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Improving the Optical Bandwidth of Passively
Mode-locked InAs Quantum Dot Lasers

Patrick Finch, Matthew D. Hutchings, Peter Blood, Fellow, IEEE, Angela Sobiesierski, Member,
IEEE, Peter M. Smowton, Senior Member, IEEE and Ian O’Driscoll

Abstract— We examine in detail the relation between the optical
gain spectra, mode-locked optical emission spectra and temporal
optical pulsewidths as a function of temperature between 80 K and
300 K on passively mode-locked InAs quantum dot lasers. By
increasing the length of the active region, we can decrease the
threshold gain requirement for mode-locking. At 300 K, where the
dot states and wetting layer are close to thermal equilibrium, the
bandwidth of the optical emission spectra and temporal optical
pulsewidth remain largely unaffected when the threshold gain
requirement is reduced. At 80 K, where the dots are randomly
populated, there is a near doubling of the optical bandwidth for
the same reduction of the threshold gain requirement and a
corresponding decrease in the temporal optical pulsewidth. Rate
equations, which take explicit account of the photon density in the
cavity, are used to qualitatively highlight the key parameters
which are responsible for increasing the optical bandwidth in the
random population regime.

Index Terms — Quantum Dots, Mode-locking, Semiconductors
Lasers, Semiconductor Devices.

I. INTRODUCTION

It has long been considered important that a wide optical
bandwidth is one of the crucial factors in the generation of
ultrashort pulses, and for this reason the wide gain spectrum due
to inhomogeneous broadening in quantum dot systems has
made quantum dots attractive candidates for generation of
mode-locked, ultrashort pulses. Thus far, pulsewidths of the
order 1 ps and down to 0.4 ps, under optimized conditions of
very high drive current and absorber bias, have been achieved
with dots at room temperature [1,2] and 0.64 ps pulses from ion-
implanted bulk laser diodes [3], compared with 1.3 ps for
quantum wells [4] using a two section passively mode-locked
device. At room temperature, it is considered and often
observed that the dot states are in global thermal equilibrium,
following Fermi-Dirac statistics [5], and coupled with each
other via the wetting layer. Consequently, the dot occupation
is pinned at and above threshold at a value corresponding to the
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peak gain, leading to a narrow optical bandwidth and
temporally broad optical pulses [6, 7].

When the temperature of the system is brought below
approximately 225 K in undoped dots, the occupation becomes
nonthermal, and below about 100 K, all ground states across the
inhomogeneous distribution have the same occupation
probability; this is the random population regime [8]. We have
previously shown that the pulsewidths of mode-locked quantum
dot devices decrease with decreasing temperature and at 20 K
pulsewidths of 300 fs have been achieved using a proton
bombarded absorber section [9].

In this paper, we examine in detail the relation between
optical gain spectra, mode-locked optical emission spectra and
cavity loss, for the same structure as a function of temperature.
Using devices of different active region lengths we show that
as the width of the accessible gain spectrum is increased by
reducing the optical loss, the spectral width of the pulse
increases at low temperature, but not at room temperature,
thereby accounting for the observed reduction in temporal
width of the pulse at low temperature. This interpretation is
supported by rate equation modelling of the optical gain spectra
above threshold for the inhomogeneous dot distribution. This
work confirms that to exploit fully the potential of quantum dots
for ultrashort pulse generation, it is necessary to suppress
emission of electrons from the dot states to the wetting layer so
that each dot behaves as an independent entity.

I. DEVICE STRUCTURES AND
EXPERIMENTAL DETAILS

The samples are comprised of five layers of InAs dots, each
grown in a dot-in-a-well (DWELL) on Ingi5GagssAs
surrounded by a GaAs core and AlpsGaosAs cladding
waveguide. The lengths of the devices were 2 mm and 2.6 mm;
with the gain and absorber lengths in the first sample 1.8 mm
and 0.2 mm, respectively, and in the second 2.4 mm and 0.2
mm. Each sample consisted of a 50 um wide oxide stripe with
no coating at either facet. The samples were mounted in an
Oxford Instruments optical cryostat and cooled using liquid
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nitrogen to the desired temperatures, including 300 K, 150 K
and 80 K.

