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Modeling Quantum-Dot-Based Devices
Kathy Liidge

1.1
Introduction

During the past decades, the performance of semiconductor lasers has been dra-
matically improved from a laboratory curiosity to a broadly used light source.
Owing to their small size and low costs, they can be found in many commercial
applications ranging from their use in DVD players to optical communication net-
works. The rapid progress in epitaxial growth techniques allows to design complex
semiconductor laser devices with nanostructured active regions and, therefore,
interesting dynamical properties. Future high-speed data communication applica-
tions demand devices that are insensitive to temperature variations and optical
feedback effects, and provide features such as high modulation bandwidth and
low chirp, as well as error-free operation. Currently, self-organized semiconductor
quantum dot (QD) lasers are promising candidates for telecommunication applica-
tions [1]. For an introduction to QD-based devices, their growth process, and their
optical properties, see, for example, [2, 3].

This review focuses on the modeling of these QD laser devices and on the
discussion of their dynamic properties. It uses a microscopically based rate equation
model that assumes a classical light field but includes microscopically calculated
scattering rates for the collision terms in the carrier rate equations, as introduced
in [4-8]. Following the hierarchy of different semiconductor modeling approaches
(for an overview, see [9]), this model aims to be sophisticated enough to permit
a quantitative modeling of the QD laser dynamics but still allows an analytic
treatment of the dynamics. Different levels of complexity will be explored to enable
comprehensive insights into the underlying processes.

In order to reduce the numeric effort and still allow for analytic insights, a variety
of effects have been neglected. This way, a different approach has to be chosen
if, for example, the photon statistics of the emitted light [10] or changes in the
emission wavelength due to Coulomb enhancement effects [11, 12] are to be of
interest. For the analysis of ultrafast phenomena, as, for example, the gain recovery
in QD-based optical amplifiers [13], coherent effects resulting from the dynamics of
the microscopic polarization become important, and the model has to be extended
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to semiconductor Bloch equations. This has been intensively studied in [14, 15]
in good agreement with experimental results [16], but it will not be discussed in
this review. Note that later on in this book, the experimental results obtained with
QD lasers under optical injection are presented in Chapter 3 (by Sciamanna [17]),
and the results regarding the sensitivity of QD lasers to optical feedback [18] are
discussed in Chapter 6 by Erneux et al. [19].

After a detailed introduction to the microscopical modeling aspects in Section
1.2, the turn-on and switching dynamics of a QD laser with two confined levels is
discussed in Sections 1.3 and 1.4, and temperature effects are analyzed in Section
3.1. In Section 1.5, the results of an asymptotic analysis of the rate equation systems
are presented, which allows to give analytic expression to relaxation oscillation (RO)
frequency and damping of the turn-on dynamics, and thus allows to predict the
modulation properties of the laser. Resulting from the analytic predictions, the
effect of using a doped carrier reservoir on the laser dynamics is investigated in
Section 1.6. At the end, in Section 1.7, the results are discussed and compared to
quantum well (QW) laser devices.

1.2
Microscopic Coulomb Scattering Rates

A schematic view of the QD laser structure is shown in Figure 1.1a. The active
area of the p—n heterojunction is a dot-in-a-well (DWELL) structure that consists of
several InGaAs QW layers that have a height of about 4 nm, and contain embedded
QDs that are confined in all three dimensions having a size of approximately
4nm x 18 nm x 18 nm. During laser operation, an electric current is injected into
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Figure 1.1 (a) Schematic illustration of which is equal to the energetic distances be-
the QD laser. (b) Energy diagram of the tween the GS and the excited state (ES) in
band structure across two QDs in the the QD. FSW and FEW are the quasi-Fermi

electron—hole picture. hugs labels the ground levels for electrons and holes in the QW, re-
state (GS) lasing energy. AE, and AE, mark spectively. The different processes of direct
the distance of the GS from the band edge  electron and hole capture (S™P), as well
of the 2D carrier reservoir (QW) for elec- as relaxation (S™'!) into the QD states, are
trons and holes, respectively. A, and Ay, de- indicated with gray arrows.

note the distance to the bottom of the QD,
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the QW layers. They form the carrier reservoir where carrier—carrier scattering
events take place because of Coulomb interaction and lead to a filling (or depletion)
of the confined QD levels. As a result, carrier inversion is reached first between the
lowest confined QD levels in the conduction band and its counterpart in the valence
band. Since the size and the composition of the zero-dimensional QD structures
determine the energetic position of the QD levels, it is possible to design lasers
with different emission wavelengths. The lasers discussed here have a ground state
(GS) emission wavelength of 1.3 pm, as needed for optical data communication.

