MB4
14:30 - 14:45

Spectrally-resolved dynamics of two-state lasing in quantum-dot lasers
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Abstract: Spectrally-resolved dynamics of two-state lasing in quantum-dot lasers is experimentally
demonstrated for the first time in this study. The onset of excited-state lasing prior to ground-state lasing is
consistent with our theoretical prediction.

Quantum-dot (QD) lasers have attracted much attention in recent years due to their superior properties, such as
ultra-low and temperature-stable threshold current density, high-speed operation, and low frequency chirping [1].
Recently, experimental observation of simultaneous lasing in steady state from ground states (GS) and excited states
(ES) in QD lasers has been reported [2,3]. This effect was studied also theoretically, both in steady state and in transient
behavior [4]. However, to our knowledge, there is no experimental investigation about the individual transient
responses of GS and ES, respectively, from two-state-lasing QD lasers up to now. In this work, spectrally-resolved
dynamics of two-state lasing in QD lasers is experimentally demonstrated for the first time. Theoretical simulation
based on a rate-equation model [5] is also carried out in order to analyze the measured results in details.

The sample was grown by MBE with five layers of InAs QDs capped by 7 nm-thick Ing;;Gag g;As layer as active
medium and GaAs as spacer layer. The ridge waveguide laser structure was processed into 5 pm width and was cleaved
at both facets to form a laser cavity of 2 mm length. The device was then driven by an electrical pulse source with
150ps rise time and pulse duration of several ns for both static and dynamic measurements. For spectrally-resolved
dynamic investigation, laser emission was first introduced into a monochromator to extract emission within a
wavelength range of FWHM 8 nm. Afterwards, it was received by a high-speed photo detector for measuring laser
transient behavior. A rate-equation model based on [5], including quantum-dot GS, ES, and the carrier thermal escape
effect, was applied for theoretical study.

Fig. 1 shows the electroluminescence spectra under different injection current densities. GS lasing is observed at 1.3
um, while ES lasing is around 1.22 um. At the lowest excitation current, excited states do not contribute much to the
whole emission while ground states have shown lasing already. This is a clear evidence that the two emission peaks
originate from ground states and excited states respectively, but not from two QD groups of different sizes.
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Fig 1. Electroluminescence spectra under various injection current densities. Two emission peaks are identified as QD
ground-state emission at 1.3 um and QD excited-state emission around 1.22 pm.

Fig 2 shows individual large-signal modulation measurement results from GS around 1.3 pm and ES around 1.22
um respectively. The onset of ES lasing prior to GS lasing is experimentally observed for the first time. This interesting
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feature can be further analyzed with the help of numerical simulation. Fig. 3 shows our theoretical prediction of
two-state-lasing dynamics in QD lasers. Excited states can achieve lasing earlier than GS lasing although their emission
intensity is lower in the steady state. This phenomenon is consistent with measurement results shown in Fig. 2 and can
be explained in the following. When cavity length is shortened, optical loss will be increased approaching GS saturation
gain. In order to achieve lasing, more carriers have to be injected into QD ground states and therefore, the relaxation
time for carriers from ES into GS will be increased due to Pauli exclusion principle. In rate-equation modeling, this
relaxation time is assumed to be inversely proportional to unfilled number of QD ground states [2]. As a result, in
steady state, carrier density in ES can be further increased with increasing injection current density even above GS
threshold, as shown in Fig. 1. This static two-state-lasing phenomenon has been reported in the literature [2,3,4]. In
static case, if there is two-state lasing, ground-state lasing will be always first observed and then, with gradually
increased injection current density, ES lasing will be achieved afterwards. However, in transient measurement with an
electrical pulse excitation, carrier density in ES can build up very fast when GS occupation probability is relatively high
and carrier relaxation time from ES into GS becomes longer and longer. Depending on the optical loss level compared
to GS saturation gain, ES lasing can occur prior to GS lasing, as in the cases of Fig. 2 and Fig. 3. Therefore, even when
ES emission is small or negligible in steady state, it can be significant for a short period of time before the onset of GS
lasing.

In summary, spectrally-resolved dynamics of two-state lasing in quantum-dot lasers is experimentally demonstrated
for the first time in this study. The onset of excited-state lasing prior to ground-state lasing is consistent with our
theoretical simulation. Under certain conditions, especially when the optical loss level is close to GS saturation gain, ES
emission will play a more important role in QD laser transient response than in static measurement.
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Fig. 2 Measured photon transients under six times Fig. 3 Simulated photon transients using a rate-equation
threshold current density. Solid curve and circle-line model.

curve represent emission from GS at 1300 nm and ES at
1220 nm respectively (FWHM 8 nm).
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