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Wavelength Bistability and Switching in Two-Section
Quantum-Dot Diode Lasers

Mingming Feng, Steven T. Cundiff, Richard P. Mirin, Senior Member, IEEE, and Kevin L. Silverman

Abstract—We report lasing wavelength bistability with re-
spect to applied bias on the saturable absorbers in two-section
mode-locked quantum dot lasers. We show data from three dif-
ferent devices exhibiting wavelength bistability. All lasers display
wavelength bistability. Only one lasing wavelength is present at a
time, with all other wavelengths totally quenched. The switchable
ranges (the wavelength difference between two bistable lasing
branches) are different for all three lasers and in one device can
be manipulated by changing the current injection. All lasers show
the remarkable property of switching only in integer multiples of
about 8 nm. The bistable operation can be explained by the inter-
play of the cross-saturation and self-saturation properties in gain
and absorber, and the quantum-confined Stark effect in absorber.
The measured switching time between bistable wavelengths is
150 ps.

Index Terms—Diode laser, mode-locked, quantum dot, wave-
length bistability.

I. INTRODUCTION

W AVELENGTH bistable lasers are attractive devices
for incorporation in next-generation optical networks

where the time consuming and component-intensive tasks of
optical-to-electrical and electrical-to-optical conversion need
to be minimized [1]. They may be employed as compact and
fast wavelength switching devices or as memory elements in
photonic circuits, due to their robust latching properties [2],
[3]. For such devices to be cost competitive they should also
be compatible with chip-level optical architecture. Therefore,
monolithic devices such as semiconductor diode lasers are
more desirable than other types of optical bistable lasers, such
as fiber lasers and external cavity lasers [4]. Conventional
diode lasers do not normally exhibit wavelength bistability,
so we must look to a design with added flexibility but still
monolithic. Two-section diode lasers that are currently being
used to generate ultrafast mode-locked pulses are a potential
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candidate. Working with mode-locked lasers also offers the
additional advantage of being able to support extremely high
speed applications.

In two-section diode lasers, the ability to separately control
the gain and absorbing regions can lead to various forms of
optical bistability. In particular, these lasers can exhibit power
bistability when the current applied to the gain section is
swept [5]–[7]. Wavelength bistability has been more difficult to
achieve but has been observed in continuous-wave, two-section
distributed feedback (DFB) diode lasers almost two decades
ago [8]. There have been relatively few results on bistable
wavelength diode lasers since then [1]. In the last few years,
the success of mode-locked two-section quantum dot (QD)
diode lasers has led to new and exciting results in the area of
wavelength bistability [9]. For example, bistability was recently
demonstrated between the ground and excited state transitions
of the QD gain medium [10]. In this case the subordinate mode
was not completely quenched throughout the bistable region,
possibly due to the fact that cross-gain saturation between
ground and excited states was not strong enough. In our earlier
work, we reported wavelength bistability from a two-section
QD diode laser with a very high contrast between two lasing
wavelengths both supported by the ground state gain [9]. To
further investigate this phenomenon we have fabricated and
tested additional devices with slightly different structures and
measured the dynamics of the switching process. The new
structures also exhibit markedly different switching character-
istics from which we can glean important new information.

In this paper, we present our investigation of wavelength
bistability in two-section QD diode lasers. We first discuss
analyze simplified coupled mode equations as a model for
the observed bistability. With this simple understanding we
can explain why the unique gain dynamics of quantum dot
ensembles lead to some of the new results. We then present
our experimental results on wavelength bistability from three
different two-section passively mode-locked diode lasers. The
devices are not always mode-locked, but we restrict our investi-
gation to devices working in the stable mode-locked region. All
three lasers show wavelength bistability when the reverse bias
voltage on the saturable absorber is swept, but have different
wavelength spacings between two bistable branches. Because
our lasers operate in the mode-locked region, there are a group
of longitudinal modes in one lasing wavelength. In this paper,
the word ‘mode’ refers to one lasing wavelength.

