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Abstract. We discuss the influence of wetting layer doping on the turn-on dynamics of a quantum dot
(QD) laser by using a microscopically based rate equation model which separately treats the dynamics of
electrons and holes. As the carrier-carrier scattering rates depend nonlinearly on the wetting layer carrier
densities we observe drastic changes of relaxation oscillation frequency and damping if the wetting layer
is doped. We gain insight into the nonlinear dynamics of the QD laser by a detailed analysis of various
sections of the five-dimensional phase space focusing on changes in the coupling between QD electron and

holes dynamics.

1 Introduction

As a result of their unique properties like low threshold
current, low bit-error rate, and large temperature stability,
quantum dot (QD) lasers constitute an important opto-
electronic application of self-organized semiconductor QD
structures [1,2]. It has recently been suggested to use a
p-doped wetting layer (WL) to improve the performance
of the device [3]. In previous works [4-7] it was shown
that the nonlinear dynamic response of QD lasers can be
quantitatively understood by including the strongly non-
linear character of electron-electron scattering processes
between the QDs and the two-dimensional WL [8] in a
rate equation model. This has also been applied to QD
lasers with optical feedback [9]. Here we extent the model
in order to describe the effect of doping on the optical
output as well as on the internal dynamics of the carriers
inside the device.

As a distinguishing feature compared to other rate
equation models that include scattering rates which are
linear in the WL carrier density and equal for electrons
and holes [10-15], we emphasize the importance of differ-
ent nonlinear rates for both types of carriers with respect
to the internal laser dynamics. Following a dynamic hi-
erarchy, our model bridges the gap between a fully mi-
croscopic description including polarization and popula-
tion dynamics [16-19] and rate equations with constant
coefficients [20]. Our microscopic calculation of the scat-
tering rates enables a quantitative modeling of the QD
laser output without assuming fit parameters for the car-
rier lifetimes. The effect of inhomogeneous broadening, as
discussed in [10,21,22], which was shown to be important
in order to discuss the linewidth enhancement factor [12]
or mode locking effects [23], is taken into account in a
simplified approach which distinguishes only between the
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total QD density and the density of the lasing subgroup
of QDs whose size matches with the laser mode.

The paper is organized as follows: after introducing
the QD laser model in Section 2, we discuss the impact of
the band structure on the microscopic scattering rates in
Section 3. Subsequently, in Section 4, the impact of WL
doping on the laser turn-on dynamics is discussed, before
concluding in Section 5.

2 Quantum dot laser model

The analytic and numeric investigations of the laser turn-
on dynamics presented here are based on the model given
in reference [7]. In the QD laser system the electrons
are first injected into the WL before they are captured
by the QDs. We consider a two-level system for elec-
trons and holes in the QDs with an energy separation of
hw = 0.96 eV as common for self-organized quantum dots
in the InAs/InGaAs material system.
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The nonlinear rate equations (1)—(5) describe the dynam-
ics of the charge carrier densities in the QDs, n. and
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Table 1. Numerical parameters used in the simulation unless
stated otherwise.

Symbol Value Symbol Value
w 0.7 ns™?! A 4%x107° cm?
T 300 K N®P 0.6 x 10*° cm ™2
2K 0.1 ps~* Nsum 20 x 10 cm~2
I, 0.075 NWE 2 % 10" em 2
r 2.25 x 1073 BS 500 ns~! nm?
U 0.75 ep nm I&; 5x107°
Ebg 14.2 me (mp)  0.043 (0.45)mo
AFE, 210 meV AFEy, 50 meV
Ae 64 meV Ap 6 meV

np, the carrier densities in the WL, w, and wy, (e and h
stands for electrons and holes, respectively), and the pho-
ton density npp,. The induced processes of absorption and
emission are modeled by a linear gain Rinq(ne, nh, npn) =
WA(ne + np — N9P)nyp,, where N9P denotes twice the
QD density of the lasing subgroup (the factor of 2 accounts

for spin degeneracy), W = Ve (2)3 is the Einstein

’ 3meo h c
coefficient and A is the in-plane area of the WL. Analo-
gously to a simple two-level system our model yields pos-
itive gain if the occupation probability f¢ = n./N@P of
electrons in the localized conduction band level at energy
E®P is higher than the occupation probability fY of elec-
trons in the localized valence band level at energy E,?D.
The occupation probability of holes in the localized va-
lence band level is given by fY = 1— f¥ = n,/N9P.
Thus our gain term Rj,q = WANPQP(fC — fVyn,, =
WAN®CP(fE(1 — f¥) — Y1 — f€)) npp corresponds to
the standard net rate of stimulated emission minus ab-
sorption [24].

