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Power-induced lasing state switching
and bistability in a two-state quantum dot laser
subject to optical injection
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We theoretically investigate power-induced lasing state switching and bistability in a two-state
quantum dot laser subject to optical injection. The simulated results show that, for a free-running
two-state quantum dot laser operating at the ground state under low current, a power-induced lasing
state switching between the ground state and the excited state can be achieved through introducing
optical injection with a frequency (wy,) close to the lasing frequency of excited state (wgg). The in-
jection power required for the state switching depends on the scanning route of injection power,
i.e. there may exist state bistability for the injection power within a certain region. For forward scan-
ning injection power, with the increase of frequency detuning (AQ = w;,; —wgs), the injection power
required for the state switching shows a decreasing trend accompanied by slight fluctuations. How-
ever, for backward scanning injection power, the injection power required for the state switching
exhibits obvious fluctuations with the increase of AQ. The width of the hysteresis loop fluctuates
with AQ, and the fluctuation amplitude is increased with the increase of the injection current. Ad-
ditionally, the influences of the inhomogeneous broadening factor and the electron escape rate on
the bistability performances are analyzed.
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1. Introduction

Optical switching and bistability have attracted much attention due to their wide appli-
cation prospects in optical memory, optical logic-gate, optical information processing,
and so on [1-7]. Previous studies have demonstrated that semiconductor lasers (SLs)
can exhibit diverse switching and bistability behaviors under different external pertur-
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bations [8—15]. For instance, BRANDONISIO et al. have exhibited the mode switching
based on a two-mode SL under current modulation, and found that the switching time
could be less than 2 ns under appropriate modulation parameters [8]. L1 et al. have dis-
covered the recurrent switching phenomenon between two modes of semiconductor
ring laser under counter-directional mutual feedback [9]. BLIN et al. have reported the
dynamical state bistability in a distributed-feedback (DFB) semiconductor laser subject
to optical injection [10]. Besides, the polarization switching (PS) and bistability (PB)
based on vertical-cavity surface emitting laser (VCSEL) have also been extensively
studied. For example, ZHANG et al. have demonstrated the PS in a VCSEL subject to
orthogonally-polarized optical injection [11]. HURTADO et al. have experimentally
studied the PB in a VCSEL under orthogonally-polarized optical injection, and ob-
served three different shapes of PB [12]. In addition, our group has experimentally
studied the effect of the polarization angle on the PB characteristics of a VCSEL subject
to variable polarization optical injection, and found that the hysteresis width decreases
with the increase of polarization angle [13].

Among different types of SLs, a self-organized SL with a quantum dot (QD) struc-
ture has attracted much interest [16—25] due to such unique properties as low relative
intensity noise [26], weak temperature dependence [27], low transparency current den-
sity [28], as well as reduced sensitivity for optical feedback [29]. If the wavelength
selection technology is not used in the manufacturing process, a free-running QD laser
may lase in a ground state (GS), an excited state (ES), or a GS and ES coexistence state
under different currents [30]. Correspondingly, such QD lasers are named as two-state
QD lasers. For a two-state QD laser, with the gradual increase of the bias current from
zero, the recombination of the electrons and holes corresponding to the GS will reach
the first threshold and then results in the GS emission. Continuously increasing the bias
current, the population of the ES increases. Once the current exceeds the secondary
threshold, the two-state QD laser simultaneously lases in both the GS and the ES. Fur-
ther, the two-state QD laser may lase in the ES only if the bias current is high enough
[30, 31]. According to relevant experimental reports, for a self-organized InAs two
-state QD laser, the lasing wavelengths of the GS and ES are approximately 1300 and
1220 nm, respectively [31]. Such a large wavelength difference between the two lasing
states makes the two-state QD laser be a good candidate for optical switching device.
Recently, the lasing state switching and bistability based on the two-state QD lasers
under optical feedback and optical injection have been investigated. For example,
MEINECKE et al. have investigated the bistability characteristics of a two-state QD laser
subjected to an optical injection and found that the size of the bistability strongly depends
upon the pump current and the amplitude-phase coupling [32]. VIRTE et al. have demon-
strated theoretically and experimentally the state competition and switching between
the GS and ES states for a two-state QD laser subject to optical feedback [33, 34], and
the successive switching repetition between the ES and GS can be achieved by chang-
ing the external cavity feedback time. TYKALEWICZ ef al. have studied the lasing state
switching and bistability characteristics of a two-state QD laser under optical injection
[31, 35, 36], and the results show that, for a free-running two-state QD laser operating
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at ES, the lasing state switching with fast state switching time and high state suppression
rate, and the lasing bistability with large hysteresis loop width can be achieved through
introducing an injection light with a frequency close to the GS lasing frequency.