In the saturable absorber, the main mechanism by which
carriers are lost from the dot at low temperatures is emission to
the wetting layer [10] and this becomes very slow below about
225 K [11]. We have therefore bombarded the absorber sections
with protons, with energy of 250 keV and dose of 1x10'2 cm?,
to introduce nonradiative recombination centers and increase
the recombination rate to reduce the recovery time. This is
essential to achieve mode-locking at low temperatures as
described in Refs 8 and 10.

Optical spectra were measured using an Ando AQ6317
optical spectrum analyzer, with a resolution of 0.05 nm, and the
corresponding autocorrelation traces were obtained using an
APE Pulsecheck 150. The mode-locked samples were
electrically pulsed with a pulse length of 20 us and a duty cycle
of 8 %.

The modal gain and modal absorption were obtained from
single pass measurements of the amplified spontaneous
emission [12] using the multi-section technique on 50 um wide,
oxide stripe devices fabricated from the same material with 150
um section lengths, uncoated facets and pulsed electrical
injection.

II. EXPERIMENTAL RESULTS

Examples of both the optical and gain spectra for various
current densities at 300 K are shown in Fig. 1. The optical
spectra for the 2 mm device at increments of 110 A/cm?,from
770 A/cm? through to 1100 A/cm? are the upper dotted and
dashed lines with peaks centered around 0.947 eV. The optical
emission spectra for the 2.6 mm device at the same current
densities are the lower dotted and dashed lines with peaks
centered around 0.94 eV. The FWHM of the optical spectra for
both the 2 mm and 2.6 mm devices are approximately 8§ meV.

The optical gain spectra are plotted for increasing currents
between 100 A/cm? and 1333 A/cm?. These are measured using
non-lasing test structures so any effects of gain pinning that
occur in the laser are not seen. The ground state gain peak
(0.935 eV-0.95 eV) shifts to higher energies as the level of
injection is increased, which we associate with the filling of
states in an inhomogeneous distribution [13], and it saturates at
higher current densities before shifting back to lower energies
due to many body Coulomb interactions [14,15]. Similar
behavior is observed for the second peak in the optical gain
spectrum, at around 1.02 eV, which we associate with higher
lying transition energies.

The threshold gain requirement of a laser is given by

G =1 Ao+ (am+a) (1)
Lg Lg

where G is the modal gain of the active region, length L, 4, is
the unbombarded band to band modal absorption of the passive
absorber section, length, L,, and a,,, a; are the distributed
mirror and internal optical losses respectively and L is the total
device length = L.+ L, [17]. In our experiments, increasing the
length of the gain section lowers the threshold gain requirement

while the other parameters remain fixed. The mirror losses are
L) with R;, R,=0.33. a; = 5

R1R;
cm’!, is measured from the multi section technique, together
with a wavelength dependent absorption Ao. The thick upper
and lower lines in Fig. 1, indicate the calculated threshold gain
requirement for mode-locking for the 2 mm and 2.6 mm devices
respectively. The intersection of these lines with the gain
spectra shows the maximum bandwidth of available gain for
each cavity length and this is reduced in the lasing structures
when gain / carrier density pinning occurs.

calculated using a,,, = %log(
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Fig. 1(a): (Color online) 300 K plot of gain vs energy (black lines),
with increasing current from 133 A/cm? to 1333 A/cm?, in increments
of 133 A/cm?, and threshold gain requirement for 2 mm (red line) and
2.6 mm (blue line) devices.

Fig. 1(b): Corresponding 300 K optical spectra for the 2 mm & 2.6
mm devices, ranging from 770 A/cm? to 1100 A/cm?. There is little
difference between the FWHMs of the optical emission spectra as the
threshold gain requirement is lowered (red to blue).

