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ABSTRACT

Thanks to optimized growth techniques, a high density of uniformly sized InAs quantum dots (QD) can be grown on
InP(113)B substrates. Low threshold currents obtained at 1.54 um for broad area lasers are promising for the future. This
paper is a review of the recent progress toward the understanding of electronic properties, carrier dynamics and device
modelling in this system, taking into account materials and nanostructures properties. A first complete analysis of the
carrier dynamics is done by combining time-resolved photoluminescence experiments and a dynamic three-level model,
for the QD ground state (GS), the QD excited state (ES) and the wetting layer/barrier (WL). Auger coefficients for the
intradot assisted relaxation are determined. GS saturation is also introduced. The observed double laser emission for a
particular cavity length is explained by adding photon populations in the cavity with ES and GS resonant energies. Direct
carrier injection from the WL to the GS related to the weak carrier confinement in the QD is evidenced. In a final step,
this model is extended to QD GS and ES inhomogeneous broadening by adding multipopulation rate equations
(MPREM). The model is now able to reproduce the spectral behavior in InAs-InP QD lasers. The almost continuous
transition from the GS to the ES as a function of cavity length is then attributed to the large QD GS inhomogeneous
broadening comparable to the GS-ES lasing energy difference. Gain compression and Auger effects on the GS transition
are also be discussed.
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1. INTRODUCTION

Recently, the development of self-organized InAs QDs on misoriented InP(113)B substrates has been proposed to get
QDs with both quantum sizes and a high surface density'. The growth of these QDs is particular, yielding, via the control
of the maximum QD height of the sample, the control of their wavelength emission. These structures emit then at 1.55
pm at room temperature. The optical properties of a single QD layer have been analyzed, and lasing structures were
obtained with such nanostructures™ *. Nevertheless, a dynamic analysis, is necessary to give precise information for the
description of the properties of a 1.55 um InAs/InP laser. In this paper, a theoretical model starting from the basic
physical properties of the QDs, is used to investigate the lasing spectrum properties of 1.55pm InAs/InP (113)B QD
lasers. The final numerical model used is based on a multi-population rate equation model (MPREM). It takes into
account the effect of the competition between the inhomogeneous broadening (due to the QD size dispersion) and the
homogenous broadening as well as a nonlinear gain variation associated to a multimode laser emission. The double laser
emission and the temperature dependence of lasing spectra of self-assembled InAs/InP quantum dot lasers are studied
theoretically. New refinements of the model are proposed.



2. DYNAMIC THREE-LEVELS MODEL FOR TIME-RESOLVED
PHOTOLUMINESCENCE EXPERIMENTS

2.1 Electronic properties of InAs/InP(113)B QDs

Quantum sizes, high surface densities and ultralow threshold current in broad area lasers have been obtained for self-
organized InAs QDs grown on misoriented InP(113)B substrates. The QDs are obtained by the spontaneous Stranski-
Krastanow growth mode after the deposition of 2.1 InAs monolayers (ML) at 480°C on InP(311)B substrate with a gas
source molecular beam epitaxy system. The double-cap (DC) growth method is then used to control the QD maximum
height. Fundamental studies of the electronic properties of InAs/InP (113)B were performed with state of the art 8x8 k.p
modeling of QD monoelectronic states including strain*. Multiexcitonic properties were simulated by adding many-body
effects for few particles states like excitons, biexcitons or charged trions, in good agreement with available experimental
results. The GS transition appears mainly associated to a pair of S-like monoelectronic states. The exciton binding
energy is equal to about 15 meV with a weak dependence on QD geometry. The biexciton binding energy is equal to
about 1meV for QD emitting at 1.55um. It can be neglected by comparison to the inhomogeneous (equal to at least
45meV) or the homogeneous line broadenings introduced in figure 1. The photon emissions from the GS exciton and GS
biexciton states can only be separated by using single QD spectroscopy at low temperature’. A single GS energy level
with double occupancy is considered in the dynamical model. Figure 1 shows also an energy splitting between the two
ES which are associated to P-like monoelectronic states. This energy splitting (10 meV) is again smaller than the
experimental broadening. It is neglected in the dynamical rate equation model (REM) and a double degeneracy is
considered for the ES.
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Figure 1. Calculated optical absorption spectrum for a single InAs/InP QD on a single InP(113)B substrate. The GS
transition is mainly associated to S-like monoelectronic states while the doubly degenerated ES corresponds to P-
like monoelectronic states. X and XX symbols indicate that excitonic and biexcitonic GS emit roughly at the same
energy.

