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Optical bistability in a two-section InAs quantum-dot laser
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Abstract:

Room temperature, continuous-wave bistable operation is achieved in two-section 1.24 yum InAs quantum-

dot (QD) lasers with integrated intracavity QD saturable absorbers (SA). It is found that the hysteresis width is narrowed
with increasing reverse bias voltage, and broadened with increasing length of saturable absorber. This can be explained
by the competition between QD absorption and electroabsorption in the SA section. In addition, a larger hysteresis
width is realized than other reports so far, which can be attributed to a greater number of stacked layers of active region
in our case. The experimental results can be explained by a modified threshold current model.
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1. Introduction

Self-assembled quantum dots (QDs) have potential as sat-
urable absorbers (SAs), since they exhibit nonlinear saturable
absorption properties!!] and ultrafast carrier dynamics!?). With
a QD SA integrated into a Fabry—Perot cavity, the two-section
QD laser has shown unique characteristics, such as optical
bistability[®> 4, self-pulsations and mode-locking[>-%l. In par-
ticular, optical bistablity may lead to important applications
in optical transmitters, memory elements and photonic switch-
ing. However, until now, only a few groups have observed the
power bistability in two-section QD lasers, which have differ-
ent device configurations and active regions!?>3 78], So far as
we know, the hysteresis width, which is an important parame-
ter for bistable operation, is no more than 50 mA. In addition,
the effects of QD SA on the output light power—current (L—1)
characteristics have not been fully investigated.

Here, we increase the number of stacked QD layers in the
SA section to improve the bistability and study the L—1I charac-
teristics of two-section QD lasers experimentally. All the laser
diodes were tested at room temperature and exhibited promi-
nent optical bistability with the SA under appropriate bias con-
ditions. The effects of bias conditions and SA length on the
characteristic of bistability are investigated in detail. The com-
petition effects of both QD absorption and electroabsorption
are discussed based on a proposed threshold current model.

2. Device structure and fabrication

The QD laser investigated was grown on an n*-GaAs sub-
strate using our Riber-32 molecular beam epitaxy (MBE) sys-
tem. The active region, which consists of an eleven fold stack
of InAs QDs separated by 35 nm GaAs spacer layers, was sit-
uated in the middle of a 120 nm thick GaAs waveguide em-
bedded in 2.2 um AlGaAs cladding layers with graded refrac-
tive index. The 21.3 um wide ridge waveguide laser structure
was fabricated using a standard photolithography and wet etch
process. The devices have a typical two-section laser structure
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with a 32.5 um gap in the top p-type contact metals. A simpli-
fied schematic of laser structure is illustrated in Fig. 1. Three
samples with different cavity configurations were fabricated,
named S303, S306 and S309. The lengths of the gain section
and the SA section of the three samples are L, =3 mm and L,
= 0.3 mm (S303); L, = 3 mm and L, = 0.6 mm (S306); L,
=3 mm and L, = 0.9 mm (S309), respectively. The isolation
resistances are 0.549, 0.572 and 0.576 k<2, respectively. The
devices were mounted on a copper heat sink with the p-side
up, and they were tested under continuous-wave (CW) lasing
operation at room temperature.

3. Results and discussion

The devices were measured with current injection into the
gain section (/) and the SA section under different bias con-
ditions. Room-temperature CW lasing occurred on the QD
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Fig. 1. A simplified schematic of the two-section QD laser. W: ridge
width; I: forward current; V;: reverse bias voltage; Lg,in: length of
gain section; Lpsorber: length of SA section.
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Fig. 2. Light-current characteristics of the 3.6-mm-long device with
a 600-um-long absorber section for different reverse bias voltages.
The inset shows the hysteresis width of S306 versus the reverse bias
voltage.
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Fig. 3. Light-current characteristics of devices with different config-
urations under reverse bias voltages of 2 V.

ground state at a center wavelength of 1.24 yum. Figure 2 shows
the output light power of S306 emitting from the absorber facet
versus the forward and backward sweep of the laser current
under five different absorber bias conditions. The L—/ char-
acteristics exhibit clear counterclockwise hysteresis loops and
bistability when the SA section is applied with a constant re-
verse bias voltage (V,) or under the condition of open circuit
(OC). With increased V,, the loop position shifts to a higher
laser current, while the output power of the laser diode is de-
creased at the same current. Additionally, when the two sec-
tions are under a fully connected (FC) situation, the lasers be-
have as normal lasers and no hysteresis loop is observed. The
inset of Fig. 2 shows that the hysteresis width of S306 also de-
creases with increased V,, which will be discussed later.

The effects of the length of the SA section on the L—1 char-
acteristics are shown in Fig. 3, with 2 V constant reverse volt-
age applied to the SA section. Both threshold current and hys-
teresis width are increased for a longer SA section. The hystere-
sis loop width of S309 reaches 240 mA, and the on-off ratio is
129 : 1 at the center of the hysteresis loop, which are far beyond
the results of Refs. [3, 4, 7, 8].