As mentioned above, the current of a free-running two-state QD laser at the ES lasing
is much higher than that of the two-state QD laser at the GS lasing. Therefore, the lasing
state switching and bistability of a free-running two-state QD laser operating at the
GS lasing may be more promising for some practical applications. Based on this con-
sideration, in this work, for a free-running two-state QD laser operating at the GS, after
introducing an optical injection with a frequency near the ES lasing frequency, we in-
vestigate the power-induced lasing state switching and bistability through forward and
backward scanning the injection power. For the two-state QD laser biased at different
currents, the variations of the injection powers required for the state switching and the
hysteresis loop width with the frequency detuning are discussed. Moreover, the influ-
ences of the inhomogeneous broadening factor and the electron escape rate on the bista-
bility characteristics are analyzed.

2. Theoretical model

Figure 1 shows the energy level structure and the carrier dynamics of a two-state
QD laser. The energy levels are discrete due to the three-dimensional restriction of the
QD structure [30]. Here, all QDs are assumed to possess the same size, and therefore
only one QD ensemble is considered in the active region [30]. Via the electrodes, the
carriers are directly injected into the wetting layer (WL) plane, and then some carriers
with the rates of BY'}; (B, ) are captured from the WL (ES) to the ES (GS) by Auger
and phonons assisted scattering processes [37, 38]. Meanwhile, some carriers will es-
cape from ES (GS) to WL (ES) due to the thermal excitation [30, 38], and CQN}E (Ce )
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Fig. 1. Energy level structure and carrier dynamics of a two-state QD laser. WL, ES, GS represent the
wetting layer, the excited state and the ground state, e and h represent the electron and the hole, B and C
represent the capture and escape rates.
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denote the escape rates. Stimulated radiation can occur in the ES transition and the
GS transition, and the two transition energies are Erg and Eg, respectively. In addition,
AE, and AE, represent energy level spacing of the electrons and holes between ES
and GS. Combining Refs. [30, 33], after considering the influence of the wetting layer
on the carrier dynamics, the rate equations for an optical injection two-state QD laser
can be described by
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where superscripts GS, ES, and WL stand for the ground state, the excited state and
the wetting layer, respectively, and subscripts € and h represent the electron and hole,
respectively. For this model, the rate equations are composed of eight dimensionless
equations and have taken the asymmetric electron-hole dynamics into account [30].
T = t/tp (zp 1s the photon lifetime) denotes the normalized time, / GS and EFS represent
the field intensity of the GS and the complex electric field of the ES, » represents the
occupational probabilities. The term (1 — n) is the Pauli-blocking factor [37]. 2 g S and

ES denote the gains of two lasing states, Where the factors 2 and 4 represent energy
level spin degeneracy for the GS and ES, and g S and g S are the effective gain factors
scaled to the cavity losses and are identical for the GS and ES [30]. The dimensionless
parameter 7 represents the carrier recombination time normalized by 7,,, a is the linewidth
enhancement factor (LEF), £ is the inhomogeneous broadening factor introduced in
Ref. [36], J is the normalized injection current. ¢ represents the normalized injected
strength, and AQ = w;,; — wg denotes the frequency detuning between the frequency of
the injection light (w;,;) and the lasing frequency of the ES (wgg). Equations (1)—(5)
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T able. Parameters used in numerical simulation [33].

Symbol Value  Meaning

n 0.02 The ratio of the photon lifetime to the carrier lifetime
gg’s (gOES) 0.75 GS (ES) effective gain factor scaled to the losses

o 5 Linewidth enhancement factor

B, (By) 150 Electron (hole) capture rate from ES to GS scaled to the carrier lifetime
BXVL ( BhWL) 150 Electron (hole) capture rate from WL to ES scaled to the carrier lifetime
CZVL (ChWL) 1 Electronic (hole) escape rate from ES to WL scaled to the carrier lifetime
Cy 150 Hole escape rate from GS to ES scaled to the carrier lifetime

can be numerically solved by using the fourth-order Runge—Kutta algorithm, and the
parameters used in numerical simulations are listed in the Table.