The effect of substrate misorientation, (113)B versus (001), is small. Weak S-P transitions are indeed predicted between
S states and P states transitions (figure 1). These transitions which are forbidden by symmetry on (001) substrates, are
neglected in the dynamical REM.



2.2 Optical properties of InAs/InP(113)B QDs

InAs/InP(113)B QD samples were characterized by time-resolved photoluminescence spectroscopy (tr-PL) at low
temperature®™’. The experiments were performed using a 790 nm Ti-Sapphire laser (excitation in the InP barrier)
producing 1.2 ps-long light pulses with a repetition rate of about 82 MHz. The tr-PL were then recorded by using either a
streak camera or up-converting the luminescence signal in a nonlinear crystal. The spectra were fitted with three peaks at
energy positions corresponding to the excitonic states: the GS and ES transitions in the QD, and the wetting layer
excitonic ground state (WL). In addition a WL excited state can be observed if the excitation density is strong. At short
times, the emission of the WL state is the most important one. GS emission is however also observed, and attributed to
direct carrier injection channels from the barrier. For longer times, carrier populations in high energy states diminish
either by light emission or by relaxation to ES or GS. Figure 2 represents the kinetics of light emission from the GS and
ES at weak (50 W.cm™) excitation density. The spontaneous radiative decay time constant for the GS emission is equal

to about 1200ps. It is smaller for the ES emission.
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Figure 2. Kinetics of light emission from the GS and ES at weak (50W.cm-2) excitation density measured by time-
resolved photoluminescence spectroscopy (tr-PL) at low temperature (10K).

The lifetimes of the three energy levels (GS, ES and WL) can be measured simultaneously in a streak camera
experiment. A REM with a cascade relaxation of excitons® between the three considered levels is not able to describe

correctly the experimental kinetics. A direct relaxation of carriers (7 (V;VSL ) from the WL to the GS was added to the REM

(figure 3). When the temperature or excitation increases, an efficient emptying of the WL toward the GS can be
observed. The WL decay time becomes shorter. This evolution happens together with a slight increase of the GS PL
intensity, a slight decrease of the WL PL intensity, and the GS emission spectral width enlargement. This evolution with
temperature can be interpreted, as a carrier relaxation assisted by phonon emission. The ES decay time becomes also
shorter. This evolution is typical of an Auger relaxation process toward GS. The Auger and phonon relaxation processes
have been analyzed by measuring the tr-PL GS and ES rise times as a function of both excitation density and

temperature.
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Figure 3. Schematic representation of the carrier dynamics with direct relaxation channel from the WL to the GS.

Under high excitation density, the rise times of both levels are independent of temperature. The Auger relaxation process
is then dominant (figure 4).
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Figure 4. GS (left) and ES (right) rise times as a function of temperature for weak (18 W.cm™) and strong (200 W.cm™)
excitation densities.

On the contrary, under weak excitation density, the rise times decrease with temperature. This reveals a strong influence
of the phonon relaxation which is the dominating process in this regime.