For high carrier densities in the reservoir, that is, during electrical pumping, the
Coulomb interaction (carrier—carrier Auger scattering) will dominate the scattering
rate into (and out of) the QDs, whereas the scattering events resulting from
carrier—phonon interaction are negligible [20]. Inside the QD, two confined energy
levels are modeled. Thus, direct capture processes for electrons (b = €) and holes
(b = h) into or outof the GSlabeled as S, 7, into or out of the excited state (ES) labeled
as SZ‘E , and relaxation processes between GSs and ESs named S{fl are considered
as depicted in Figure 1.1b, where gray arrows indicate the in-scattering events.

Section 1.2.1 systematically describes and quantifies the different Auger processes
before they are incorporated into the dynamic rate equation model in Section 1.3.
Note that although phonon scattering between the carrier reservoir (QW) and the
QDs is neglected, the fast phonon- assisted carrier relaxation processes within the
QW states are taken into account by assuming a quasi-Fermi distribution with
quasi-Fermi levels FSW and FP?W for electrons in the conduction band and holes in
the valence band of the QW, respectively.

1.2.1
Carrier—Carrier Scattering

If the Coulomb interaction is treated in the second-order Born approximation in
the Markov limit up to second order in the screened Coulomb potential [21, 22],
a Boltzmann equation for the collision terms, which describe the change in the
occupation probability in the QD states, can be derived, and subsequently easily
incorporated into laser rate equation models (for details, see also [15]). The striking
difference from the standard rate equation models is that there are no constant
relaxation times. Instead, the detailed modeling of the scattering events inside the
reservoir leads to scattering times that are nonlinearly dependent on the carrier
densities in the reservoir.

Figure 1.2 gives a systematic overview of all processes leading to in-scattering into
the QD electron levels. The gray arrows denote electron transitions of the scattering
partners. Panels I and IIT show pure e—e processes, while panels IT and IV display
mixed e—h processes. The corresponding processes for in-scattering into the QD
hole levels are obtained by exchanging all electron and hole states. The out-scattering
processes are obtained by inverting all arrows of the electron transitions. The
exchange processes of pure e—e capture processes contributing to the scattering
rates are not shown, since there is no qualitative difference from that of the direct
processes. In case of mixed e—h processes (II, IV), the exchange processes lead to
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Figure 1.2 Electron transitions during (111, 1V). Panels | and Il and panels Il and
Auger scattering processes (gray arrows de- |V show pure e—e and mixed e—h scattering
note electron transitions): (a) direct electron processes, respectively. (b) QW-assisted in-
capture from the 2D carrier reservoir to the  tradot electron relaxation to the QD ground
QD ground state (I, Il) and first excited state state.

transitions across the band gap, which are neglected since they are unlikely to occur.
Note that the process shown in panel III of Figure 1.2b is the exchange process
of the one in panel L. In the following, the scattering events shown in Figure 1.2
are decomposed into contributions originating from direct carrier capture from
the QW into the QD levels R;,’ (Figure 1.2a) and relaxation processes between
the QD states with one and two intra-QD transitions R™ and R, respectively
(Figure 1.2b). Processes involving three QD states are neglected. Thus, the collision
term in the Boltzmann equation for the carrier occupation probability in the QD
states p;', where m labels the quantum number of the 2D angular momentum of

the confined QD states (m = E for the first ES; m = G for the GS) reads:

aot
ol = Ry + R + R (1.1)

