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An Experimental and Numerical Study of Q-Switched
Mode-Locking in Monolithic Semiconductor

Diode Lasers
Michael B. Flynn, Student Member, IEEE, Liam O’Faolain, and Thomas F. Krauss

Abstract—We present experimental results of Q-switched mode-
locking (QML) of a monolithic two-section semiconductor laser.
We demonstrate tuning of the Q-switched envelope repetition rate
with pumping current over the range of 0.4 to 1.6 GHz. Detailed
numerical modeling is used to study a range of similar devices and
to investigate the mechanisms and conditions for QML to occur.
We also discuss design conditions for increasing the tuning up to
4 GHz.

Index Terms—Mode-locked lasers, modeling, pulsed lasers,
Q-switched lasers, semiconductor lasers.

I. INTRODUCTION

SEMICONDUCTOR lasers offer many attractive features
for ultrashort pulse generation. They are low cost, electri-

cally pumped and their output can easily be coupled into fibers.
In particular, by placing all of the elements for pulse genera-
tion on a single chip of about 1 mm in length one can achieve
extreme compactness and avoid mechanical instabilities associ-
ated with external cavities.

In this work we consider a two-section amplifier/absorber
monolithic diode laser [1] (see Fig. 1). The longer amplifier sec-
tion is forward biased to provide gain and the shorter section is
reverse biased to form a slow saturable absorber. We examine
the operating behavior of such a device with a particular em-
phasis on the Q-switched modelocking (QML) regime [2]. This
regime consists of a longer Q-switched envelope with an un-
derlying train of mode-locked pulses. The Q-switched envelope
has a repetition rate of the order of 1 GHz allowing the 40-GHz
mode-locked pulses to have much higher peak powers than for
a continuous-wave (CW) mode-locked similar device.

We can tune the output frequency of the device by varying
the current to the gain section. Higher currents lead to higher
frequencies. However, we can only encounter QML within a
specific range of currents for any given device, if at all. This
is because QML is conditional on a sensitive balance between
gain and loss which may not be possible within certain device
configurations.

We constructed a device that allowed a frequency tuning over
a range of 0.4–1.6 GHz. Frequency tuning of self-pulsating (SP)
diode lasers has been studied in [3] which showed tuning of 1 to
4 GHz. However, despite similarities with QML, self-pulsation
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Fig. 1. Diagram of two-section monolithic diode laser structure.

is passive Q-switching with a noisy filling within the envelope
instead of a train of mode-locked pulses.

Passively mode-locked (PML) two-section diode lasers have
been made in lengths from 7 to 0.25 mm corresponding to the
frequencies of 5.5 [4] to 350 GHz [5]. QML allows us to extend
the repetition rate of our devices from this lower PML frequency
down into the megahertz range, while also keeping the ultrashort
mode-locked pulses within our signal under the envelope.

Although many applications of ultrashort pulses such as
telecommunications require stable mode-locking with steady
pulse energy, there are a number of applications where in-
creased peak powers are extremely advantageous. An example
is that of nonlinear frequency conversion. Generation of blue
light is of particular interest for medical diagnostics and optical
data storage. As Q-switched mode-locked pulses can have peak
powers many times higher than that of mode-locked pulses
for similar current injection, much better second harmonic
generation could be obtained.

Another possible area of application is that of precise fab-
rication of microstructures [6]. For pulses of the order of 1 ps
and shorter, the average ablation rate is dependent on the op-
tical penetration depth for low laser fluences. For longer pulses,
only the effective heat penetration depth which is independent
of pulse duration is an issue. QML would allow the use of pi-
cosecond pulses but with much higher peak powers than simply
mode-locked pulses. As power output from diode lasers increase
this may prove to be a very practical, compact and suitable
source for micromachining.

The use of ultrashort pulses in surgery has been examined
in [7]. Primarily Q-switched CO and Nd:YAG lasers are used,
however heat diffusion typically leads to adjacent tissue being
damaged. The use of short pulses leads to plasma-mediated ab-
lation which does not exhibit damaging thermal effects and also
yields much better precision. It has also been found that the ab-
lation efficiency for shorter pulses is greater than that for longer
pulses with the same pulse energy. The use of mode-locked
pulses would seem an obvious choice for such an application
and by putting a Q-switched envelope over these pulses it also
gives us freedom to control the repetition rate. This offers a dis-
tinct advantage in that one would have greater control over the
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TABLE I
WAVEGUIDE LAYER PARAMETERS

ablation rate. There is also an efficiency argument to be made
for QML over a mode-locked source in that for the same elec-
trical input QML delivers peak powers several times greater.

