-pulsating
InGaN laser are shown. Good agreement between measured
and calculated characteristics of InGaN laser self-pulsations
are demonstrated. Also in Section III, we study how the laser
and material parameters influence the laser dynamics. Finally,
the conclusions are given in Section IV.

II. L ASER STRUCTURE, MODEL, AND EQUATIONS

An analytical model of self-pulsating laser is shown in Fig. 1.
The theoretical analysis is based on structure of actually fabri-
cated laser samples [12], [13]. The model consists of the InGaN
active layer and a p-type InGaN layer as an SA. Parameters used
in the calculations are shown in Table I. The active layer is com-
posed of six QWs (well In Ga N, barrier In Ga N),
while the SA is a single QW. The thickness of the SA ranges
from 1 to 3 nm. Most of numerical calculations in this paper
have been carried out for lasers with a 3-nm thickness of the
SA. Such a thin layer is preferable to prevent increase of the
threshold current. On the other hand, too thin an SA layer re-
duces the operating range of self-pulsation. The influence of
thickness of the SA on the dynamics will be discussed in more
detail in Section III. The p-type Al Ga N layer is set as an
evaporation-preventing layer between the active region and the
SA. More details on the device fabrication are given in [13].
Since the active and SA layers are separated by an evapora-
tion-preventing layer, we assume different carrier lifetimes in
the active region and in the SA. Our treatment differs from pre-
vious ones [9], [10], where the SA and the active regions are
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TABLE I
PARAMETERSUSED IN NUMERICAL CALCULATIONS

made of the same material and have the same value for the car-
rier lifetime. Lasers with different cavity lengths 350, 500, and
650 m have been investigated.

The theoretical model used in this paper originates from
Yamada [14], [15]. The rate equations of laser operation are

(1)

(2)

where is the photon number, is the injected carrier number
in the the region, is the differential gain coefficient, is the
field confinement factor, is the transparent carrier number,

is the carrier lifetime, and is an equivalent lifetime giving
the carrier diffusion from to region. gives the carrier injec-
tion from the to the region. is the equivalent total number
of the longitudinal modes [16]. is the volume expressed by

, where is the laser length and and are
thickness and width of the region, respectively.is the gain
saturation coefficient

(3)

where is the refractive index, is the central wavelength
of the laser, is the dipole moment, and is the intraband
relaxation time. The threshold gain level is given by

(4)

where and are the reflectivities at the front and the back
facets, respectively, andis the material loss coefficient.

The laser regions are separated in central and outer parts as
shown in Fig. 1. In the numerical calculations, we take into ac-
count four dynamical regions which are the central active region
1, the saturable absorber 2, and the outer regions 3 and 4. The
other regions have been taken into account for calculations of

Fig. 2. Light output power versus injected current characteristic for different
cavity laser length. (a) Experimentally measured data. (b) Theoretically
calculated results basing on numerical parameters listed in Table I.

the effective refractive index, near field patterns and confine-
ment factors. The region 5 is the cap layer, which is electrically
connected to the external current source. The total injected cur-
rent at the electrode consists of the original driving current
flowing into the active region, current componentthat is in-
duced by diffusion between the central and outer regions of the
SA, and the leak current as

(5)

The original driving current flowing from electrode 5 into active
region 1 is written as . The diffusion current is given
by , where and are the carrier
numbers in the central and outer regions of the SA, respectively.
The leak current is assumed to be proportional with a fix ratio
to the total current as . For more details on the cal-
culation procedure of the carrier injection terms, see [15].

The field distribution in the transverse cross section is ana-
lyzed by the effective refractive index method [14], [17], where
differences of the refractive indices and the gain loss are taken
into account. We evaluated the refractive index as a function of
the wavelength and alloy composition. The results show that the
field is concentrated mainly in the central region. In the calcu-
lations, we take into account variation of the field distribution
due to variation of the carrier density during the self-pulsation.
The effective volumes of outer regions 3 and 4 and the field con-
finement factors of all regions are not constant and have been
evaluated during the pulsations.

III. RESULTS AND DISCUSSIONS

Fig. 2(a) shows the experimentally measured– (light
output power versus injection current) characteristics of the
self-pulsating InGaN lasers for different cavity lengths. These
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Fig. 3. (a) Measured and (b) calculated pulse traces of a 650-�m cavity length
laser and 185-mA supplied injected current. The other parameters have been
chosen as in Table I.

characteristics show the threshold currents of 80 and 100 mA
for 350- and 500-m cavity laser lengths, respectively. The
experimental investigations of self-pulsations were performed
under 1.6- s pulsed currents at room temperature. We used
pulsed current to avoid heating at the high operation currents.
The threshold currents in lasers without SA are approximately
half of those of lasers with the SA. Since this paper concen-
trates on self-pulsations, the CW operation properties of a laser
without an SA are not mentioned here.