2.3 Three levels rate equation model

The three level REM similar to the one used in ref. °, also include also include eh-pairs escape times (T;f , TWE,f ):

dNWL _£+NES_NWLf _NWLf _NWL
dt e r ES r wL J ES r wL J GS Fspon
WL ES GS WL
dNES:NWLf +NGSf _NES_NESf _NES
dt r WL ES r GS ES r ES r ES GS r spon
ES ES WL GS ES
dNGS:NWLf +NESf _NGSf _NGS
dt r wL J GS r ES J GS r Gs JES spon
GS GS ES GS

eh-pairs escape times are derived from a detailed balance analysis where a quasi-thermal equilibrium is assumed for the
system and Fermi distributions are used for the carrier populations. Ngsgs, wi are the ES, GS and WL carrier numbers.
fes.gs are the ES and GS occupation factors which depend on carrier numbers, QD density and ES double degeneracy.
These occupation factors must be included to simulate the saturation effect occurring in the GS at high excitation
densities. The WL is considered as a charge carrier storage with infinite capacity. Auger processes involving a WL
carrier captured directly into the GS or the ES by transferring its energy to a second WL carrier, are calculated through
phenomenological relations:

1 1
Tg/é =——— and TZ/SL =
Ay +Cy Ny, Ay +Cy Ny,
ES 1
A similar relation is used for the Auger assisted relaxation from the ES to the GS: Ty = —————————
Ap +CpNy,

A4,(A,), C, (C,) are the coefficients for phonon and Auger-assisted capture (relaxation) respectively. With these

phenomenogical relations, it was possible to reproduce the experimental results obtained by tr-PL.

3. ANALYSIS OF LASER EMISSION
3.1 Two-state laser emission in optical pumped InAs/InP(113)B QD laser

Recent experimental studies conducted on QD lasers have shown that a second laser peak may appear in the laser
spectrum as increasing the injection power. This two-state laser emission is indeed a common property which has already
been observed first for the InGaAs/GaAs systems'’. In the case of InAs/InP(113)B QD laser, the same effect was
observed for a diode laser which was composed of an active region with six InAs QD stacked layers''. The cavity length
was 2.45 mm with cleaved uncoated facets while the width of the strip is 120 um. The optical pumped structure was
operating at room temperature under 1.06um pulsed excitation. Only spontaneous emission form the GS is measured at
low optical excitation. With increasing the optical excitation, laser emission occurs at 1.51um (GS). With increasing
pumping power density the emission intensity increases. Then a second stimulated emission appears at 1.43um (ES).
Experiments also have shown that the GS emission keeps growing (even if the ES starts lasing) without a significant
broadening of the GS line. This effect has been attributed to the direct relaxation channel from the WL to the GS in order
to describe properly the behaviour of QD lasers grown on InP'?. The impact of the two-state laser emission on the light
current characteristic can be properly explained by extending the three level REM to include the ES and GS photon
numbers Sgs s :



dN I N N N N
=t ,;?SS_ VI;/VLLfES_ ;/LLfGS_ s::)Ln
dt € Ty, T Tgs Ty
ANy Ny, N s Ny N N g N g Sgs
- n s s N Tva 1
A ET [ T
dNg Ny, N Ns N N Ses
= + — — —N_.Iv a -1
dt Tg/é Jos ng os ng Jes as. TN B (1 + E6sS6s )
ds N S S N
dES — NBrVgaES [ 2 ES 1] ES _“ES + ﬂsp é]ij;
t Ny (1+8ESSES) 7, TEs
ds N S S N
dGS = N,Tv, aas( Gs 1] GS _Sas B, s,i;i
t Ny (1+5GSSGS) 7, TGs

The ES and GS linear gain coefficients apsgs were deduced from a direct measurement of InAs/InP QDs absorbance
with a Fourier transform infrared spectrometer'®. The sample was a 12-stack InAs quantum dots grown by molecular
beam epitaxy on (311)B InP oriented substrate. The absorption coefficient was estimated at 4400 cm™ for 3 nm height
QDs and a 5x10'° cm™surface QD density. The absorption of the QD structures was found to be similar to quantum well

structures when the number of atoms considered absorbing is equivalent. Gain compression coefficients €gsgs were
included in the REM but set to zero for the first simulations.