A final example of an application of QML is that of the mea-
surement of two-photon absorption (TPA) by loss modulation
[8] which can often be difficult due to a weak TPA signal. If
an intensity modulated ultrashort pulse train is passed through a
sample, sidebands will be generated on the main mode-locking
frequency which can then be measured very accurately. This
technique has the advantage that it does not rely on fluorescent
constraints and could be adapted for measuring higher-order
nonlinear absorption also.

These applications have been previously studied in the liter-
ature with respect to bulky solid-state laser sources. QML in
semiconductor lasers has not received much attention in the lit-
erature largely due to its unsuitability for communication appli-
cations. However, as output power from diode lasers improves,
QML may prove to be a very valuable and practical method for
producing high energy ultrashort pulses with controllable rep-
etition rate from an electrically pumped, highly compact and
cheap source.

In this paper we show experimental results of QML in a
monolithic two-section semiconductor diode laser. We obtain
a QML frequency tuning relationship with driving current. In
addition, we provide numerical simulations which display the
same behavior and allow us to extrapolate to other devices.
We also describe the onset of QML and discuss the transition
to this behavior from other regimes. We produce and discuss
our experimental results in Section II. Section III introdues
our model and device parameters. Section IV deals with our
numerical simulations and results. Finally, we present our
conclusions.

II. EXPERIMENTAL RESULTS

We fabricated a simple two-section laser comprised of
a 1080- m-long gain section and a 200- m-long saturable
absorber section. The two sections were isolated using a
25- m-wide, 200-nm-deep trench. This had an electrical resis-
tance of approximately 1 . The GaAs active layer had thin
(400 nm) p-type cladding and contained two InGaAs quantum
wells. The material was grown by metal–organic vapor phase
epitaxy (MOVPE). The wafer details are given in Table I. The
output was examined using a 25-GHz RF spectrum analyzer
and fast photodiode. Experimentally, no pulsing is detected
when the absorber was open circuit. The threshold current of
the device was approximately 40 mA. There was insufficient
power to take measurements for currents below 50 mA. With

Fig. 2. Measured current-frequency tuning curve for two-section monolithic
diode laser.

Fig. 3. RF spectra of QML frequency of 787.8 MHz.

the absorber grounded, the device showed pulsing in the range
400 MHz to 1.6 GHz, depending on the applied current. A cor-
responding abrupt change in the optical spectrum width from
0.5 nm to over 3 nm was observed, indicating mode-locking. A
tuning curve is displayed in Fig. 2. A sample RF spectrum is
displayed in Fig. 3. All RF spectra were found to be stable.

QML characteristics were observed when the device was in
a range of currents just above threshold. In the case of higher
or lower currents, no RF spectrum trace could be detected, sug-
gesting behavior had changed to PML. A number of other de-
vices with similar gain length but shorter absorber lengths were
fabricated and no pulsing at megahertz frequency was detected.

III. THEORETICAL MODEL

We model our device based on an adapted and extended from
of that reported in [9]. The electric field in the laser diode
waveguide can be decomposed into a forward ( ) and a back-
ward ( ) travelling wave with

(1)

where is the reference frequency and is the propaga-
tion constant. These complex forward and backward travelling
slowly varying complex envelopes satisfy the equation

(2)
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The group velocity is denoted by , is the confinement factor,
is the internal absorption. The photon density is calculated

from

(3)

We model the complex nonlinear gain using [10]

(4)

(5)

We use for the differential gain with respect to carrier den-
sity. is the carrier density at transparency, is the linewidth
enhancement factor, is the gain compression factor, and is
the gain nonlinearity relaxation time. Gain/absorber saturation
is included through the term. Self-phase modulation re-
sults in a change in the refractive index of the material due to
the linewidth enhancement factor and is realized in the term.
The finite gain relaxation is accounted for in (5).

The dynamics of the carrier concentration are modeled
with the following rate equation:

(6)

The current density is denoted by (set to zero in the absorber
section), is the active region thickness, , is the carrier life-
time and separate values are assigned for the gain and absorber
sections, and and are the bimolecular and Auger recombi-
nation rates, respectively. We note that in the saturable absorber
section generally, and from (4), we see that we expe-
rience a loss (i.e., ).