We have examined the dynamics of the InGaN laser using
(1)–(5) and parameters given in Table I. Fig. 2(b) shows the-
oretical calculations of the light output power versus injected
current for the same cavity lengths as in Fig. 2(a). The output
power is calculated using

(6)

where is the time-averaged value of the photon number. This
figure is the first indication of the agreement between experi-
mental results and numerical simulations.

Both experiments and theoretical calculations demonstrate
the presence of self-pulsation. In case of the laser with a 650-m
cavity length, the self-pulsation can be achieved experimentally
for injected current in a range from 163 to 220 mA with a fre-
quency range from 1.6 to 2.25 GHz. A typical experimental os-
cilloscope trace is shown in Fig. 3(a). The self-pulsation is al-
most stable during 1.6-s pulse duration of the injection current.
Fig. 3(b) shows the calculated pulse trace for the laser with the
650- m cavity length and an injected current of 185 mA. The
frequency of the pulsation shown in Fig. 3(b) coincides with that
of Fig. 3(a) and is approximately 2 GHz.

We next examine the laser dynamics in terms of bifurcation
diagrams. A typical calculation of bifurcation for the periodic
solution is shown in Fig. 4(a). This figure shows the dependence
of the peak of the photon number on the injected current. When
we increase the injected current, the CW operation is observed
(thin solid line) just after the threshold current. Then the laser
begins to produce pulsations through a Hopf bifurcation marked
by a circle in Fig. 4(a). This characteristic differs from that of
other self-pulsating lasers reported in [14], [18], and [19], where
the self-pulsation starts from the threshold current. In the pre-
vious work, the carrier lifetime in the SA region is assumed to
be same as that in the active region. However, the carrier life-
time of the SA region in this paper is set to be 0.1 ns which

Fig. 4. (a) A typical bifurcation diagram for a 500-�m cavity length. Thin
solid line indicates CW operation, while the dotted line represents the branch of
unstable solutions. Thick solid line shows the peak of stable periodic solution
(limit cycle). The circles indicate the Hopf bifurcation points. (b) Self-pulsation
region in the plane of the laser cavity length versus the injected current. Dashed
line indicates the threshold current. Experimentally obtained ranges of the
self-pulsation are indicated with dotted lines terminated by blok squares.

is much smaller than that of 2.0 ns in the active region. The
peak of the pulsation amplitude reaches the maximum and the
self-pulsation disappears at the upper Hopf point. Both Hopf
points are supercritical. We should note here that the short car-
rier lifetime in the SA region is believed to be caused by the
piezoelectric and tunnelling effects, in the single-quantum-well
structure [13], [20], [21].

The region of self-pulsation is illustrated in the plot of laser
cavity length versus injected current, as shown in Fig. 4(b). The
solid line indicates the position of Hopf bifurcation. The Hopf
line gives the boundary between the CW and self-pulsating
operations. This line has been calculated using (1)–(5) with
InGaN laser parameters (see Table I). The dashed line shows
the threshold current. Experimentally obtained ranges of the
self-pulsation are indicated with dotted lines terminated by
block squares. We note that, in the case of the laser with a
650- m cavity laser length, we stopped the current injection at
220 mA due to the upper limit of the pulse current generator.
The experiment and the theory agree very well, as found from
this figure. The following features can be concluded.

1) Self-pulsation region enlarges for longer cavity length.
2) A shorter cavity length laser gives a lower threshold cur-

rent, meanwhile this leads to the disappearance of the
self-pulsation region.

3) The cavity length range from 350 to 650m is considered
to be more appropriate for the InGaN laser to generate
self-pulsations.
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Fig. 5. Comparison between calculated (line) and measured (square)
dependence of pulsing frequency on output power for a 650-�m cavity length
laser diode.

Fig. 6. Variation of frequency of self-pulsations in the plane of the cavity
length versus the injected current. Darken regions are the self-pulsation regions.
The white region corresponds to the CW or nonlasing operations. The white
circle is the operating point given in Fig. 3(b).

In the next step, the self-pulsation frequency was analyzed.
Fig. 5 shows an example of dependence of the pulsation fre-
quency on output power for a laser with a 650-m cavity length.
The solid line corresponds to the numerical simulation. This
figure demonstrates once again that the theoretical results are
in close agreement with the experimental data which are indi-
cated by squares. The self-pulsation frequency increases mono-
tonically with increasing output power. In order to estimate the
self-pulsation frequency, the numerical simulations were carried
out in the plane of the cavity length versus the injected current.
The results are plotted in Fig. 6, where the darkened regions are
the self-pulsating regions and the white region corresponds to
the CW operation or nonlasing operation. The white circle is
the operation point given in Fig. 3(b). It can be seen how the
self-pulsation frequency changes in the plane of these two pa-
rameters. For a fixed injected current, the pulsation frequency
becomes the higher for the shorter cavity length.

