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Abstract: Patterning effects at ultrahigh bitrates in quantum dot amplifiers are investigated by a novel experimental technique.
Slow carrier dynamics in the excited states and wetting layer are found to limit the potential for ultrahigh-speed signal

processing.

Semiconductor optical amplifiers (SOAs) with
quantum dots (QDs) as the active medium have been
shown to possess great potential as both linear amplifiers
with high saturation power and broad gain spectrum [1,2]
and as nonlinear elements to be used for optical signal
processing [3]. The experimental demonstration of ultrafast
and complete gain recovery on a timescale of less than a
picosecond a few years back [4] indicated the potential for
ultrahigh-speed signal processing in these devices.
However, as pointed out theoretically [5], the depletion of
the carrier reservoir in the wetting layer (WL) and barrier
regions following the amplification of a pulse means that
despite the fast initial gain recovery a strong pattern effect
might be introduced when the amplifier responds to a train
of pulses. It is essential to understand the interaction
between neighboring pulses at short time delays in order to
understand the fundamental limitations to ultrahigh-speed
signal processing in these devices.

The present work investigates experimentally the
interaction between two pulses delayed by a variable time
with respect to each other. This is done through pump-
probe spectroscopy, which allows for a high time resolution
and therefore gives an accurate picture of the gain
dynamics during the amplification process. The setup used
is described in detail in [6] with the exception that the
pump pulse is here split in two by a cube beamsplitter and
one of the resulting pump pulses is delayed through a
variable delay stage. Since the delay between the two pump
pulses can be reduced to any value desired, it is by this
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Fig. 1. Gain and phase changes during amplification of two pump
pulses separated by 1.5ps with respect to each other at a bias
current of 60mA.
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method possible to investigate the mechanisms behind
patterning effects even for bit rates in the Tbit/s regime.
The fundamental limit is determined by the width of the
pump pulses, which is on the order of 130 fs.

The device used for this investigation is a ridge
waveguide (width 7 um, length 2 mm) SOA with 5 sheets
of self-organized, MBE grown InAs/GaAs QDs as active
material [7]. The end facets of the amplifier are angled to
suppress optical feedback.

Fig. 1 shows the resulting gain and phase changes
experienced by the probe in response to the presence of the
two pump pulses, which are separated by 1.5 ps, at the
wavelength 1250 nm, close to the QD peak emission
wavelength. Both pump pulses induces a maximum gain

change at the peak, AG{"™™ and AGZ™ slightly above —10

dB. At the input pulse energies used in this case a
significant part of the instantaneous gain compression is
caused by two-photon absorption. The gain recovery after
each pulse consists of two distinctly different regimes. A
fast gain recovery on a timescale of 150 fs, which is
attributed to two-photon absorption and fast intra-dot
carrier relaxation, followed by a slower component
attributed to capture of carriers from the WL into the dots.

We denote the timescale of recovery immediately
following the fast component as the capture times, 7. and
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It is clear that the presence of the first pump pulse
T T . 8
0.54 —
e X /\—7
~ 052 e
NliJg veo \’\. > -6
B A 1
- 3 — E:m Ban ® m
< oss{[E, g /\ /\ V-
-3 M
L 0.46- /\ L3 °
Rel \‘/’
-
@ 0.44- 2
14 :’?\u//
042+ ; ; o

0.1 1 10 100
Pump input energy (pJ)