3.2 Effects of the temperature on the lasing characteristic

Lasing and electroluminescence spectra were studied as a function of temperature under pulsed electrical injection for a
conventional edge emitting laser with a 100 pm wide ridge structure formed by wet chemical etching. A drastic
narrowing of the electroluminescence spectra was observed with increasing temperature. Thus, at low temperature, a
very broad-band multimode lasing spectra up to 26 meV width (50 nm) at high injection current was observed. The laser
emission progressively narrows with rising temperature, leading to spectra with a width of 2.8 meV (6 nm) at 253K. The
observed temperature dependence of lasing spectra can be explained qualitatively by taking into account the
homogeneous broadening of the optical gain of a single dot. At low temperature, when the homogeneous broadening is
negligible, dots with different energies have a relatively narrow individual optical gain (narrow single dot linewidth with
a FWHM below 2nm'*) and since they are spatially isolated from each other, there is no correlation between the
individual emissions. Then, all dots that have an optical gain above the lasing threshold start lasing independently,
leading to broad-band lasing emission. On the other hand, when homogeneous broadening is comparable to
inhomogeneous broadening, lasing mode photons are emitted not only from energetically resonant dots but also from
other non-resonant dots within the range of the homogeneous broadening. This leads to a collective lasing emission with
narrow line of a dot ensemble which explains the emission spectra observed close to room temperature.

3.3 Multipopulation rate equation model

The experimental results on the effects of temperature were explained by extending the REM to include multipopulation
of QD and photons'> ¢ :

dNWL 1 NESn
dt = Z T Z ES + Z “wL spon “wL

Gs
n Ty o0 Ty Tpg T Tos

Ngsn _NWL _NWL _NWL




dNESn_NWL+NGSn(1 PESn) NESn_NESn_NES _izg
mnES™~ m

spon
dt z-ESn TESn z-WLn TGSn TES nr
dNGSn_NESn+NWL_NGSn(1 PESn)_NGSn_NGS _£Z
dt - r ES e T GS r GS 7 5pon " & mnGs
GSn GSn ESn WLn GS r
ds, _cr S, N, N
(g mnks T & mnGs )S -—+p Z E - E g, ) spon + B (E - Egs, ) spon m
dt n, T, The Tjs

where m =0,1,..., M —1 and n=0,1,..., N —1 describe respectively the longitudinal modes of the cavity and the QD
sub-group in the active region.
The material gain is described by the set of equations:
2

e’ h N, P
cnrgomg H Eg,

(2 ESn )G ESBES (E EESn)

g mnES — IuES

2

2 o

we’h N, |Fos

& mncs = Hgs 2 4 (2 Gsn )GnGSBGS (E EGSn)
cneamy H E,

2
where H is the average height of the QD and ‘PEC;’GS‘ is the density matrix momentum. The various QD populations

are coupled by the homogenous broadening of the stimulated emission process assumed to be Lorentzian:

2
BES,GS (Em _EESn,GSn) (E _E hom)/ ”(1_, /2)2
ESn,GSn hom

with [, being the FWHM of the homogeneous broadening and E,, being the mode energy. Using the MPREM, Figure
5 shows in the case of the two-state lasing that the optical spectrum depends on the value of T'jgp,.
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Figure 5. Calculated lasing spectra showing two-state laser emission at fixed current injection for different values of the
homogeneous broadening width