The spontaneous emission in the QDs is approxi-
mated by Ry (ne,ns) = (W/NPP)n.nj,. The WL sponta-
neous recombination rate is expressed by Rsp(we, wp) =
BSw,w;, where B® is the band-band recombination coef-
ficient in the WL. The density N*“" is twice the total QD
density as given by experimental surface imaging. 3 is the
spontaneous emission coefficient and I = Iy N@P /Nsum
is the optical confinement factor. I is the product of
the geometric confinement factor I'y (i.e. the ratio of the
volume of all QDs and the mode volume) and the ratio
N®@P /Nsum (accounting for reduced gain because, due to
the size distribution of the QDs, only a subgroup of all
QDs match the mode energy for lasing). The coefficient
2k expresses the total cavity loss, j is the injection current
density, e, is the elementary charge, and n = 1 —w,/N"F
is the current injection efficiency that accounts for the fact
that we cannot inject any more carriers if the WL is al-
ready filled (w. = N"WI). The spectral properties of the
laser output are not addressed in the model, as the photon
density is an average over all longitudinal modes. Changes
in the QD size distribution are only taken into account by
changes in the active QD density which basically changes
the gain. The values of parameters used in our simulations
are those listed in Table 1 if not stated otherwise.
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Fig. 1. (Color online) Energy diagram of the band structure in
the in-plane direction across a QD. The wavelengths A1, A2 and
A3 label the optical transitions for ground state (GS), excited
state (ES), and WL-state lasing; F)'* and F}V'* mark the
quasi-Fermi levels for electrons and holes, respectively in the
WL; ESP and E,?D mark the confined energy of electrons and
holes, respectively in the GS of the QD.

3 Microscopic modeling

The dynamics of the QD laser is strongly influenced by the
non-radiative carrier-carrier scattering rates S and Si"
for electron and hole capture into the QD levels and S
and Sp“' for carrier escape from the QD levels, respec-
tively. The resulting scattering times 7, = (S* 4 Sout)~1
and 7, = (Si* + S¢ut)~1 determine the timescales for
changes in the carrier densities. The scattering rates are
calculated microscopically within the Boltzmann equation
and orthogonalized plane wave approach [5]. All electron-
electron, hole-hole and mixed electron-hole Auger pro-
cesses are included in the rates [6]. The Coulomb interac-
tion is considered up to the second order in the screened
Coulomb potential. The calculated scattering rates de-
pend in a strongly nonlinear way upon the WL carrier
densities w, and wy, [7].

The energy diagram of the QD laser structure along
the in-plane direction is shown in Figure 1. As already
discussed in [7], due to the principle of detailed balance,
the ratio between in- and out scattering rates for the elec-
trons and holes S;"/S¢“! (b = e, h) depends on the energy
difference between the QD levels (EQP and EP”) and the
quasi-Fermi levels in the WL (FVX and FV'). The latter
can be expressed by the WL carrier densities (w,. and wy,)
and the WL band edges (E'L and E}VL):

)1 ©
Wh

FVE(wy) = BV — kTn [exp (phkT) — 1] (7)

FWVL(w,) = EWY 4 kTIn [exp ( 7“2
Pe

where p, = m;/(7h?) are the 2D densities of states, my
are the effective masses of electrons (b = ¢) and holes (b =
h), respectively, and T is the temperature. Introducing
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AE, = EWL — EQP and AE), = E@P — EVL| we can
write the ratio between in- and out scattering rates in the
following form:

. ABy _wy,
S (we, wn) = 87" (we,wi)e W [t 1] (8)
where ppkT is the carrier degeneracy concentration (b =
e, h). The sum AFE), + AE, can be determined from pho-
toluminescence experiments that measure the wavelength
of the ground state emission of the QD (A1) and the wave-
length of the WL emission (A3), as indicated in Figure 1.
However, the ratio of electron and hole confinement ener-
gies AE,/AFE}y, is given by details of the heterostructure
and is not known a priori. Thus, later on we will inves-
tigate the effect of varying the ratio AE./AE}; on the
turn-on dynamics of the QD laser.