The contribution to Eq. (1.1) from direct capture processes (Figure 1.2a) can be
expressed as
in, m t, m
Rym = Spon (1= ") = 53, "y (1.2)
where the direct capture Coulomb scattering rates for in- (S;ly‘;ap) and

out-scattering (SZ‘;‘CHP) are defined as

in,cap _ b
St > W g Sy (1 _fkb’) (ky=m. k3 —kz)» (13)
kpkgkg ! 132" 2

outcap b _ e ,
Shin Z kag/ké’/k%’ (1 fkl{) (1 fkg)fkg (m—ky, ky—ks)-  (1.4)

kqkgks, b/

States in the QW are labeled by the in-plane carrier momentum k? (b = e and

b = h indicate conduction and valence band states, respectively). For both bands

in the QW, f indicates the electron occupation probability. The transition
1

probability Wf 1oLy [OT @ process where two carriers scatter from initial states k;
1kak3m

and k; to the final states m and k,, respectively, (k; — m, k3 — k;) contains the
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screened Coulomb matrix elements for direct and exchange interactions, and the
energy-conserving §-function [6, 15]. Owing to the microscopic reversibility of the

Coulomb matrix elements, the transition probability is equal for reversed direction
wh — wh

B m T kb

The relaxation processes shown in Figure 1.2b describe a redistribution of
carriers within the intra-QD levels. The contribution from processes I and II to Eq.

(1.1) is given by

1 in, 1 trel’
R = S oy (1= py)) = S (1= p5) 0y (15)
The relaxation in-scattering rate is given by
v
Sln " Z W kb/ kb/ < f];g/ )f;cév, (E—G, k3~>k2) . (16)
kyks. b

The dynamical equations for the processes III and IV (Rrel/,) in Figure 1.2b can be
obtained in a similar manner as in Eq. (1.5).

For the calculation of the Coulomb scattering rates, a quasiequilibrium within the
QW states (fast phonon scattering inside one band) but nonequilibrium between the
QW electrons and the QD electrons, the QW holes, and the QD holes is assumed.
As a result, the electron occupation probability f,;, in the conduction (b = ¢) and
valence band (b = h) of the QW can be expressed by a quasi-Fermi distribution
given by

B, — FY -
fb = |:exp (T) + 1i| (b=¢h). (1.7)

The quasi-Fermi levels FI?W are determined by the total carrier density in the
respective band via the relation given in Eq. (1.8), as shown in [7, 23],

F¥wy) = BV £ kTIn [exp< WkT> 1] (1.8)

where the + and — signs correspond to electrons and holes, respectively. Further-
more, Dy, = my/(mh?) is the 2D density of states, with the effective masses m;, of
electrons (b =€) and holes (b = h), respectively. ESW are the QW band edges of
conduction and the valence band, respectively. Note that the analytic expression
Eq. (1.8) is only valid for a 2D electron gas, where the integrals

] EQW
W, = /QW AE D, fre and wy = / " dE;Dy(1 —f;;h) (1.9)
Ep —o0

can be solved. As a result, the quasi-Fermi distributions fie and f,; are determined
by the QW carrier densities w, and wy, and thus, the scattering rates given in Egs.
(1.3) and (1.6) are calculated as functions of w, and wy,. Besides that, the scattering
rates parametrically depend on the effective masses of the carriers in the QW bands
and on the band structure given by the energetic distances A E, and Ay, as indicated
in Figure 1.1b. The resulting rates are shown in Figure 1.3 as a function of w, along
the line wy/w, = 1.5. For the relaxation rates, the sum of all relaxation processes
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Relaxation rates Hole capture rates Electron capture rate

—— ginyrel //
h L FEE
— giprel 08} i _ 02} LT
27T s 57— -suge
2 in.cap =
] e S L S
—_ ng,rel 02k _ _sgjjécap 2t05 : - —S;UécapA
—— ggutrel o SguLesp L e SouLcap
x10 AR P
AT R T vt te= RPN 2O
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
w, (10" cm™) (b) w, (10" cm™?) (©) w, (10" ecm™)
Figure 1.3 Coulomb scattering rates of rates into the GS (dashed line) and ES (dot-
the QDs-in-a-well system versus QW elec- ted line) for holes and electrons, respec-
tron density w, (wn/we = 1.5). (a) Intra-QD tively. Top and bottom panels show in- and
relaxation rates for electrons (gray) and out-scattering rates, respectively. Parameters
holes (black); (b) and (c) direct capture as in Table 1.1.