3.4 Effects of the cavity length on the lasing characteristic

In the case of InAs—InP(113)B QD lasers, a continuous transition from the GS toward the ES is observed when
decreasing the cavity length. The GS always contributes to lasing emission but its contribution decreases as long as the
lasing wavelength moves from longer to shorter wavelength. This result is strengthened by the fact that both calculations
with the MPREM and experimental results are in a relative good agreement. This continuous transition has never been
observed in the InAs—GaAs system since lasing wavelength switches drastically on the ES as reported in'®. This is
because the spreading in QD size distribution in InAs—GaAs system is not as important as in the InAs—InP system. The
inhomogeneous broadening is about 40—50 meV instead of 70 meV at room temperature on InP substrates. Furthermore,
a better carrier confinement into the QD is usually obtained on GaAs and this determines a larger energy separation
between the GS and the ES (meV) compare to the InAs—InP system (meV). Consequently, in the InAs—InP system, a
spectral overlap between the GS and the ES gain occurs. As a consequence of the significant gain overlap, a continuous
variation of the gain peak from the GS to the ES energy when current density is increased.

4. FURTHER IMPROVEMENT OF THE MODEL
4.1 Biexciton radiative lifetime

Using tr-PL experiment, the spontaneous radiative decay time constant for the GS emission was found to be equal to
about 1200ps. Using time-resolved pump probe experiment under high resonant excitation'’, we were also able to
measure carrier radiative lifetime and differential transmission. The exciton and biexciton lifetimes were measured to be

about 1720ps and 530ps. It is possible to use this result and refine the model by introducing a dependence of 7 gpson on

the GS occupancy factor f .

4.2 Interband Auger effect

It is known from experimental results, particularly in InAs/InP QDs devices'®, that non-radiative Auger processes on the
main interband optical transition can be significant. Strangely, these last phenomena are not much described from the
theoretical point of view. First studies on QDs even claim that these processes are either forbidden or at least negligible
due to weak overlap integrals between mostly s-type wave function associated to conduction band and mostly p-type
wave function for the valence band . For that reason, the interband Auger rates were not considered in the study of GaAs
quantum dots'". However, interband Auger recombination processes have been recognized for a long time as important
in bulk materials or quantum wells (QW) with small band gap energies. To simplify the simulation of InAs/InP QDs
electronic properties and Auger effects, we used our model recently proposed® where QD geometries corresponding to
the C,, symmetry are considered and complex inhomogeneous strain distribution are taken into account using only
cylindrical coordinates (r,z).

We simulate in the following Auger mechanisms involving the non-radiative transitions of an electron between two
states in the QD associated to a transition of another electron (or hole) in the continuum. Figure 6a represents the
variation of the radiative lifetime as a function of the interband transition energy in the case of a truncated conic QD
where the truncation height varies (TH) (radius R=17.5nm and full-cone height H=8.8nm). The overlap term between
electron and hole ground states plays a crucial role in the Auger process and is different from the ones of the radiative
transitions. In the limit of a complete CB-VB decoupling (in the case of a large gap), the Auger processes associated to
the interband transitions vanish and the variations of the overlap term for intraband transitions in the CB can be predicted
from a simple one band model. By analogy to interband Auger processes in bulk materials, the non radiative interband
process in the QDs is associated to a transition in the bulk CB (CHCC), or from the SO band to HH band (CHSH) or
from the LH band to HH band (CHLH). The CHSH is the most important one because the spin-orbit splitting energy of
the InGaAsP alloy is smaller but on the order of the gap energy. Curves (b) and (¢) on figure 6 represent the variations of



T ... as a function of the energy gap for the same truncated cone QD for a hole (CHSH) or an electron (CHCC)
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concentration equal to 10'%cm™. This variation is mainly associated to the decoupling of the CB and VB QD states when
the energy gap opens.
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Figure 6. Curve (a) represents the variation of radiative lifetime as a function of the energy gap. Variations of the Auger
lifetimes are given as a function of the energy gap for the same truncated cone QD either for a hole (CHSH, (b)) or
an electron (CHCC, (c)) concentration equal to 10"%cm™. The insert shows schematic views of the CHCC and
CHSH processes.

spon

We propose to include the CHSH Auger effect by replacing 1/ 75" by 1/705" 4+ C sy Ny, where Coygyy is a

microscopic CHSH Auger coefficient that could be extracted from such a simulation. We may add that radiative lifetime

spon

Tss and intraband Auger effects are well reproduced by this model.