3.1 Zero point energy

Besides the energy separation AE, and AE}y, the scat-
tering rates also depend on the energetic position of the
QD ground state with respect to the bottom of the QD
potential well indicated as A, and Ay, in Figure 1. The rea-
son is that this parameter enters as the oscillator strength
into the wavefunctions of the confined electrons. For a
lens-shaped QD the potential can be approximated by a
2D harmonic oscillator wave function [8] where the zero
point energy is exactly the energy spacing between the
first excited state (ES) and the ground state (GS). For
the QD laser described here experimental data of ampli-
fied spontaneous emission [25] suggest an energy spacing
Ae + A = 70 meV between ES and GS emission (Mg
and A1, respectively, see Fig. 1). In contrast to the ra-
tio AE),/AE, discussed earlier, the ratio A, /Ay, is solely
given by the ratio of the effective masses of electrons and
holes which is my,/m. = 0.45/0.043 = 10.5 in our simula-
tions.

Different values of A, and Aj; do not change the de-
tailed balance between electron or hole in- and out scatter-
ing (given by Eq. (8)), but they change the ratio between

time t [ns]

20 25 AE. = 190 meV, AE, = 70 meV, j = 2.5 ju,
undoped WL)

electron and hole in-scattering rates which is shown in Fig-
ure 2a for two different sets of A, and Ay. It is obvious
that the lower A, is chosen, the higher is the correspond-
ing in-scattering rate. The variation of the scattering rates
leads to a changed damping of the laser turn-on as can be
seen in Figure 2b where the turn-on transients for the
two sets of scattering rates shown in Figure 2a are plot-
ted. For A, = 64 meV, A, = 6 meV (shown in red) the
damping is reduced because the ratio between the scat-
tering times 73, /7. ~ 1/16 is smaller than for the case of
Ae = 190 meV, A, = 70 meV where 71,/7. &~ 1/4. The
time dependent scattering times 7. and 7, during the laser
turn-on are plotted in Figure 2c. The steady state carrier
densities in the QDs (n} and n}) are only slightly changed
if the zero point energy are varied as can be seen in the in-
set of Figure 2b where the turn-on dynamics is projected
onto the (ny, n.)-phase plane. This is due to the fact that
the steady state values are mainly determined by 7.5
and 75,5 which do not depend on the zero point energy.
Nevertheless electron and hole dynamics in the QDs are
more decoupled (squeezed spiral because of fast hole dy-
namics) for the case of the lower ratio 7, /7. obtained for
A. = 64 meV, A, =6 meV, see inset of Figure 2b.

3.2 Confinement energy

As discussed before, the sum of the confinement energies
AE), + AE, can be measured, while the ratio AE, /AE,
depends on details of the heterostructure. Changing the
ratio AE),/AE, results in different scattering rates as
well as in different ratios between in- and out-scattering
rates S;"/Sg"t (see Eq. (8)). This leads to different prod-
ucts 7.S5;" and 7,5;" and therefore to changed steady
state values of the carrier densities. Thus the changes ob-
served in the turn-on transients will be much more pro-
nounced than those observed when changing the oscillator
strength (and thus the QD size) in the previous section.
Figure 3a shows the electron and hole in-scattering rates
for AE, = 140 meV, AE;, = 120 meV (red solid lines)
and AE, = 210 meV, AE;, = 50 meV (dotted blue lines).
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Fig. 3. (Color online) Effect of varying con-
finement energies AF. = 140 meV, AFE},
120 meV (red solid lines) and AE.

210 meV, AE, = 50 meV (broken blue
lines) upon (a) the carrier in-scattering rates
Sé'jh(wﬁ,wh) (for we = wy) as a function
of the WL e-density w. and (b) the turn-on
transient (inset: turn-on dynamics projected
onto the (nn,ne)-phase plane); (c) electron
and hole scattering times 7. (thin) and 7,
(thick) as a function of time during the laser
turn-on of (b). (Calculated for fixed A. =
64 meV, A, = 6 meV, j = 2.5 j;5, undoped
WL.)