is plotted but note that the rates involving a transition within the QD accompanied
by a QW transition (rel’) are much larger than the rates involving two QW-QD
transitions (rel”). The relaxation rates are characterized first by a sharp increase and
later by a decrease in higher carrier densities because of the effect of Pauli blocking.
These relaxation scattering events are on a ps time scale, whereas the direct capture
rates plotted in Figure 1.3b,c for holes and electrons are an order of magnitude
smaller for small carrier densities. Owing to their small effective mass, the rate
for electron capture is much smaller, although the dependence on w, is similar to
that of the hole rate. For small electron densities inside the QW, the capture rates
increase quadratically with w,, which is expected from mass action kinetics.

1.2.2
Detailed Balance

In thermodynamic equilibrium, there is a detailed balance between the in- and
out-scattering rates of the QD level. This allows one to relate the rate coefficients of
in- and out-scattering even for nonequilibrium carrier densities [24].

For a single scattering process between two carriers of type b and b/, the
in-scattering rate for capture into the GS (m = G) or ES (m = E) is defined in Eq.
(1.3), and can be rewritten as

w 1-— 1.10
e iy (=) o

kl
b S
= Vi O IOy T T Ty
FY —Ey—Ey +Ey
= Wiy, I =Sy e |

(1.11)
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if the quasi-Fermi distribution given in Eq. (1.7) is used, which leads to f; /(1 — f;) =
exp [(FeQW — Ey)/ (kT)]. Inserting the energy conservation of final and initial states,
Ekg/ - Ekg/ - Ek;l, + EEYE = 0, where El?z is the confined QD energy (m = G, E) for
electrons (b =€) or holes (b = h), and summing overall initial and final states in
k-space gives

FQW_ EQD)

i( b Eom
out,cap —— et

in,cap out,cap Mﬂ %
Sy — g ) =Sy wr | eDFT —1 (1.13)

bm — “bm

where AE,c = :I:(E;2W — El?g) and AE,r = :l:(E;QW — ESE) are the energetic dis-
tances from the QW band edge to the GS and the ES of the QD, respectively, and
the + and — signs correspond to electrons and holes, respectively.
Note that Eq. (1.13) holds for the mixed e—h Auger capture process (b # b') aEs
A

well as for the e—¢ and h—h processes. Thus, besides the Boltzmann factor e kT
that is valid for a discrete two-level system with energy difference AE, the ratio
(Sin/Sout) for Auger scattering between the 2D electron gas of the QW and the
discrete QD level also depends on the quasi-Fermi levels FEW, and thereby on
the carrier density in the QW. As a result of this carrier-density-dependent factor in
the detailed balance relation, the out-scattering rates show a pronounced maximum
around the degeneracy concentration DykT, as can be seen in the bottom panel of
Figure 1.3Db,c.

In contrast to that, the ratio between the in- and out-scattering relaxation rates is
a constant factor since both involved levels are indeed localized. For the positively
defined energy difference A, (b =e, h) between ES and GS (Figure 1.1b), the
relation reads:

in;rel __ coutrel ﬂ
ginrel _ go e ’T (1.14)