Fig. 1 shows that the optical emission spectra shift to higher
energies for the short cavity device, as expected from the optical
gain spectra. Lowering the threshold gain requirement increases
the bandwidth of available gain but this has a marginal effect
on the observed bandwidth of the optical emission spectra at
room temperature. This is because the dot states and wetting
layer are close to thermal equilibrium [8]. At high current
density, for the 2 mm device, a second peak is visible in the
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optical emission spectra at higher energies, due to the high
energy peak in the gain spectra.
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Fig. 2(a): (Color online) 150 K plot of gain vs energy (black lines) for
increasing current from 133 A/em? to 1066 A/cm?, in 133 A/cm?
increments, and threshold gain requirement for 2 mm (red line) and 2.6
mm (blue line) devices.

Fig. 2(b): Corresponding 150 K optical spectra for the 2 mm & 2.6 mm
devices, ranging from 770 A/cm? to 1100 A/cm’ More gain is
available above each threshold gain requirement compared to 300 K,
and the FWHM of the optical emission spectra is marginally increased.

Modal gain and optical emission spectra for the two devices
at 150 K are shown in Fig. 2 together with the calculated
threshold gain requirements. Compared with 300 K, the peak of
the modal gain at the ground state has increased from 15 cm’!
to 18 cm! for the same level of injection whereas the magnitude
of the higher lying peak has been reduced due to the decreased
occupancy of the higher lying energy states as the temperature
is reduced. The shift of the ground state gain peak to higher
energies as the current has increased is also less significant.
There is a slight increase in the width of the optical emission
spectra as the temperature is reduced and this is mainly due to
the reduction in gain saturation and therefore the increased
amount of gain available above the threshold gain requirement.
Lowering the threshold gain requirement has little effect on the
width of the optical emission spectrum. However the optical
emission spectra become wider as the current is increased,

which suggests that the carrier density is not fully clamped at
this temperature.

Fig. 3 shows optical emission and optical gain spectra and

the same threshold gain requirement for the two devices at 80
K. Compared with 300 K, the energy dependence of the gain
peak with increasing current is very weak. We suppose this is
because the lower energy states are no longer in thermal
equilibrium with the wetting layer or with each other and are
populated with equal probability independent of their energy.
Consequently the gain spectrum follows the inhomogeneous
energy distribution of the dot states.
In Fig. 3, the bandwidth of available gain spectra above the
threshold gain requirement is much greater than at room
temperature for both devices, and embraces the higher energy
gain peak. The optical emission spectra also include emission
from the higher lying transitions though this is not continuous
with the low energy emission. At 80 K, it is clear that the
optical emission spectra are wider for the device with the
greater active length, which is consistent with the greater
bandwidth of available gain. The gain spectra in Fig. 3 are
measured using a non-lasing test structure so any effects of gain
pinning that occur in the laser are not seen. Without gain
pinning the lasing spectral width of the lasing device is
determined by the spectral width where the gain exceeds the
gain requirement (loss). Our interpretation of the change in
ground state emission spectrum is that it broadens on both high
and low energy sides because of the reduced gain requirement.
The degree of broadening on the low energy side is consistent
with the increase spectral width of gain above the gain
requirement (loss) level.

At 80 K, the higher peak in the optical emission spectra shifts
to lower energies, as the threshold condition is reduced and we
hypothesize this is due to the fact that the higher lying energy
states (shallower dots) are still able to communicate with the
wetting layer and their occupation is not truly random.
However, the size of the shift one would expect due to the
change in energy where net gain is first obtained in the excited
state for each threshold condition appears to be small to
completely explain this effect and it may be due to the
propagating pulse experiencing a greater degree of
amplification and dispersion in the longer gain section. We
were not able to observe mode competition effects in our
devices.
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Fig. 3(a): (Color online) 80 K plot of gain vs energy (black lines) for
increasing current from 100 A/cm? to 800 A/cm?, in 66 A/cm?
increments, and threshold gain requirement for 2 mm (red line) and 2.6
mm (blue line) devices.