In addition, we examined the influence of device and mate-
rial parameters on the laser dynamics. Fig. 7(a) and (b) show
calculated curves for regions of the self-pulsation in the plane
of parameters of the active region and the SA. The laser cavity
length is 500 m. First we discuss the possible variations of the

Fig. 7. The region of self-pulsations in the plane of the active region versus the
SA parameters. (a) Variation of differential gain coefficient. (b) Carrier lifetime
variation. The laser cavity length is 500�m.

differential gain coefficients in the active region and in the SA.
The solid line in Fig. 7(a) gives the boundary between the CW
and the self-pulsation region in the plane of these two parame-
ters. Here, the CW region indicates the nonlasing or CW oper-
ations. In the case of m s , the laser
shows the CW or nonlasing operations. This criterion is valid
when the other parameters are fixed as in Table I. However, the
large differential gain in the active region is not a sufficient con-
dition to obtain the self-pulsation. The appearance of self-pul-
sation also depends on the differential gain in the SA. For cal-
culations in Figs. 2–6, these two parameters are fixed to be

m s and m s
as listed in Table I.

Next, we investigate the influence of the carrier lifetime on
the performance of the self-pulsation. As it has been reported in
[1] and [2], the carrier lifetime in an InGaN MQW LD was esti-
mated in a range from 1.8 to 3 ns. In our calculations, we fixed
the carrier lifetime in the active region to be 2 ns. However, the
carrier lifetime in the SA seemS to be shorter than that in the ac-
tive region. Recently it has been found that the carrier lifetimes
drastically decrease from 2.5 to 2 ps with increasing reverse bias
in a single-quantum-well structure made of InGaN–GaN [20].
This decrease was attributed to piezoelectric and tunneling ef-
fects. Dependence of the carrier lifetime on the well width in
an InGaN single quantum well was also reported in [21]. The
carrier recombination was found to be dominated by nonradia-
tive processes. By increasing the well width from 1 to 6 nm,
the carrier lifetime was found to increase from 180 to 340 ps.
We demonstrated experimentally that self-pulsating operation
occurred in the InGaN laser with a very short carrier lifetime
in the SA but was not observed in the case of long carrier life-
time in the SA [13]. The value used in most calculations for
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Fig. 8. Influence of thickness of the SA on the self-pulsation region.
The symbols show the threshold current for lasers with a 650-�m length
and different thickness of SA. Circle, squares and rhombus correspond to
d = 2; 2:5; and3 nm, respectively.

the carrier lifetime in the SA has been fixed to be 0.1 ns in this
paper. Here, as shown in Fig. 7(b), we examined the effect of the
carrier lifetime in the active region and in the SA on self-pulsa-
tion by keeping all other parameters equal to the values listed
in Table I. The result shows the following features: when the
carrier life time in the active region is smaller than 1.5 ns, only
the CW operation can be observed. For large value of the carrier
lifetime in the active region, a low value of the carrier lifetime
in the SA is required to obtain the self-pulsating operation. This
corresponds to an increase of absorbtion level in the saturable
absorber.

As mentioned above, characteristics of the self-pulsation
strongly depend on features of the SA. Let us consider here
the influence of the saturable absorber thickness on the laser
evolution. The thickness of the SA affects the field confinement
factor , the carrier lifetime, and the carrier overflow. Fig. 8
shows the self-pulsation region in the plane of the cavity length
versus the injected current for different values of thickness of
the SA. The lines in Fig. 8 represent the boundaries between
the CW and the self-pulsation region. The variation of the
thickness from 1 to 3 nm is considered to be appropriate for
our fabricated lasers. For the thinner SA, the self-pulsation
region becomes the smaller. This character can be explained as
a consequence of decrease of the SA thickness, which induces
a small value of the confinement factor. Nevertheless, the
decrease in the SA thickness leads to lower threshold currents.
This result is confirmed in Fig. 8 by the symbols, which
indicate theoretically calculated threshold currents for lasers
with a 650- m cavity length. The circle, square, and rhombus
correspond to and nm, respectively. Thus, we
have shown that a thiner SA implies lower threshold current
and a reduced self-pulsation region.

IV. CONCLUSION

In this paper, we have presented both theoretical simulation
and experimental data for self-pulsation of InGaN lasers with
an SA. The lasing wavelength was 395 nm. Operation of the
laser has been modeled using the Yamada model adapted to the
specific case of the InGaN laser with SA. Self-pulsation in the
range from 1.6 to 2.9 GHz has been confirmed. Good agree-

ment was obtained between measurements and theoretical sim-
ulations. It was found that the thickness of the SA as well as the
carrier lifetime in the SA play major roles in the laser dynamics.
Although the self-pulsation in InGaN lasers involves complex
phenomena, we believe that our treatment can be regarded as a
good basis for further research to improve self-pulsation char-
acteristics of InGaN lasers.
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