4.3 Gain compression

The effects of the nonlinear gain in a QD laser have shown that gain compression is systematically strengthened in such
devices because of the gain saturation with carrier density”'. In this section, the effects of the gain compression on the
laser’s light current characteristic (LCC) is studied. To account for the saturation of the optical gain generated by the
semiconductor media with the photon density in the cavity, the compression terms Sgs 6s/(1 +€5s.655Es 6s) are included in
the set of rate equations (section 3.1). Coefficients ¢z s are related to gain compression factors for the ground state (GS)
and for the excited state (ES) respectively. The steady-state solution is obtained by a numerical calculation of the rate
equations for a linear increase of the injection current density. Fig. 7(a) shows the calculated LCC without gain
compression (&gsgs = 0) and assuming the same laser parameters as those in section 3.1. Simulation demonstrates the
occurrence of two thresholds corresponding to the two laser emissions. When the ES stimulated emission pops-up at
1000 A/cm?, only a slight decrease of the GS slope efficiency is predicted. At the same time, the global slope efficiency
increases. Thus, the inclusion of a direct relaxation channel points out that the double laser emission here results from an
efficient carrier relaxation into the GS due to the pronounced Auger effect for larger injection rates. These results differ
from the InAs/GaAs system on which once the second lasing of the ES appears, the emission of the GS saturates
completely.
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Figure 7. Calculated light-current characteristics of an 1.55um InAs/InP(311)B QD laser (a) without gain compression
(b) including gain compression

Fig. 7(b) shows the calculated LCC with non-zero gain compression factors (ggsgs# 0). This simulation holds under the
assumption that g5=¢&gs. Including non-linearities in the rate equations lead to a significant deviation from fig. 7(a).
Although the GS’s threshold current does not change (~240 A/cm?), simulations emphasize that the gain saturation in the
GS through gain compression alters the shape of the LCC. Thus, the GS photon number which gets almost clamped at
the highest injected current (2000 A/cm?) is also decreased by a factor of 5 as compared to the case without compression.
This saturation is associated to a reduction of the ES’s threshold by a factor of 2 from 1000 A/cm” down to 500A/cm’.
Although the ES’s LCC also saturates at larger pump current densities (not shown here), the photon number in the ES
remains within the same order of magnitude as compared to fig. 7(a). Despite the global slope efficiency is still enhanced
compression effects reduce the overall photon number and make the device moving faster on the ES. Next step to be
investigated is to consider different values of factors gzgss as well as to investigate compression effects on QD laser’s
turn-on dynamics which is relevant point for the realization and optimization of QD devices for optical communications.

5. CONCLUSION

In this paper, a MPREM is used to investigate the dynamics and lasing spectrum properties of InAs/InP (113)B quantum
dot (QD) structures emitting at 1.55pm. The numerical model takes into account various basic physical properties of
InAs/InP QDs. The saturation of the GS, the relaxational Auger effect and the two state lasing are correctly described.
The effect of the competition between the inhomogeneous broadening and the homogenous broadening as well as a
nonlinear gain variation associated to a multimode laser emission have been introduced. It has been shown that dots with
different energies start lasing independently at low temperature due to their spatial localization while at room
temperature the dot ensemble contributes to a narrow line lasing collectively via the homogeneous broadening of optical
gain. Contrary to the case of InAs/GaAs QDs, the spectral overlap between the GS and the ES in InAs/InP QDs induces
a continuous shift of the gain peak when the current density is increased. New developments of the model include Auger
effect on the GS transition and gain compression. The numerical investigation based on the MPREM is important for the
future optimization of InAs QDs lasers at 1.55um on InP substrate.

*jacky.even@insa-rennes.fr; phone +33 223238295; fax +33 223238618; http://foton.insa-rennes.fr/efoton-insa.html
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