Fig. 3(b): Corresponding 80 K optical spectra for the 2 mm & 2.6 mm
devices, ranging from 770 A/cm? to 1100 A/cm?. By lowering the gain
threshold condition at 80 K, there is a significant increase in the
FWHM of the optical emission spectra.

We observed that the corresponding temporal optical
pulsewidths for each set of optical emission spectra decrease
significantly at 80 K, across a range of equivalent reverse biases
and current densities, consistent with the observed spectral
widths. As an example, at 80 K, at a reverse bias of 4 V and
current density of 1100 A/cm?, the pulsewidth of the shorter
device was measured to be 940 fs whereas the longer device
was 610 fs, which corresponds to a decrease of more than a
third. In general, we observed a 30-40% decrease in the
temporal optical pulsewidth across a range of reverse biases as
the threshold gain requirement was lowered from the shorter to
longer device.

It should be noted that other parameters, apart from the gain
section length, in the calculation of the gain threshold condition
can be manipulated in order to allow access to even more of the
gain spectrum. These include the saturable absorber section
length and the internal and mirror losses. Optimizing of the
growth conditions in order to lower defects will help lower the
internal losses while the mirror losses can be lowered using

high reflectivity coatings which have the added benefit of
creating self-colliding pulse effects in the saturable absorber for
pulse narrowing [17]. For the purposes of this experimental
work, only manipulation of the gain section length was
undertaken.

ITII. RATE EQUATION ANALYSIS

In order to further understand our experimental data, we have
studied the effect of capture, emission and recombination at the
dot states on the gain spectrum above threshold by means of a
set of carrier, phonon and photon rate equations. These treat the
electronic transitions between the wetting layer and ground
state of the dots as interactions with a Bose-Einstein distribution
of phonons [8]. Previously, these equations were used to
compute the behavior at threshold, where the peak gain was set
equal to the optical loss, but in order to understand the behavior
above threshold we have to take explicit account of the photon
density by including a coupled single-mode photon rate
equation for the cavity. These rate equations are not an attempt
to simulate the actual devices measured in Sec II but rather use
a simple model to illustrate qualitatively the link between
thermal and non-thermal behavior and the shape of the spectra.
For such purposes, we did not go to the considerable added
complexity of including a coupled population for the excited
states as such a solution is not readily obtained. The energy
states are calculated for harmonic potentials in an
inhomogeneous Gaussian distribution of 51 transition energies
and we assume the dots are occupied by electron hole pairs. The
net rate of change of electrons in the ground state of the active
region is given by

% =Ry —R — Rspon — Rstim (2)
where R, and R, are the phonon-mediated upward and
downward rates of exchange of carriers between the ground
states and wetting layer. Carriers on the dots are lost by
spontaneous, Rgy,,p, and net stimulated recombination, R p,.
The thermal distribution of phonons at a temperature 7 is given
by

Nen = — e — 3)
S

and the energy required for an electron to be emitted from a dot
to the wetting layer is provided by the absorption of a phonon,
while the energy released when an electron is captured to a dot
results in the emission of a phonon [18]. hv is the energy
separation between the dot state and wetting layer. The number
of electrons occupying the ground state is n= f,N; for N; dots
per unit area where f, is the ground state occupation probability.
The downward rate, R, from an occupied wetting layer state

to an empty localized dot state is given by By(ng, +
1) (1 — f;)Ng where B, is a rate constant with units cm?s™!,
fw is the wetting layer occupancy, and the first and second
components of the term (ny, + 1) account for the stimulated
and spontaneous emission of a phonon respectively. The
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upward rate, Ry, from an occupied dot state to an empty wetting
layer state, is Byng,fy (1 — f,,)Ng. The spontaneous emission
ngd

rate of a photon, Rgpop, is given by where Tgpop is the

Tspon
spontaneous recombination time with a value of 1 ns. Full
details are given in Ref 7.