Fig. 4. (Color online) Effect of confine-
ment energy: steady state characteristics
for injection currents increasing from 7 = 0
toj/eo = 3x10° em™? (symbols) and turn-
on trajectories for j = 2.5 jy, (dotted lines)
projected to the (a) (we,ne)-phase space
and (b) (we, np)-phase space for three dif-
ferent values of the confinement energies:
black squares, red circles and blue stars
correspond to AE. = 210 meV, AE. =
190 meV, and AE. = 140 meV, respec-
tively with AE. + AEp, = 270 meV (note:
threshold current j;» changes with AE.)
at fixed A. = 64 meV, Ay = 6 meV (un-
doped WL).

Fig. 5. (Color online) Effect of confine-
ment energy and zero point energy: (a)
steady state characteristics for AFE. =
140 meV, AE;, = 120 meV (filled sym-
bols) and AFE. 210 meV, AE)
50 meV (open symbols) projected onto the
(we, ne)-phase space for zero point ener-
gies Ae = 64 meV, Ap = 6 meV (dashed
blue lines with stars) and A. = 190 meV,
Ap =70 meV (dotted black lines with cir-
cles) for injection current increasing from
j=0to j/eo =2 x 10° cm™?; dotted and
dashed lines are the respective turn-on tra-
jectories for 7 = 2.5j;, (Note: threshold
current js, changes with AE. and A.); (b)
turn-on dynamics projected onto (np, ne)-
phase space for AE. = 140 meV, AE), =
120 meV and A. = 64 meV, A, = 6 meV;
(c) same as (b) but with A. = 190 meV,
Ap =70 meV (j = 2.5 jtn, undoped WL).
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It can be seen that for the first case the electron in-
scattering is only slightly smaller than that for the holes
while the difference is much larger for the second case. The
turn-on transients for both cases are plotted in Figure 3b.
They show an increased damping of the relaxation oscil-
lations for the second case. Figure 3¢ depicts the time de-
pendent scattering times during the two laser turn-on sce-
narios shown in Figure 3b. It can be seen that 73, /7. =~ 0.3
for the first case AE, = 140 meV, AE;, = 120 meV (red
solid lines refer to 0.37. and 73,), while it is less than 1/20
for AE. = 210 meV, AE;, = 50 meV (dashed and dash-
dotted blue line depict 7, and 207y, respectively). Thus the
higher damping cannot be explained by just discussing the
ratio 75, /7. as was done in Section 3.1. Instead the vari-
ation of the damping is dominantly related to the varia-
tion of the products 7.5 and 7,5:" and thus the vari-
ations of the steady state carrier densities. The insets in
Figure 3b show the phase space projection of the laser
turn-on onto the (np,n.) plane for both cases discussed
so far. With increasing AF, the electron out-scattering
becomes more and more unlikely thus 7.5 ~ 1 and the
steady state value n* approaches N9P which leads to the
highly damped relaxation oscillations. For the lower value
of AE, = 140 meV the spiral of the turn-on dynamics in
the (np,n)-phase plane is found at n} ~ nj ~ 0.6 N@P
and shows equal dynamics for electrons and holes (besides
a phase shift that leads to the spiral). For the second case
AE. = 210 meV, AE, = 50 meV the phase space pro-
jection onto the (np,n.) plane is not a spiral. This re-
sults from the fact that the scattering time of the holes
Tn, = 5 ps is much smaller than that for the electrons
Te = 100 ps, and thus the hole dynamics can be adia-
batically eliminated as ny,(t) does not change significantly
during the relaxation oscillations.