II. MODE COMPETITION IN TWO-SECTION LASERS

To gain a general understanding of the important features of
our bistable laser we analyze a simplified set of coupled dif-
ferential equations [11]. The two-section laser contains regions
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of both saturable gain and absorption in which lasing modes
experience gain or loss and interact with each other. If we in-
clude both gain and absorption regions in the same term, as-
sume fast dynamics in the gain and saturable absorber and make
a “weak” saturation approximation, then the intensities of two
lasing modes, and , evolve according to rate equations

(1a)

(1b)

where is the small-signal gain minus loss for each mode,
and and represent the self- and cross-saturation coeffi-
cients. These are the Lotka-Volterra equations, which are often
used to describe competition between biological species [12].
For certain values of the constants in (1), there are exactly two
steady state solutions that are characterized by nonzero intensity
in only one of the two potential modes. These solutions corre-
sponds to one mode (species) always winning out over the other
regardless of initial conditions. We are interested in the case in
which both modes are simultaneously stable. If this solution is
stable to small perturbations then both modes will coexist in the
steady state. If this point in not stable, the system will progress
towards one or the other solutions with its ultimate destination
being determined by initial conditions. Bistability occurs in this
regime.

To reveal the conditions required for bistable operation we
can perform a perturbation analysis around the dual mode so-
lution. This point is unstable, and therefore bistable behavior is
predicted if

(2)

This condition requires the cross-saturation between the
two modes to be stronger than the self-saturation. Obviously
achieving this condition is quite difficult in a single section
laser. On the other hand, if we include a separate saturable
absorption region, the cross-saturation term now consists of
two terms

(3)

as does the self-saturation term

(4)

These add flexibility such that (2) can be satisfied in a system
with strong cross-saturation in the gain region and weak cross-
saturation in the absorption region. One final consideration is
that the overall gain in the two potential modes must be similar.
Without this balance, the dual mode solution will no longer sat-
isfy (2), and stable single-mode operation will prevail.

It is possible to extend the analysis presented here by in-
cluding full saturation of the absorption and gain [13]. This
model predicts more exotic forms of bistability such as that ob-
served in [10] where single mode and dual mode operation are
bistable with respect to each other.

III. QUANTUM DOT ACTIVE REGIONS

All of the two-section mode-locked lasers detailed in this
paper feature self-assembled semiconductor quantum dots as
the gain medium. Electrons and holes are strongly confined in
three dimensions, and therefore QDs exhibit unique optical and
electrical characteristics [14]–[16]. This confinement results in
a strong dependence of transition energy on the size and shape
of the QDs, leading to a large inhomogeneous broadening and
making them promising in broad bandwidth applications such as
ultrafast lasers. Ideally, the individual QDs will have a narrow
Lorentzian lineshape similar to an atom. In reality, these optical
transitions are broadened dramatically with increased tempera-
ture due to exciton-phonon coupling and with increased carrier
injection due to carrier-carrier scattering [14]. It is these prop-
erties that ensure the optical properties of the QDs in the gain
and absorption regime are quite different from one another.

The gain region is subjected to extremely high carrier injec-
tion levels. There are high carrier densities not just in the QDs,
but also in the barrier regions where electrons and holes are free
to move throughout the device. This leads to strong coupling be-
tween QDs at different energies since they all must compete for
the same carriers in the barrier region. In addition to this effect,
carrier-carrier scattering dominates at these densities and leads
to strong dephasing of the individual QD transitions, resulting
in very large homogeneous broadening. These two mechanisms
both contribute to the strong cross-saturation between energet-
ically separated photon modes being simultaneously amplified
in QD active media [14]–[16].

The situation is quite different in the absorbing region of
the device. Here, a reverse bias is applied, and the entire re-
gion is depleted of carriers. Therefore the carrier-carrier scat-
tering that broadened the transition in the gain region is almost
completely absent. Instead the width of the transition is lim-
ited by the slower carrier-phonon scattering rate. The result is a
much narrower homogeneous line of approximately 8 nm [14].
Coupling through the carrier reservoir is also greatly reduced
as compared to the gain region. This reduction occurs because
electrons and holes generated in the QDs by absorption of pho-
tons are swept out of the active region by the applied electric
field and are not allowed to reenter the other QDs. The self-sat-
uration coefficients also differ between the gain and absorption
sections. This is because of the faster recovery dynamics in the
gain section which leads to a slightly higher saturation value.

It is the unique saturation properties discussed above that
make QDs a promising candidate for satisfying (2). The ex-
tremely broad inhomogeneous spectrum ensures that even
widely spaced modes have similar gain. The two qualities
together make QDs an ideal system in which to investigate
wavelength bistability.