The carriers are coupled to the photon population through
stimulated emission, net rate Rg;p,, Which is equal to v,G Ny,
where v, is the group velocity, G is the modal gain and N, is
the number of photons per unit area. The single mode rate
equation for the cavity in the steady state gives,

BsponRspon
Npw= =" @
‘L'ph Vg

where S,y is the fraction of light coupled to the mode and 7,
is the cold cavity photon lifetime representing the average rate
at which photons are lost from the cavity and is inversely
proportional to the total optical loss. The calculation of the
modal gain, G, as a function of n, incorporates homogenous
broadening with a temperature dependent linewidth taken from
Ref 19. The calculation does not include bandgap narrowing.

All the calculations were done for a laser without a passive
absorber for three different values of optical loss of a; + a,, =
5,10,15 cm! at each temperature, representing the effect of
changing the length of the gain region. These values span the
range of optical loss in the experiments.. Reverse voltage
applied on the absorber is known to impact pulse shape and
optical emission spectra. Our calculation assumes that the
absorber recovery time is always fast enough and our
calculations do not include the intermediate situations where
reverse bias can adjust the absorber recovery time.

Fig. 4 (a) shows the Gaussian inhomogeneous dot
distribution with a standard deviation and ground state peak
chosen to match the measured absorption spectra of the laser
structures. Figs 4 (b) and (c) are the calculated ground state
occupation probability, f; , (by solving equation (2) ) and modal
gain spectra at 300 K for an optical loss of 5, 10 and 15 cm’!
and a current density of 1.5xJi in each case. Threshold in the
model was identified, as in an experiment, by extrapolating the
light current curve to the current axis.

At 300 K, near threshold, the calculated occupation
probability is close to a Fermi-Dirac distribution and the
occupation decreases with increasing energy. However we find
that, with the rate constants used in the model, the occupation
distribution deviates from this at higher current as the
stimulated recombination rate increases, as is suggested by
experimental observations [20]. This behavior is shown in Fig.
5, for an optical loss of 5 cm™ and at multiples of threshold
current.

As the optical loss is increased, the gain peak shifts to higher
energies (Fig. 4(c)) towards the energy peak of the dot
distribution (Fig. 4(a)). The peak gain is pinned above threshold
and the laser emission at each loss occurs at the peak of the gain
spectrum with a narrow linewidth and any current above
threshold suppliotheres the lasing process rather than increasing
the population of dots across the inhomogeneous distribution.
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Fig. 4: (Color online) (a) Plot of the number of dots per unit area
versus energy (b) 300 K plot of dot occupancy f; vs energy at 1.5x Jin
(c) 300 K plot of gain vs energy at 1.5 x Ju for three different optical
losses: 5 cm! (solid line), 10 cm™! (dashed line) and 15 cm! (dotted
line). Lasing occurs only at the peak of the gain spectrum for all cases
resulting in a narrow optical spectrum.
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Fig. 5: (Color online) (a) 300 K plot of dot occupancy f versus energy
(b) modal gain vs energy for an optical loss of 5 cm™' at multiples of
the threshold current Ji. Increasing fw corresponds to an increase in the
current. Increasing injection causes little change in the width of the
peak of the gain spectrum.

At 80 K, f, was calculated for the same three values of
optical loss and is plotted as a function of energy in Fig. 6(a)
together with the corresponding optical gain in Fig. 6(b) for the
same energy distribution of dot states in Fig. 4(a) whereas the
ground state peak energy was shifted in accordance with the
experimentally measured modal absorption spectra at 80 K. We
find that at 80 K, the ground state dots are populated randomly
and below threshold the occupation probability is the same for
all the ground states, so the gain spectrum follows the dot state
distribution (Fig. 4(a)) and laser action is initiated at the peak
of this distribution with a narrow line. At threshold current, the
gain of those dots which contribute to laser action is clamped at
the cavity loss (Fig. 6(b)) and their occupation increases with
energy away from the peak (Fig. 6(a) to compensate for
decreasing dot density (Fig.4 (a)). As the optical loss is lowered,
more dots are inverted and the spectrum broadens compared to
300 K for the same loss in Fig. 4(c).