The model is easily adaptable to colliding pulse
mode-locking or self-colliding pulse mode-locking [10]–[12]
through the addition of an extra term to represent coupling
between the forward and backward travelling waves in the
absorber section.

Spontaneous emission was modeled by adding a nonzero
complex Gaussian excitation term to the travelling wave
equations [13]. This is necessary to ensure self-starting and to
represent noise within the laser cavity.

To account for the finite spectral gain bandwidth of the de-
vice a first order infinite impulse response (IIR) filter was im-
plemented similar to that described in [14] and [15]. We use a
filter with a frequency response given by

(7)

The filter is implemented using

(8)

where and are, respectively, the output and input of the
digital filter at time . The magnitude of the complex number

is less than unity and determines the bandwidth of the filter
around the peak frequency through

(9)

TABLE II
TYPICAL PARAMETER VALUES USED IN THE SIMULATIONS

We pick by fitting the frequency response to a standard gain
curve for the diode material.

Equation (2) was solved subject to the standard reflection
boundary conditions applied at the facets of the laser

(10)

(11)

We approximate the spatial and temporal derivatives in the
two advection equations (2) by first-order difference approxi-
mations. By neglecting the second derivatives, we can use the
following approximation [16]:

(12)

where is the spatial integration step and .
The parameter values used for the simulations were selected

based on a standard InGaAs QW based device. Table II gives an
explanation of parameters and their values.

IV. NUMERICAL RESULTS

A. Transition From CW Mode-Locking to QML

As discussed in [14], there are four distinct types of pulsed
output from two-section monolithic diode lasers. These types
are CW mode-locking, unstable mode-locking, QML, and self-
pulsation. The type of pulsed output depends on many parame-
ters but normally for a given device we can switch from one type
of behavior to another by changing the pumping current and/or
the reverse bias on the saturable absorber. We show the transi-
tion from CW mode-locking to QML through the intermediate
unstable mode-locking in Fig. 4.

CW mode-locking yields trains of mode-locked pulses with
good amplitude stability. Unstable mode-locking also gives
trains of mode-locked pulses at the round-trip of the laser
cavity, however the amplitude of the pulses tends to vary and
the mode-locking is not as stable. QML sees the mode-locked
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Fig. 4. Transition from CW mode-locking to QML for monolithic diode
laser for � = 35 ps, I = 150 mA. (a) CW mode-locking (L = 100 �m).
(b) Unstable mode-locking (L = 120 �m). (c) Transition from unstable
mode-locking to QML (L = 160 �m). (d) QML (L = 240 �m).

Fig. 5. Phase portrait for 150-mA gain pump current. (CW: Continuous-wave
operation, CWML: CW mode-locking, UML: Unstable mode-locked operation,
QML: Q-switched mode-locking).

pulses being modulated by a Q-switched envelope. Typical
pulse durations for these forms of mode-locking are 1 to 2 ps.

A sample phase portrait of the different types of behavior
obtained from our model is shown in Fig. 5. We vary the length
of the absorber section (we keep a constant gain section of
1 mm) and the recombination time within the saturable absorber
section for a constant gain current of 150 mA. In practice, the
carrier recombination time of the saturable absorber can be
changed by varying the reverse bias across it [17]. Here, we
consider the range of 5–50 ps for .

B. QML

The mechanism by which QML occurs is quite simple. When
the absorber is unsaturated the total loss in the diode cavity ex-
ceeds the gain, however by pumping the gain section we in-
crease the carrier density. This continues until the gain, which
has increased due to the increase in carriers, exceeds the cavity
loss. Noise spikes within the cavity transform into mode-locked
pulses in the normal passive mode-locked manner and begin
to oscillate in the cavity. This saturates the absorber in a very
brief period of time and allows a short and intense pulse to be

Fig. 6. Gain across the length of the device versus time.

Fig. 7. (a) Gain. (b) Absorber. (c) Output field for device.

emitted. However, this pulse depletes the carrier density, thereby
reducing the gain to its original value and preventing pulse gen-
eration. Fig. 6 displays the gain across the device versus time
as calculated by our model. We can see the gain increase in the
absorber section while the saturable absorber maintains a con-
stant absorption. A dip in the gain is then observed with a corre-
sponding peak in the absorption over a time period equal to the
pulse duration from the device. Fig. 7 takes a cross-section of
the surface generated in Fig. 6 and clearly displays the mecha-
nism previously discussed.

