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Fig. 3. Time-resolved PL for the firstexcited state (a) and ground state (b) of sample C
(AE - 66meV) for the following fluences,
0.5pJ/cm2,1.0pJ/cm2,3.0pJ/cm2and 10.1pJ/cm2.
Note that the ground-state emission saturates,
while the excited-state emission continues to increase with fluence. The solid lines are mono-exponential fits, which yield time constants of less
than 2 ps in all cases. The inset shows fluence dependence of the first-excited state (dots) and the
ground state (triangle) emission.
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Figure 3 illustrates the transient behavior of
both the first excited-state and the ground-state
emission from sample C at 12K. The excited-state
emission is observed even for very low excitation
levels, well below that for which the ground state
of all of the dots is filled. The rise time for the excited state is comparable to that of the ground
state, but the lifetime (not shown) of 210 ps is
only half that of the ground state (450 ps). In addition, while the time-resolved PL intensity for
the ground state initially increases linear with excitation fluence, the excited-state displays a
quadratic intensity dependence (Fig. 3). These
observations suggest that the excited-state emission arises only from dots already containing a
ground-state exciton, a result that is consistent
with ultrafast interlevel relaxation and a random
capture process?
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While ultra-low threshold current densities have
been achieved in quantum dot (QD) lasers, the
predicted potential for high-speed modulation
has not yet been realized despite the high differential gain. Furthermore, recent single pulse experiments demonstrated very fast gain recovery
in a quantum dot amplifier,’ and it is thus not yet
clear what the limiting processes for the device
response are. We present here the results of a
comprehensive theoretical model, which agrees
well with the experimental results, and indicates
the importance of slow recovery of higher energy
levels.
The model used is of the rate-equation type
with three energy levels: ground state (GS) and
excited state (ES) dot levels and a wetting layer
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CWK6 Fig. 3. Gain change under injection of
a periodic train of short pulses with a repetition
rate of 40GHz (solid line) and lOGHz (dotted
line). The right-hind side axis shows the normalized gain with 1 corresponding to maximum saturated gain and 0 corresponding to transparency.

(WL) level. Both Auger and phonon assisted relaxation and excitation effects are taken into account and are related through a quasi-equilibrium condition. AU results have been verified with
a master-equation model of the type suggested
in?
Fig. 1 shows the experimental and numerical
pump-probe response of the QD-amplifier used
in’ in the saturated gain regime. The gain recovers nearly completely in less than 0.5ps, which is
significantly faster than any other type of devices.
The explanation for the fast gain recovery can
be seen in Fig. 2. As carriers from the GS-level are
removed through stimulated emission, ES-level
carriers relax quickly to the GS-level on a timescale of a few hundred femtoseconds.The ES-level thus acts as a nearby carrier reservoir for the
GS-level allowing for the ultrafast gain recovery.
The process of carrier capture is slower than intra-dot relaxation and, therefore, the ES-level re-1.504
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The slow refilling of the ES-level means that
the ultrafast gain recovery will not continue for
CWK6 Fig. 1. Measured pump probe reconsecutive pulses (see Fig. 3). For the 40GHz
sponse of the amplifier in the gain regime (dots)
signal the gain recovers almost completely after
and corresponding numerical result (solid line).
the first pulse, but hereafter continues to decrease
The insert compares the measured (squares) and
after each pulse until only small deviations from
calculated (solid line) saturated single pulse gain
transparency are observed. The device is clearly
as function of input pulse energy. The dashed arnot able to sustain a pulse train at this bit rate derow indicates the pump pulse energy used in the
spite the fast initial gain recovery. For the lOGHz
pump-probe experiment.
signal an initial gain decrease is observed, but
then the dynamics stabilizes and the gain recovers repeatedly to half of the initial value.
Directly modulated QD-lasers have been rec ported with room temperature bandwidths of
5-6GHz; which is comparable to the lOGHz sig._.”....’
nal in Fig. 3. The effects of slow carrier recovery,
n
illustrated above, will limit both lasers as well as
amplifiers for all-optical signal processing.
In conclusion, ultrafast gain recovery in quantum dot amplifiers is possible due to excited
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formance. The reduction of the recovery time of
these upper levels is a keypoint for increasingthe
CWK6 Fig. 2. Occupation probability as
speed of QD devices. One improvement in this
function of time for the ground state (GS), excitrespect might be an overgrowth layer, which has
ed state (ES) and wetting layer (WL) of the QDbeen shown to increase the capture efficiency?
amplifier, when a 15Ofs pump pulse is injected at
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The properties of quantum dot (QD) layers as
absorbers in an active device have not been investigated in detail. In this paper, we describe the
bistable operation of a long-wavelength, oxideconfined,two-section quantum dot laser with an
integrated QD saturable absorber. Our structure
exhibits passive Q-switching and passive modelocking.
The devices were fabricated from the same
wafer as described in Refs. (11 and [2] with a 50
km gap in the top p-type contact metals. The
laser section and the absorber section are L, =
4.73 mm and La = 0.85 mm long, respectively.
Current confinement is provided by the lateral
laywet oxidation of a 50 nm thick &.98G~.02A~
er, giving a current aperture of 10 pm. The
cleaved facets were uncoated and the devices
were mounted p-side up on a copper heat sink
and tested at room temperature.
DC characteristics were measured with cur-
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CWK7 Fig. 2. Q-switching pulse train under
bias condition of I, = 40 mA, V. = 0.OV for a
modulation frequency of 555.6 MHz. The
pulsewidth is about 450 ps.