IV. EXPERIMENTS AND RESULTS

We fabricated and tested three different two-section QD
lasers. A schematic of a generic laser design is shown in Fig. 1,
as in [9]. It consists of a two-section ridge waveguide where one
section is electrically pumped while the other section is reverse
biased as a saturable absorber. The active region of all devices
consists of a tenfold stack of InGaAs QDs layers embedded in a
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Fig. 1. Schematic of a two-section QD diode laser [9].

Fig. 2. Electroluminescence spectra of QD gain.

GaAs waveguide, which is sandwiched between
cladding layers. The waveguide was fabricated by standard
photolithography and wet etching. A strip waveguide was
etched in the top cladding layer followed by the removal of a
small section of the heavily doped cap layer to provide isolation
between the two sections. The lengths of the gain section and
the saturable absorber section are and , respectively.

-and -type ohmic contacts were established with Ti/Au and
Ni/AuGe/Ni/Au, respectively. No coating was applied to the
cleaved facets. The device was mounted -side up on a copper
heat sink that was thermoelectrically temperature controlled.

The same QD material was used in all three devices. The
QDs have a ground state (GS) transition at 1170 nm, with a
full-width at half maximum of 60 nm, as determined by a fit to
the low excitation electroluminescence data in Fig. 2. At higher
injection levels, an excited state (ES) centered at approximately
1050 nm becomes apparent. This broad, inhomogeneous, gain
spectrum is indicative of the size/shape distribution of the QD
ensemble.

It is interesting that the gain spectrum becomes fairly flat
over an approximately 200 nm range at injection levels around
300 . This situation leads to interesting mode competi-
tion effects in the laser cavity as discussed above.

Wavelength bistability is studied in three different laser ge-
ometries. The relevant parameters for the three different lasers
are summarized in Table I. All three lasers exhibit similar char-
acteristics, thus we will discuss the general features of the first
device in depth as a representative example and then compare
and contrast all three devices.

TABLE I
RELEVANT PARAMETERS COMPARISON FOR THE THREE DEVICES

A. Device One

The first device we tested has a waveguide width of 6 .
The length of the gain section is 5.5 mm, and the length of
the saturable absorber section is 0.3 mm. The operating
temperature is 12 . With the saturable absorber region electri-
cally floating, the threshold current is 45 mA (threshold current
density is 136 ), and the lasing wavelength is 1173 nm.

The optical spectrum and output power of the QD laser were
measured with current injection into the gain section and a
reverse-bias voltage applied to the saturable absorber section.
With a fixed reverse bias on the saturable absorber, the laser
exhibits a hysteresis loop in the power-current characteristics
[5], [6]. This typical behavior for mode-locked diode lasers can
be attributed to the strong hole-burning in the absorber region
that allows the laser to stay above threshold even when the
injection level is brought below the unsaturated zero-gain point.

When the laser is operated with fixed injection current to the
gain region and a varying bias on the saturable absorber region,
hysteresis and bistability are observed in the lasing wavelength,
as shown in Fig. 3(a). Throughout the saturable absorber bias
range of 6 to 1 V, the laser has two stable wavelengths, 1163
nm and 1173 nm.

By comparing with the electroluminescence data in Fig. 2, it
is clear that ground-state emission is responsible for both lasing
states. As evident from Fig. 3(b), the two lasing modes are well
separated, and the power contrast between them is more than
30 dB. The switchable wavelength range remains relatively
constant throughout the region and is around 7.7 nm when

. Moreover, the power in each of the two lasing
modes is almost identical, as shown in Fig. 3(c). For example,
at , the power ratio between 1173 nm (0.57 mW)
and 1166 nm (0.62 mW) is 0.92.