3. Results and discussion

In order to specify the lasing characteristics of a two-state QD laser under different
currents, Fig. 2a displays the power-current (P-I) curve under C, = 8 and S = 3. As
shown in this diagram, when the current is increased to 3.5, the GS begins to lase. For
the current within the range of 3.5-8.0, the free-running QD laser is operating at the GS.
Once the current exceeds 8.0, the ES is also excited, and then the free-running QD laser
is operating at the coexistence of the GS and ES. With the increase of the current, the
output power of the ES linearly increases while the output power of the GS gradually
decreases. As pointed out in Refs. [30, 33, 36], C, is an important parameter for the
two-state QD lasers, and its value depends on the electron energy level spacing (AE,)
and the operation temperature of the laser. Under the other parameters given above, the
threshold currents for the GS and ES are varied with C,, which is shown in Fig. 2b. Ob-
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Fig. 2. Power-current (P-I) curve under electron escape rate C, = 8 and f# = 3 (a); threshold current of
ES and GS versus C, under =3 (b).
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Fig. 3. Output power curves of the ES lasing (a) and the GS lasing (b) as the injected power ¢ gradually
increases (solid line) and decreases (dotted line) under AQ =0,J=6, C,= 8 and f = 3.

viously, the threshold current for the GS is almost maintained at the same level for C,
varied within (0, 12). Once C, is beyond 12, the GS stops lasing. However, with the
increase of C,, the threshold current for the ES firstly decreases and then also stays at
the same level for the case of C, > 12.

Through scanning the power of the injected light forward and backward, the power
-induced state switching and bistability in an optically injected two-state QD laser can
be observed. Figure 3 shows the output power of the ES and the GS as a function of the
injection power under the frequency detuning AQ2 = 0, the bias current J= 6, C, = 8 and
£ =3. From this diagram, it can be seen that, during forward scanning ¢ from 0 to 2.00,
the ES emission is stimulated and its output power gradually increases due to the in-
troduction of optical injection, while the GS power gradually decreases due to the car-
rier competition mechanism between the ES and the GS [37]. Similar behavior has
been experimentally observed for a two-state QD laser emitting at the ES only when
the injection light frequency is closed to the GS emission frequency [36]. Once the
injection power arrives at a specific value of ¢;.= 1.18, the switching from the GS lasing
to the ES lasing occurs, beyond which the ES lasing is dominant and the GS lasing is
suppressed. By gradually decreasing ¢ from 2.00 to 0 (backward scanning), the lasing
state switching occurs at another specific injection power g, = 0.70, which is smaller
than ¢&;. Therefore, the injected power required for the state switching depends on the
scanned route of ¢, which originates from different initial conditions of forward and
backward scanning and then results in the emergence of a hysteresis loop. The hyster-
esis width is defined as Ae = &; — &, which is about 0.48 under the above given param-
eter values.

For an external optical injection laser, the laser bias current and the frequency detun-
ing between the injected light and the laser are two important factors to affect the output
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Fig. 4. Injection powers &; and &, required for the state switching versus the frequency detuning AQ under
different values of the injection current J for C, = 8 and § = 3.

characteristics. Figure 4 shows the relationship between the critical injection powers
(&, &) and the frequency detuning (A£) under different bias currents for C, = 8 and
S =3, where Figs. 4a and 4b correspond to the case of increasing and decreasing e,
respectively. For forward scanning ¢ as shown in Fig. 4a, with the increase of AQ, the
injection power (g;) required for the state switching decreases gradually and exhibits
relatively slight fluctuations for all current situations. For a given AQ, &; gradually in-
creases with the increase of the bias current. As for backward scanning & as shown
in Fig. 4b, the variation trend of ¢, with AQ is similar to &; in Fig. 4a, but the fluctuation
amplitude of ¢, gradually increases with the increase of the current. In order to reveal
the underlying physical mechanism that &; and ¢, fluctuate with AQ, Fig. 5 shows the
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Fig. 5. GS and ES output powers Pgg and Pgg at the switching point versus the frequency detuning AQ
for forward scanning under J=6, C, =8 and f = 3.
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Fig. 6. Variations of the hysteresis width Ae with the frequency detuning AQ under different injection cur-
rents for C, = 8 and = 3.

GS and ES switching output powers (Pgg, Pgg) as a function of AQ for J=6, C, =8
and S = 3 under the case of forward scanning. Due to special energy level structure of
the two-state QD lasers, the introduction of an external perturbation such as optical feed-
back and optical injection may cause mode competition between GS and ES [31, 34, 39].
As can be seen in this diagram, with the increase of AQ, Prg and P;g show an antiphase
oscillation, where the variation trend of Ppg with AQ is similar to that of ¢; in Fig. 4a
for J= 6. As a result, we infer that the fluctuations of &; and ¢, with AQ may be due
to the mode competition between GS and ES.