A modified model of threshold current is used to analyze
the effects of reverse bias voltage and length of the SA sec-
tion on threshold current and hysteresis width. Figure 4 shows
the schematic of propagation of light along the z axis in the
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Fig. 4. Schematic of the propagation of light along the z axis in the
resonant of a two-section laser.

resonator, where g is the net gain coefficient in the gain sec-
tion. We define « and ¢ as the loss coefficient of QD absorption
and electroabsorption in the SA section, respectively, both of
which are related to the output light power P. From the defi-
nition, it can be imagined that « and ¢ are related to the total
density of QD states and the reverse voltage in the SA section,
respectively. L, and L, are the length of the gain section and
the SA section, respectively. R is the reflectivity of both facets
of the laser. The increment of light intensity with propagating
a dz distance in the gain section is

dI(z) = gl(z)dz, (1

in which /(z) is the light intensity at position z.
Equation (1) can be written as

dl(z)
o - gdz. 2)
The integration form of Eq. (2) is
@darez  F
= dz, 3
/I(O) I(z) [) # ©)
1(z) = 1(0) exp(g2). “4)

where 1(0) is the initial light intensity at position z = 0.
Similarly, /(z) in the SA section is given by

1(z) = I(0) exp[—(a + &)z]. (%)

When the light circulates in the cavity once and finally back
to the position z = 0, the light intensity can be deduced as

1(z) = R*1(0) exp[2g Ly — 2(x + &) Ly). (6)
If 1(z) is equal to 1(0), the equation represents the threshold
condition of the laser, which can be written as
L, 1 1
= — 4+ —1In—. 7
g (a+£)Lg+2LgnR2 @)

We assume a linear relationship between g and the injected
current I, which is defined as

g =Bl ®
where f is the gain factor. From Egs. (7) and (8), the threshold

current (/y,) of the two-section QD laser can be deduced as

1 1 1
Iy = ﬁ_Lg |:(oc + &)L, + 3 In ﬁ:| . 9
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From Eq. (8), we get

I < (a + ), (10)
Al x Ao + ¢), (11)
I o Ly. (12)

As mentioned above, ¢ is proportional to the carrier extract-
ing driven by the reverse voltage. At a given applied reverse
voltage, carrier extracting first increases linearly with increas-
ing light intensity and then achieves a stable value at a high
intensity level, so is &. On the other hand, it can also be imag-
ined that with increasing reverse voltage, more carriers can be
extracted out of the SA section, i.e., higher &, which results in
increasing Iy, according to Eq. (9). Additionally, the loss co-
efficient o parabolically decreases with increasing light inten-
sityl*l, which originates from the saturation of the QD ground
state population. So, the total loss coefficient is decided by the
competition between « and & with light intensity. As discussed
above, ¢ is more difficult to saturate for a higher reverse volt-
age. It can be deduced that the decreasing rate of total loss
A(a +¢) is lowered with increasing reverse voltage. To further
clarify, we define two parameters, P, and P,. P represents the
intensity of spontaneous emission just before the lasing start,
and it is almost the same for different SA lengths and reverse
bias voltages. P, represents the critical light intensity at which
the SA section converts from the transparent state to the non-
transparent state. For a longer SA length, more input light is
needed to maintain the carrier saturation of the ground states,
i.e., higher P,. For the same length of SA section, as shown in
Fig. 2, both P; and P, are almost the same with different V.
So at a specific range of light intensity of (P, — Py), a higher
reverse bias voltage can result in the narrowing of hysteresis
width, as expressed by Eq. (11).

On the other hand, the loss coefficient « is proportional to
the total density of QD states in the SA section. So, it can be
inferred that o o< L, , and the changing rate of « versus light in-
tensity gets slower with longer L,. The longer L, is, the higher
« is at the same light intensity, which increases Iy, according
to Egs. (10) and (12). The larger difference between P; and
P> with longer L, results in an increasing difference between
a(P,) and «(P1), and finally the broadening of the hysteresis
loop. Similarly, if the stacked number of QD layers are added,
the loss coefficient « is also expected to increase accordingly,
which can explain the larger hysteresis width observed in our
case.

Due to the slow changing rate of o with a long SA sec-
tion, we can also deduce that the reverse bias voltage-induced
changes of total loss coefficient are more significant than those
of the short SA section, which results in larger changes in
hysteresis width under different V, with longer L,. Figure 5
shows that the reverse bias voltage induced changes in hys-
teresis width are larger for the sample with a longer SA, from
which we can further prove our deduction.

4. Conclusion

In summary, we have fabricated two-section QD lasers

—e— 0V
—A— 1V
300 F
—v—2V
<
£ 250+
=
3
£ 200 F
.4
3
5 150 F
1
>
jani
100 -
1 1 1
S303 S306 S309

Sample Number

Fig. 5. Hysteresis width of three samples under different reverse bias
voltages.

with an integrated intracavity QD saturable absorber. In ad-
dition to achieving CW lasing operation at room temperature,
we have also found the optical bistability when the SA section
is under an appropriate bias condition. The hysteresis width is
narrowed with increasing reverse bias voltage, and broadened
with increasing length of SA. According to a modified thresh-
old current modal, we find that the hysteresis width is deter-
mined by competition of the QD absorption and the electroab-
sorption, and can also be affected by the number of stacked
QD layers. Our conclusions are expected to be helpful in the
understanding and design of lasers with optical bistability.
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