From Fig. 5 we can see how the behavior of the diode can
vary quite dramatically over the possible range of parameters.
There are regions of the parameter space that allow QML to
occur. These are well defined and, therefore, we must be very
careful when designing and building our devices to ensure that
they will give us a device that will operate in the desired manner.
The main requirement for QML is a sufficiently long absorber
section which yields a high gain threshold for the device.
The value of can be calculated by finding the equilibrium
point between gain and loss in the cavity from

where and are the fraction of the total length of the device
occupied by the gain/absorber respectively and is the un-
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saturated absorption. We have found from both numerical and
experimental results that a gain section of 1 mm length and sat-
urable absorber section of 200 m provides a suitable gain/ab-
sorber ratio and also allows for a reasonable frequency tuning
range.

C. QML Repetition Frequency Tuning

Fig. 7(a) and (b) displays the behavior of the gain midway
through the amplifier and saturable absorber sections respec-
tively for the device output shown in Fig. 7(c). We can clearly
see that the repetition frequency of the QML is determined by

. There are several ways by which we can change this and
change the repetition frequency of the device.

The differential gain within the amplifier section determines
the slope of the smooth monotonically increasing curve of
Fig. 7(a). By varying this value we could change the rate at
which the gain increases with carriers. However, in practice
we find that we will be working with a certain material which
has a specific differential gain and this is not a suitable form
of tuning. Similarly we could change the gain saturation terms
in the amplifier and/or absorber section. By increasing the
gain saturation term it would take a longer period of time for
gain-loss equilibrium to be reached. Alternatively we could
change the absorber saturation term and set a higher gain to be
reached before QML commences. Again though this proves
impractical.

We can change the overall cavity loss by placing suitable coat-
ings on the end of the facets of the laser to adjust the end reflec-
tivities. We note that for longer devices this has less of an influ-
ence. As can be expected, the length ratio between the gain and
the absorber section will be the most important factor in deter-
mining the cavity gain–loss dynamics.

Although there are several parameters that play an important
role in determining the QML it is only the gain pumping current
that provides a convenient way to tune the frequency. The rela-
tionship between current and carriers in the gain section is given
in (6) and is obviously very strong. A numerically obtained
tuning curve is illustrated in Fig. 8. We see that the curve is
very similar to Fig. 2, however the device continues to QML for
higher currents than experimentally obtained leading to a repe-
tition frequency close to 3.75 GHz. At a current of 170 mA, the
modulation depth reduces to less than 100%. This behavior then
changes to self-pulsation at 170 mA. This simulation was per-
formed for the same diode laser but with . We
have just considered repetition rates for which we have 100%
modulation depth, this limits our maximum achievable repeti-
tion frequency. This occurs when and we no longer
experience extinction between pulses. These results are similar
to those in [18] and [19] where a linear relationship between the
repetition rate and current was found for currents well above
threshold in the case of just a Q-switched diode laser.

We are also free to change the absorber recovery time as pre-
viously explained. This has little effect on the repetition rate as
it is the build up in carriers in the gain section that determines

. This was also confirmed experimentally by examining the
effect on the RF spectra of changing the saturable absorber re-
verse bias.

Fig. 8. Numerical tuning curves for up to 3 GHz.

Pulse durations were found to vary very little with current.
The Q-switched pulse envelopes were approximately 100 ps
full-width at half-maximum in length. The mode-locked com-
ponents were approximately 1 ps.

V. CONCLUSION

We have demonstrated QML in a two-section monolithic
semiconductor diode laser. We have achieved tuning of the
repetition frequency of the QML over a range of 0.4–1.6 GHz
by varying the pumping current over the range of 50–100 mA.
This yielded an almost linear tuning curve. Detailed numerical
modeling was performed on similar diode lasers. It was shown
numerically that three distinct forms of mode-locked pulsed
behavior possible from these devices depending on the device
characteristics. A parameter window in which QML occured
was found to exist for a gain section of 1 mm and an absorber of
0.2 mm. Numerical studies into the gain dynamics of the device
were also performed. These illustrated methods by which the
tuning range of the device could be extended to much higher
frequencies. By simulating our device with end reflectivities of
0.95 we managed to increase the tuning to almost 4 GHz.
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