We also found that wavelength bistability can be observed
only in the narrow range of gain currents between 50 and 52 mA,
as shown in Fig. 3(d). When the current is too low, the laser
is either unstable or only one lasing wavelength is observed
at a single saturable absorber bias voltage. When the current
is too high, e.g., at the 55 mA shown in Fig. 3(d), the lasing
wavelength varies almost continuously as the saturable absorber
bias voltage is varied, and there is no bistability. Note that the
bistable area at 52 mA is slightly bigger than the area at 50 mA,
with the higher energy mode surviving at larger reverse biases.
This is easily explained by the additional gain provided to the
shorter wavelength mode at higher injection levels due to the
strong state-filling effects in QDs. Therefore, the points where
the gain of the two modes becomes dissimilar to support bistable
operation moves to lower reverse bias voltage.
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Fig. 3. (a) Wavelength of laser emission as a function of saturable absorber bias (Vsa) at a fixed gain section current of 50 mA. (b) Optical spectra at various
positions in the left hysteresis curve (the curves are offset for clarity). (c) Optical power as a function of Vsa. (d) Lasing wavelength vs Vsa at different gain
currents. The left-pointing triangle “�” means the trace is taken with the bias ramped up, from 0 to �7 V; The right-pointing triangle “�” means the trace is taken
with the bias ramped down, from �7 to 0 V.

Fig. 4. (a) Intensity autocorrelation for the mode-locked pulses on different branches of the hysteresis curve, both at�4 V reverse bias. (b) Corresponding radio-
frequency spectra [9].

We also measured the pulse characteristics of the laser output
in the two branches of the hysteresis loop shown in Fig. 3. We
observed that stable mode-locking occurs in both branches of
the hysteresis loop. An autocorrelation trace measured with the
laser operating in each branch at is displayed in
Fig. 4(a). The corresponding pulse width is about 6.5 ps, as-
suming a Gaussian pulse shape, and is essentially identical in
both branches. The pulse could be shortened by increasing the
reverse bias, and the shortest value obtained is 3 ps at 6 V.
Fig. 4(b) shows the radio-frequency (RF) spectra of the device.
It indicates a pulse train with a repetition rate of around 7.9 GHz
corresponding to a round trip time of 120 ps. The difference in
frequency between the two branches is approximately 15 MHz,

with the longer wavelength branch at higher frequency, as ex-
pected from the normal dispersion in the GaAs waveguide.

B. Devices 2 and 3

We tested two other lasers exhibiting bistability (see Table I),
a laser that was nominally identical to the first one but with a
higher threshold current (device 2) and one with a different ratio
of gain length to absorber length (device 3). As expected, device
2 showed qualitatively similar performance to device one. Bista-
bility is observed at current injection levels between 55 mA and
64 mA, which is a slightly higher injection level than for de-
vice 1. Fig. 5(a) compares the two hysteresis curves. Device 2
exhibits a much larger wavelength spacing between the modes,
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Fig. 5. Wavelength bistability comparison between device one (in red line) and device two (in blue line). (a) Laser emission as a function of saturable absorber bias
�� �. (b) Vsa width of bistability at different gain current injection. Device two’s lasing wavelengths as a function of saturable absorber bias �� �. Wavelength
bistability data for Device two: (c) At different temperatures (gain current 60 mA). (d) At different gain currents. The left-pointing triangle “�” means the trace is
taken with the bias ramped up from 0 to �8 V. The right-pointing triangle “�” means the trace is taken with the bias ramped down from �8 to 0 V.

with the shorter wavelength mode at approximately the same
location. This result is consistent with the higher injection level
producing a wider gain bandwidth due to stronger state-filling
effects at higher current. These results clearly demonstrate the
ability to tune the switchable range in this laser by simple ad-
justments to the amount of gain and/or loss present in the device.

In Fig. 5(b), we compare the width of the bistability region for
the first two devices as a function of current injected to the gain
section. The bistable region decreases with injection current for
device two, which is the complete opposite behavior of the first
device. The reason for this difference is that the hysteresis loop
for device 2 collapses on the low energy side while device one
shuts down on the higher energy side. Again this is consistent
with the higher energy mode beginning to dominate at higher in-
jection levels. The detail bistable data for device two are present
in Fig. 5(c) for different device temperature and Fig. 5(d) for dif-
ferent gain current.

The third laser we tested had a different geometry, with
, , and a .

With the saturable absorber region floating and a temperature
of 10 , the threshold current is 65 mA (threshold current den-
sity is 290 ). This threshold current density is about twice
that of the first device because more injection current is needed
to overcome the mirror loss due to a shorter gain segment. The
initial lasing mode is at 1170 nm, which is slightly shorter than
those of the first two devices. The reason is that the gain re-
gion current density is much higher for the third device, and the
overall gain peak blue shifts because of state filling. With the
significantly higher current density injection, the overall gain
profile is much larger and flatter compared to the first two de-
vices (see the EL spectra in Fig. 2) resulting in a very large

wavelength range in which modes experience similar amounts
of gain. This fact leads to more complicated and interesting
properties for device 3.