Since the hysteresis width is a key indicator in bistability applications, it is necessary
to investigate the influence of the frequency detuning AQ and the injection current./ on
the hysteresis width Ae. Figure 6 presents the variation of Ae with AQ under different J.
As shown in diagram, for a relatively small injection current (J = 4), with the increase
of AQ, the hysteresis width Ae decreases gradually and shows a slight fluctuation. With
the increase of current, the fluctuation amplitude of Ae gradually increases. For J =7,
the hysteresis disappears at two special frequency detuning points (AQ = —0.06 and
0.16), which means that the critical injection powers (g, &) for forward scanning and
backward scanning are approximately equal (as shown in Fig. 4). For a relatively large
current level, A¢ is sensitive to the frequency detuning.

In the model used in this work, the inhomogeneous broadening factor f is intro-
duced to describe the phase-amplitude coupling between the ES and the GS [35]. In
the rate equation of the two-state QD laser, only one QD ensemble is considered. How-
ever, the size distribution of QDs is not uniform during the growth process of QDs,
which will lead to the change of carrier density [40]. The change of carrier density will
cause the change of the refractive index and then results in the inhomogeneous broad-
ening [31, 36]. After introducing £, the theoretical simulation results agree well with
the experimental results [31, 36]. Figure 7 shows the relationship between the hyster-
esis loop widths and the inhomogeneous broadening factor f. For § = 3.5 (Fig. 7a),
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Fig. 7. Effect of the inhomogeneous broadening factor # on the hysteresis width Ae under J=6, AQ =0,
and C, =8, where f=3.5(a), =2 (b),f=1.5(c),and =1 (d).

two clear hysteresis loops are obtained by scanning the injection power forward and
backward, and the critical injection powers for the state switching are ¢; = 1.50 and
&, = 0.86, and the corresponding hysteresis width Ae = 0.64. For f =2 (Fig. 7b), the
critical injection powers are g = 0.58 and ¢, = 0.40, the hysteresis width Ae = 0.18,
and ¢, &, and Ae are reduced compared with those in Fig. 7a. For f= 1.5 (Fig. 7¢), the
critical injection powers are e = 0.36 and ¢, = 0.28, and Ae is further reduced to 0.08.
For =1 (Fig. 7d), the critical injection powers ¢; and &, are equal, and the hysteresis
disappears. From the above analysis, it can be seen that with the decrease of 5, the hys-
teresis width decreases gradually until the hysteresis disappears, and the inhomogene-
ous broadening factor f plays an important role in the bistability.

The above results are all based on the case of the electron escape rate C, = 8. To
show the influence of C, on the bistability, Fig. 8 displays the variation of the hysteresis
width Ae with C, under different injection currents, where the values of C, and J in
the figure guarantee that the free-running two-state QD laser is operating at the GS lasing.
As observed from this diagram, for C, < 2, all the hysteresis loop widths are almost 0
under various current conditions. For C, > 2, with the increase of C,, A¢ increases grad-
ually and shows weak fluctuations under different currents. Besides, with the increase
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Fig. 8. Relationship between the hysteresis width A¢ and the electron escape rate C, under different in-
jection current for AQ =0 and S = 3.

of the bias current, for a given C,, A¢ gradually increases. As a result, the value of C,
will also affect the bistability.

4. Conclusions

In summary, the lasing state switching and bistability characteristics of a two-state
QD laser subject to optical injection are investigated by using the electron-hole asym-
metry model. For a free-running two-state QD laser operating at the GS under low bias
current, the lasing state switching of the laser between the GS and the ES is dependent
on the scanning paths of the injected light power when the frequency of the injection
light is close to the ES lasing frequency. The bistability can be realized for the injection
power within a certain region. The critical injection powers (&, &) of the state switch-
ing decrease with increasing frequency detuning AQ and exhibit fluctuations. The width
of the hysteresis loop fluctuates with AQ, and the amplitude of the fluctuation increases
with the increase of the injection current. In addition, the hysteresis disappears in two
special frequency detuning points (A2 =—0.06 and 0.16) for the injection current J = 7.
Also, the inhomogeneous broadening factor £ and the electron escape rate C, have sig-
nificantly influenced the bistability, with the decrease of § and C, the hysteresis width
decreases gradually until the hysteresis disappears. Through adjusting the bias current
or the frequency detuning, the characteristics of the lasing state switching and bistability
in the two-state QD lasers subject to optical injection can be controlled to a certain extent.
We believe that this work would be helpful for understanding the lasing state switching
and bistability of the two-state QD lasers under optical injection and then exploiting
related applications.
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