So far the turn-on dynamics was considered for fixed
pump current 5 = 2.5 jy,, where jy, denotes the thresh-
old current density. In Figure 4a we show the steady state
values of the QD and WL electron density n’ and w},
respectively, for increasing pump currents (each symbol
in Figure 4a corresponds to a different pump current) for
three different sets of confinement energies AE, and AE},.
Additionally the turn-on trajectories for fixed pump cur-
rent j = 2.5 jy, are plotted in the (we,n)-plane. It can
be seen that the steady state electron density n) linearly
decreases with w} above the laser threshold, as analyti-
cally described in [7]. It is reduced by a reduction of the
confinement energy AFE.. As the value for the total car-
rier density at threshold ny, = n} + nj, = ey + NP
does not depend on the scattering rates a reduction of
n’ is accompanied by an increase of nj. This can be
seen in Figure 4b that shows the same data as Fig-
ure 4a but projected onto the (w.,np)-phase space. For
AE,. = 140 meV, AE, = 120 meV the QD electron and
hole levels are approximately equally populated. The tra-
jectories for j = 2.5 j;, show that a reduction of AE, is
also accompanied by a reduction of the steady state WL
carrier density w; .

Figure 5a shows again the steady state values n} and
w} as in Figure 4, but this time we add the comparison of
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different zero point energies. We already discussed that for
AFE. = 140 meV, AE;, = 120 meV the scattering times
for electrons and holes are of the same order of magnitude.
By further changing A, and Aj, we can find a configura-
tion where the electron and hole dynamics is completely
synchronized. This can be seen in the (ny,n.)-projection
of Figure 5¢ where a zero point energy of A, = 190 meV,
Ap = 70 meV is chosen and the spiral disappears. We
also obtain completely flat steady state characteristics in
the (we,ne)-plane for this case (black dots in Fig. 5a).
Changing the zero point energy for a confinement energy
of AE, = 210 meV, AE}, = 50 meV (solid lines in Fig. 5a)
has only a marginal effect on the turn-on dynamics be-
cause of the large difference between electron and hole
scattering times (Fig. 3c).

4 Doped wetting layer

One way of changing the confinement energies AE,, AE},
that enter the microscopic calculations of the scattering
rates would be doping the WL, since space charges will
lead to band bending and deform the energy scheme.
However, doping of the WL will also change the charge
conservation condition, which enters into the rate equa-
tion system via the initial conditions of the carrier densi-
ties. A doped WL can be implemented by choosing dif-
ferent initial conditions for electron and hole densities
in the WL. Without doping, initial conditions n? = 0,
nd =0, w? = 1072p.kT, and w9 = 1072p.kT have been
used. Note that charge conservation is contained in the
5-variable rate equation system, thus leading to only 4
free dynamic variables that are related by:

N (1o, —1ap) — N9P (aby, — i) = 0

(9)
which can be integrated giving
N5 (ng —np) — N9P (wy, —we) = NP (w? —w)). (10)

By increasing w? or wg and keeping the other at the small
value of 1072p.kT we are able to model n- or p-doping,
respectively. Because the rate equation system treats 2D
densities, also the doping concentrations n ~ w? and
p &~ w) are given per area. To compare this to 3D dop-
ing densities these have to be divided by the WL height
which is » = 4 nm. Thus n = 2 x 10''em ™2 corresponds
to n3p = 5 x 10'7 cm~3. Figure 6 shows that changes
in initial conditions drastically modify the QD laser turn-
on dynamics. For n-doping the damping of the relaxation
oscillations is increased while the damping is drastically
reduced if p-doping is introduced. We can understand this
behavior by discussing the laser turn-on dynamics as well
as the steady state characteristics in the (we,n.) phase
space projection. This is done in Figure 7a for 2 differ-
ent n-doping densities (red squares and triangles) and 2
different p-doping densities (blue circles and asterisks). It
can be seen by comparison with the undoped case (black
balls) that the n-doping increases the steady state value
of the QD electron density n} and w}, while the p-doping
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Fig. 6. (Color online) Time series of the pho-
ton density during laser turn-on for (a) different
n-doping density and (b) different p-doping den-
sity. Dotted, dashed and solid lines correspond
to doping of 0.1, 0.2 and 0.4 times the degener-
acy concentration p.,, kT, respectively. pkT =
4.7 x 10" ¢cm™2 and pnkT = 48 x 10* ecm™2.
Parameters as in Table 1; pump current is j =
2.5 jin-

Fig. 7. (Color online) Effect of WL doping:
steady state characteristic for a range 7 = 0
to j/eo = 2 x 10° cm™2 (symbols) and turn-
on trajectories for j = 2.5 jyp, (lines) projected
onto the (we, n.)-phase space (a) squares, tri-
angles, circles and stars are doping densities
of n = 1x 10%em™2, n = 2 x 10" ecm™2,
p=>5x10" ecm™2, and p = 10 x 10** cm ™2,
respectively; (b) and (c): turn-on trajectory
projected onto the (nn,n.)-phase space for
n=2x10" em™? and p = 5 x 10'* cm~?,
respectively. Parameters as in Table 1.