The wavelength-bias voltage hysteresis curve for the third de-
vice taken at various injection currents is shown in Fig. 6(a).
The switchable range is 32 nm when the gain current is 88 mA
(current density is 393 ). When the current is increased
to 96 mA (current density is 428 ) and 100 mA (current
density is 446 ), the ranges change to 25 nm and 16 nm,
respectively. The gain region current range for wavelength bista-
bility is from approximately 84 mA to 104 mA. Throughout this
region, the spacing between laser modes takes on three discrete
values, as shown in Fig. 6(a).

We also show the power-bias voltage hysteresis curve in
Fig. 6(b) for different pump currents. The power difference
between the two branches is the biggest at low current. The
difference decreases monotonically as the current is increased
while the wavelength difference in the two branches decreases.
To demonstrate the high isolation between the two lasing
branches, a 3D optical spectrum is plotted for in
Fig. 6(c). The black arrow shows the direction of the sweep for
the saturable absorber bias. The modes in the two branches are
well distinguished and isolated.

The most interesting property of this device is that the switch-
able range changes with gain current, which did not happen
with the first two devices. As the injection to the gain region
is increased, the separation between the lasing modes becomes
smaller. The longer wavelength mode stays relatively constant,
while the shorter wavelength mode moves progressively longer.
This behavior is different than the trend observed in the first
two devices. It is also counterintuitive, since one would expect
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Fig. 6. Device 3 lasing wavelengths as a function of saturable absorber bias �� �. (a) Different gain currents when the temperature is 10 �. (b) Power bistability
at different currents. (c) 3D optical spectrum when � is swept from 0 to �6.5 V and back to 0 V at � � �� ��. The direction is shown by the arrow (the
intensity is on a log scale). In (a) and (b), the left-pointing triangle “�” means the trace is taken with the bias ramped up from 0 to�8 V; The right-pointing triangle
“�” means the trace is taken with the bias ramped down from �8 to 0 V.

higher energy modes to have relatively more gain at higher cur-
rent densities, due to state filling.

There are two factors that, in combination, may be respon-
sible for these results. At these higher current densities the gain
curve is fairly flat, and therefore subtle changes can dictate
which mode becomes the eventual winner. Because the gain
curve is flat, the relative amounts of gain and loss determine
where the gain peak occurs. Since the loss in the absorber
region is monotonically increasing in this region (unlike the
gain), the net gain peak shifts to lower energies as the relative
strength of the absorption grows. This scenario fits well with
the observation of higher energy modes lasing as the gain is
increased (absorption relatively decreased).

C. Switching Mechanism

An additional requirement for a practical bistable laser is an
effective switching mechanism. The lasers in this work can be
switched electrically by modulating the bias voltage on the ab-
sorber. There is a strong red shift of the QD transition energy
with the application of an electric field. This shift is known as the
quantum-confined Stark effect (QCSE) and has been measured
to be up to 2 nm/V in similar structures [17], [18]. The effect
on the overall laser cavity (i.e., saturable absorber plus gain re-
gion) is to shift the peak gain to shorter wavelengths. Once one
laser mode becomes too highly favored over the other, bista-
bility breaks down and single mode operation occurs, causing
the laser to abruptly change modes.

To measure this shift, we monitored the electroluminescence
spectrum as a function of saturable absorber bias from the first
laser. In this experiment, one of the facets was antireflection
coated to inhibit lasing, and light was extracted from the facet
adjacent to the saturable absorber region. The result is shown in

Fig. 7. Electroluminescence spectra taken from a sample similar to the first
laser, but with an antireflection coating to inhibit lasing. The light was extracted
from the facet adjacent to the saturable absorber region. � is the bias voltage
of the saturable absorber region [9].

Fig. 7. Although not a quantitative measure of the gain spectrum
in our laser cavity, it is clear that the effect of the increased bias
is not only to reduce the overall gain, but also to shift the peak.
This peak shift explains why the low-bias lasing mode is always
red-shifted compared to the high-bias lasing mode.