rent injection (I,) into the gain section and a
constant reverse bias voltage (V,) applied to the
absorber section. Lasing occurred on the ground
state (h= 1278 nm). Figure 1 shows the variation
in lasing light power (L) emitted from the absorber facet and the voltage (V,) across the laser
section with the forward and backward sweep of
the laser current under (a) V, = 0.0 V, and (b)
with V, = -5.0 V across the absorber section. The
L-I, characteristics exhibit clear counterclockwise hysteresis loops and bistability. The physical
origin of the bistabilitywill be discussed.
To observe Q-switching operation, a constant
current superimposed with a square wave modulation signal was applied to the gain section via a
bias tee, while a constant reverse bias was applied
to the absorber. Q-switching up to 1 GHz was
achieved. The narrowest pulsewidth was 330 ps
for modulation at 294 MHz. Q-switching pulse
parameters, pulsewidth, peak power, and turnon delay vary with the gain section current. Figure 2 shows the pulse train obtained under optimum bias condition for a modulation signal of
555.6 MHz. The modulation depth decreases
with increasing modulation frequency. Spectral
broadening was observed associating with the Qswitching. Possible reasons for the wide Qswitchingpulsewidth will be presented.
Mode-locking at 7.4 GHz was achieved when
both the gain and absorber sections of the lasers
were dc biased. The mode-locking pulsewidth
was measured using collinear autocorrelation.
Figure 3 shows how the autocorrelation varies
with the gain section current at an absorber bias
of -4.0 V. Full mode-locking was achieved for
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CWK7 Fig. 1. Room temperature lasing and
electrical characteristics of a two-section QD
laser with (a) V, = O.OV, and (b) a reverse bias of
V, = -5.OV, applied to the absorber section.
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CWK7 Fig. 3. Autocorrelation trace for different gain section current at absorber reverse
bias of 4.0 V. The best mode-locking occurs inside the bistable region.

gain section currents close to the lower hysteresis
threshold. The corresponding pulsewidth is
about 17 ps assuming a hyperbolic secant
squared pulse, and the optical spectral bandwidth was measured to be about 1 nm. The timebandwidth product is about 3.1, more than 6
times of the transform limit, and suggests the
presence of phase modulation. The modulation
depth of the mode-locked pulse decreases as the
gain current increases. No self-pulsation was observed as verified by the electrical spectrum of
the mode-locked laser output.
In conclusion,we report the demonstration of
passive Q-switchingand passive mode-locking in
bistable, oxide-confined, two-section, 1.3 km
quantum dot lasers.
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Fluorescence is widely used in biomedicine and
other applications both to track specific fluorophores and study anatomical features. Fluorescence lifetime measurements add functional information because they are dependent on the
local environment of the fluorophores (e.g. oxygen, [Ca2+1,pH etc.) e.g..’ Fluorescence Lifetime
Imaging (FLIM) is particularly exciting since it
can exploit this feature to provide non-invasive
functionalldiagnostic imaging. Compiementary
functional information may be obtained using
spectrally-resolved fluorescence imaging.’ In or-
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