Fig. 8. (Color online) Effect of WL doping:
steady state characteristic for a range j = 0
to j/eo = 2 x 10? em™? (symbols) and turn-
on trajectories for j = 2.5 jy;, (lines) projected
onto the (np, ne)-phase space (a) squares, tri-
angles, circles and stars are doping densities
of n =1x 10" em™2, n = 2 x 10" cm™2,
p=>5x10" em™2, and p = 10 x 10*! ecm ™2,
respectively; (b) and (c): close-up of (a) for
p =10 x 10" em™2 and p = 20 x 10'* cm ™2,
respectively. Parameters as in Table 1.
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decreases both densities. The reason is that the n-doping
increases the WL electron density which then leads to
higher in-scattering rates S (see Fig. 2a) and therefore
to higher n’. On the contrary, p-doping leads to a higher
WL hole concentration and thus to higher occupation of
the QD hole levels. Note, however, that the increased WL
hole density for p-doped samples also has an effect on the
out-scattering rate, as this contains a factor that expo-
nentially decreases with w, through the detailed balance
relation (Eq. (8)). The scattering time 73, for holes de-
creases with increasing p-doping while the scattering time
for electrons increases. The ratio between the timescales
of both carriers decreases from 73, /7. = 5/100 for the un-
doped case to a value of 73, /7. = 3/500 for a p-doping of
p = 20x 10* em~2 thus explaining the lower damping (see
discussion in Sect. 3.1). Figures 7b and 7c¢ show the turn-
on dynamics in the (np,ne)-phase space for the extreme
cases of m- and p-doping, corresponding to very strongly
and weakly damped relaxation oscillations, respectively
(for n-doping n = 2 x 10'* cm™? the ratio between the
timescales is 73 /7. = 5/30).

Figure 8a shows the steady state characteristics dis-
cussed in Figure 7a projected onto the (np,n.)-phase
space for 2 different n-doping densities (red squares and
triangles) and 2 different p-doping densities (blue cir-
cles and asterisks). Figure 8b, 8¢ shows close-ups for very
high p-doping. Going from high p-doping to n-doping the
steady states n} and nj move up along an approximately
straight line in (nj, n.)-phase space, while the turn-on dy-
namics becomes more strongly damped and synchronized
between electrons and holes. This is different to changing
the steady state values by varying the confinement energy
as there increased steady state values n; (induced by in-
creasing AFE,) lead to a desynchronization (separation of
timescales) of electrons and holes.

Figure 9 shows the steady state characteristics and
turn-on dynamics in (wp, np,)-phase space, illustrating the
increased QD and WL hole densities for p-doping.

5 Conclusion

In conclusion, we have found that the details of the en-
ergy scheme of the QD-WL system sensitively influence
the microscopically calculated nonlinear scattering rates,
and hence the nonlinear turn-on dynamics. We have sys-
tematically studied the effects of the electron and hole
confinement energies and zero-point energies as well as the
doping of the wetting layer. The dynamics of electrons and
holes becomes the more synchronized the more similar the
scattering times are. We have shown that the inclusion of
separate dynamics of holes and electrons is crucial in or-
der to explain the dynamic behavior of a QD laser with a
doped wetting layer. Introducing p-doping drastically re-
duces the damping of the turn-on relaxation oscillations
which is a significant feature influencing the modulation
response of these QD lasers. On the other hand, n-doping
increases the damping.
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Fig. 9. (Color online) Steady state characteristics for a range
j = 0to j/eo = 2 x 10° cm™2 (symbols) and turn-on tra-
jectories for j = 2.5j;, (lines) projected onto the (wn,nn)-
phase space for undoped (black) and p-doped WL with p =
10 x 10" ¢cm™? (blue). Insets show enlargements around the
steady state for j = 2.5 j;;,. Parameters as in Table 1.
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