In Fig. 7, we have plotted f; and optical gain as a function
of energy for a fixed loss of 5 cm™! at multiples of the threshold
current density J; determined by choice of the wetting layer
occupation. It can be seen that the occupancy of the dots which
do not contribute to lasing increases with increasing current

until their gain matches the optical loss. Those carriers are
supplied from the same wetting layer and since the
recombination at these dots is due only to spontaneous
emission, their
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Fig. 6: (Color online) (a) 80 K plot of dot occupancy fg vs energy (b)
modal gain vs energy at 1.5 x Ju for three different optical losses: 5
cm’! (solid line), 10 cm™! (dashed line) and 15 cm’! (dotted line). By
lowering the threshold gain requirement the gain spectrum is
broadened as more and more dots are accessible.

occupancy rises with increasing wetting layer carrier density,
fiw- For the dots which contribute to laser action, their
occupation is the inverse of the dot distribution and their
occupation does not change once lasing is initiated. Gradually
the non-lasing dots contribute to lasing as their occupation
increases with increasing injection as f;, is increased. Thus,
more of the carriers that are required to invert more dots are
provided by the external current and not the depletion of other
dots. Therefore, the optical spectrum broadens as more and
more dots become inverted. This behavior is in contrast to the
model at 300 K as shown in Fig. 5, for the same optical loss
and same multiples of threshold current density where the gain
spectrum remains narrow and almost unchanged for increasing
injection. The pinning of the gain spectra, observed in Figs 6
and 7 at 80 K, is not observed for the gain spectra in Fig 3 at
80 K as these spectra are measured in non-lasing test
structures using the multi section technique [12]. At 80 K, the
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calculated escape rates from the dots to the wetting layer
becomes very slow so the model no longer predicts a Fermi-
Dirac distribution [9].
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Fig. 7: (Color online) (a) 80 K plot of dot occupancy f; versus energy
(b) modal gain vs energy for an optical loss of 5 cm™! at multiples of
the threshold current Jw. Increasing fw corresponds to an increase in the
current. The occupancy fg is clamped above threshold, whereas the
gain spectrum broadens with increasing current as more dots
contribute to lasing.

The calculations show that at room temperature where the
dots are close to thermal equilibrium with the wetting layer the
width of the gain spectrum does not change above threshold,
nor does it depend upon cavity length. The emission occurs at
the gain peak irrespective of the bandwidth of the gain available
above the optical loss.

At low temperature, in the random population regime, the
width of the gain spectrum increases with current and with
decreasing optical loss. This is consistent with the measured
emission spectra in Fig. 3 and confirms that in this regime the
spectral width of the optical emission increases with increasing
bandwidth of the gain available above the threshold gain
requirement.

IV. CONCLUSIONS

We have studied the influence of the cavity loss on the duration
of optical pulses produced by passive mode locking of InAs
quantum dot lasers as a function of temperature. At room
temperature and at low temperature, in the random population
regime, we compare the optical gain and laser emission spectra,
pulse duration and solve a set of single-mode rate equations for
the coupled carrier, photon and phonon populations. At room
temperature, the cavity loss has no discernible effect on the
spectral width and duration of the optical pulses whereas at 80
K we measure an increase in spectral width and reduction in
pulsewidth from typically 940 fs to 610 fs when the cavity loss
is reduced by from 14 to 11 cm’!, a modest reduction of only 20
%. Rate equations show that in the random population regime a
reduction in cavity loss results in an increase in the width of the
gain spectrum at and above threshold because the populations
in different size dots are no longer coupled by carrier emission
to the wetting layer. This work confirms the merits of random
population of quantum dots for generation of ultra-short pulses
and shows that the pulsewidth can be reduced by the relatively
simple method of reducing the optical cavity loss.
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