Fig. 2. Pulse energy of first pump pulse relative to the total energy
of first and second pump pulse (left axis) and on-chip single pulse
gain (right axis) at a current of 42 mA. Input energies are measured
before coupling into the device, i.e. no coupling is accounted for.
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influnces both the gain and refractive index seen by the
second pump pulse due to slow recovery component at this
combination of input power and bias current. This
influence is reflected in the ratio of the output pulse
energies of the two pump pulses. The ratio of the output

energy of the first pump pulse, E;u, to the sum of the two

pulse energies E},m +E02u, is shown in fig. 2 (left axis) as

function of input pulse energy. In the small-signal regime
the ratio reaches a nearly constant value around 0.43
indicating smaller output energy for the first pulse
compared with the second pulse. The difference in this
regime is due to slightly different coupling efficiencies to
the waveguide for the two pulses. As the input power is
increased, the ratio starts to increase due to gain saturation,
i.e. the first pulse saturates the gain causing an increasingly
smaller amplification of the second pulse. The ratio of the
output pulse energy of a single pulse relative to the
corresponding input energy, proportional to the on-chip
single pulse gain, is shown on the right axis in fig. 2. The
increase of the ratio of output energies of the two pump
pulses is seen to start at the input energy where the single
pulse gain starts to saturate. This clearly indicates a strong
patterning effect for this device when operated in the
saturation regime where most signal processing schemes
operate.

Also the recovery times of the last pump pulse are
altered by the presence of the first pump pulse. This effect
is illustrated in Fig. 3. The figure shows the characteristic
times of the gain recovery after each pump pulse found by
fitting the measured gain changes immediately following
the pulse to a biexponential fitting function. The smallest of
these times is denoted the relaxation time, 7z; and 7g,.

The currents used in the measurements are all above the
transparency current of 15 mA.
The capture time of the first pump pulse, 7, is seen

to decrease slightly from =5 ps at 20 mA bias to 3 ps at 80
mA. This decrease is attributed to an increase of the Auger
assisted capture process at the higher currents where more
carriers are present in both excited states of the dots and in
the WL and barrier regions. For the second pulse however,
the capture time is approximately 2 ps higher for all
currents. We attribute this increase to the removal of
carriers in the WL by the first pulse, which again reduces
the Auger assisted capture rate. The use of a double pump
in the experiments thus indirectly reveals information about
the carrier dynamics in the states above the active QD
ground states.

The fact that the change in capture time for the two
pump pulses does not change significantly when the current
is increased indicates that for all currents shown here the
amplification of a single strong pulse removes a significant
amount of carriers from the WL. It could be expected that
under full inversion of the WL the carrier depletion caused
by the first pump would be insignificant compared with the
large carrier density present in the WL. This would mean
that no difference in capture time would be observed for the
two pulses, i.e. no pattern effect would be present in this
regard. It is however not possible to reach such high
inversions in the device under investigation without
introducing significant heating.
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Fig. 3. Capture and intra dot relaxation time after the first and
second pump pulses as function of bias current.

The extracted relaxation time, 7p;, is seen to be

nearly constant at =0.13 ps, which corresponds to the width
of the pump pulses. The majority of the instantaneous gain
change is thus caused by two-photon absorption and this
part of the gain change clearly recovers on the timescale of
the pump pulse. For the second pulse however the fast
recovery time is seen to be consistently longer and
increases from 0.15 ps at 20 mA to =0.25 ps at 80 mA. We
ascribe this increase to enhanced participation of intra dot
relaxation in the recovery process. Thus at 20 mA the
device only exhibit a small modal gain and, therefore, only
a minor fraction of the instantaneous gain change is a result
of the removal of carriers. As the current is increased this
fraction increases and since the first pump pulse removes a
large part of the carriers in the excited states of each QD,
the intradot relaxation time becomes increasingly
important, which is reflected by the increase of the fast
recovery time. It is important to note that even the fast
recovery time is strongly dependent on the presence of the
second pump pulse despite the fact that the pulses are
separated by a significantly larger time. The carrier
dynamics of the excited states and WL thus have a
profound influence on the gain recovery of the QD ground
state, which prohibits continuous fast gain recovery at ultra
high bitrates.

In conclusion we have used pump-probe spectroscopy
with a double pump pulse to investigate the potential for
ultra high-speed signal processing in a QD device and find
that the slower carrier dynamics of the excited states and
WL causes significant patterning effects.
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