D. Switchable Spacing

The three devices were made from the same wafer, but be-
cause of their different structures, the characteristics, including
threshold current density and lasing wavelength, of the three
lasers were different. Nevertheless, at different pump-current
densities, all three devices showed lasing-wavelength bista-
bility. There is also a remarkable characteristic that stands out
when the switchable spacings of all three devices (Fig. 8) are
plotted together. First, the spacing between modes for device
2 and device 3 at the lowest current overlap almost exactly
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Fig. 8. Comparison of the switchable range of the three devices. (a) Different saturable absorber bias voltage. (b) Different gain-current densities. The error bars
are the maximum and minimum ranges.

Fig. 9. Switch wavelength between two bistable wavelengths in device three. The red line is the intensity of long wavelength branch (1170 nm), the blue line is
the intensity of short wavelength branch (1140 nm), and the black line is the � voltage.

throughout the entire bistable range. Second, the switching oc-
curs in discrete steps. Observed values are 7 nm, 16 nm, 25 nm,
and 33 nm, all are roughly multiples of 8–9 nm. This behavior
is especially interesting, because there are only two modes
lasing at one time. The spacing is maintained for widely spaced
modes even without the intermediate modes being active.

Time-resolved and spectral hole-burning measurements have
shown that the homogeneous linewidth of InGaAs self-assem-
bled QDs is roughly 10 nm at room temperature [16]. The re-
verse biased section is depleted of carriers, therefore, this width
is a reasonable value to assume for the QDs in this section of
the laser. To avoid excessive cross-saturation in the absorber
region, modes must be spaced by more than the homogeneous
linewidth, a criterion for bistable operation, as explained above.
With this reasoning we could expect to never observe bistability
of two modes that are separated by less than about 10 nm. This
fact would also explain the similar spacing seen for different de-
vices, as it is the optical properties of the quantum dots that set
the scaling.

More difficult to explain is the consistent spacing of widely
separated modes in integer multiples of 8–9 nm. This strongly
suggests that although only two modes are seen to lase at one
time, the other dormant modes still play a role in the laser dy-
namics.

E. Switching Time

The wavelength hysteresis loop for a QD diode laser could
be used for applications that require switching between wave-

lengths on a short time scale. When the saturable absorber is bi-
ased in the middle of the hysteresis loop, the output wavelength
can be switched by an ultrafast electrical pulse of the required
polarity. Since no current is injected into the saturable absorber
region, the modification of the saturable absorber that selects
the lasing mode should be as fast as the pulse injected. There-
fore, the lower limit of switching time between the two stable
states for a two-section diode laser is determined by the satura-
tion recovery time of the saturable absorber section, as in [7]. In
quantum dots, carrier recovery time can be subpicosecond [14].
In our case, the output of the diode laser is a pulse train, and a
minimum of one round-trip is needed for the next lasing state
to be established. This time scale is longer than the saturation
recovery in our absorber, therefore, the wavelength-switching
time should be on the order of the round-trip time of the diode
laser.

To measure the switching time we dispersed the output of de-
vice three with a grating and measured each wavelength mode
independently. A high-speed electrical pulse was applied to the
saturable absorber, and output power data was collected with
two high-speed photodiodes and an oscilloscope. The measured
switching dynamics are presented in Fig. 9. If we define the
switching time to be measured is the time from 90% intensity
of the wavelength one to 90% intensity of the wavelength two,
then the time to switch from the short wavelength branch to long
wavelength branch is about 150 ps. In this case the switch occurs
faster than the voltage pulse, indicating that the jump in wave-
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length takes place on a narrow voltage range. This measured
switching time is only about 2 round trips time of the laser.

V. CONCLUSION

In conclusion, wavelength bistability is studied in two-sec-
tion quantum-dot lasers. Hysteresis and bistability in the lasing
wavelengths are observed when the reverse bias voltage is varied
on the saturable absorber. The wavelength bistability mecha-
nism is based on the interplay of saturation and the QCSE in
the laser. All three devices have bistability, but with different
ranges. We have demonstrated the ability to tune this switching
range over more than 30 nm with simple changes in the linear
gain or absorption present in the devices. The contrast ratio
for the two branches is very high. When one wavelength starts
lasing, the other is totally quenched. The measured switching
time between bistable wavelengths is 150 ps. We believe wave-
length bistable devices such as these can be employed as high-
speed switches or optical memories in next generation all-op-
tical networks.
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