1.3
Laser Model with Ground and Excited States in the QDs

Using the microscopic scattering rates defined in the last section, an eight-variable
rate equation system can be formulated, which contains the Boltzmann collision
terms for the direct capture processes, R;ii, defined in Eq. (1.2), and those
for relaxation into the GS, Rzel, defined in Eq. (1.5). As used earlier for the
scattering contributions in Section 1.2, carrier densities in the GS and ES have
the index G and E, respectively, and the index b labels the carrier type. Further,
the photon densities n;;h and ngh are introduced, which result from the GS and
ES transition in the QD, respectively. Starting from the occupation probability
of the confined QD levels p;%, the carrier densities in the QD are defined
by 1, = N®ug pp, ", NQP denotes twice the QD density of the lasing subgroup
(the factor of 2 accounts for spin degeneracy), and vg i is the degeneracy of the states
(ve =1,vg =2).
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The induced processes of absorption and emission at the GS wavelength are
modeled by a linear gain RY ; = WA(nS + nj — N?P) 15, Where W is the Einstein
coefficient that can be determined from a full quantum mechanical approach of
the light matter interaction [9], and A is the in-plane area of the QW. Analogous
to the simple two-level system, the model introduced above yields positive gains
if the occupation probability of electrons in the localized conduction band level
£€ = pS = nS /NP of the QDs is higher than the occupation probability of electrons
in their localized valence band level ;¥ =1 — py. Thus, the linear gain term
Ring = WANRP(£C — £V nyn = WANRP(£C(1 — £Y) — £Y(1 — £,£)) npn corresponds
to the standard net rate of stimulated emission minus absorption [25]. The rate of
induced emission at the ES wavelength is obtained analogously, but by assuming a
different Einstein coefficient W; thus, RZ ; = WA(nZ + nll — 2N?P) nop- As aresult
of the size distribution and material composition fluctuations of the QDs, only
a subgroup (QD density N?P) of all QDs (N"™) matches the mode energies for
lasing. The QD density N*"™ is twice the total QD density as given by experimental
surface imaging (again, the factor of 2 accounts for spin degeneracy). As discussed
below, NP is not a constant but can increase with increasing pump current if the
number of longitudinal modes in the laser output is increased (see Figure 1.9a for
experimental lasing spectra).

The nonlinear rate equations (Egs. (1.15)—(1.19)) describe the dynamics of the
charge carrier densities in the GS and ES of the QDs, nf and nf, respectively, the
carrier densities in the QW, wy, and the photon density emitted from the GS and
the ES, ny and n, , respectively.

i, = NPQRRT - R — WA(nE + nf — ZNQD)nlfh — Wnipy, (1.15)
iy = N®(RYT + Ry — WA®RS + nf} — N®)ny — Winpf (1.16)
. t

Wy = "Je(_o) — N RSP 4 2RCT | - Bww, (1.17)

A%, = —2cng, + TWA(RS + nj — NP)noy, + BWngpp (1.18)

Ay, = —2icng + TWA(E + n — 2NP)nsy 4+ BWn; o) (1.19)

The spontaneous emission in each level of the QDs is approximated by bimolecular
recombination using RS, (n$, ny) = WnSni /N and R, (nf, ny)) = WnEnil/(2N?P).
The loss rate Rf’oss = Bw,wy, accounting for carrier losses in the QW, is a sum
of the spontaneous band—band recombination and Auger-related losses inside
the QW [26]. This loss rate determines the lifetime 7’ of carriers in the QW
(Rf’OSS = wy/tt), which is on the order of several nanoseconds and decreases
with the carrier densities wy,. B is the spontaneous emission coefficient, and
I =T N?®/N™ is the optical confinement factor. I' is the product of the
geometric confinement factor T, (i.e., the ratio of the volume of all QDs and the
mode volume), and the ratio NP /N*U™ (accounting for reduced gain since only
a subgroup of all QDs matches the mode energy for lasing because of the size
distribution and material composition fluctuations of the QDs). The coefficient
2k = (¢/ /Zvg)[Kint — In(R1 Ry)/2L] expresses the total cavity loss [2], where L is
the cavity length, and R; and R, are the facet reflectivities, and ki, are the
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internal losses [6]. J is the injection current density, ¢, is the elementary charge,
and n = 1 — w,/N¥V is the current injection efficiency that accounts for the fact
that the injection into the QW is blocked if the QW is already filled (maximum
density inside the QW: w, = N?VW). Note that within the model the carriers are
directly injected into the QW, leading, of course, to an underestimation of the
experimentally realized current densities. Therefore, only current densities relative
to the threshold value Ju, are considered for comparisons between theory and
experiment. The values of parameters used for the simulations are listed in
Table 1.1, if not stated otherwise.

The steady-state characteristics and the turn-on dynamics for the QD laser
as resulting from the nonlinear rate equations (Egs. (1.15)—(1.19)) are depicted in
Figure 1.4. The input—output curves in Figure 1.4b show that with increasing pump
current, the GS first reaches inversion and starts lasing at the GS threshold current
J§.- By further increasing the pump current, the ES reaches its lasing threshold J§
and the laser emits light at both wavelengths. As can be seen in Figure 1.4b, the
GS efficiency is reduced as soon as the ES lasing sets in. The turn-on dynamics
observed before reaching the steady states is shown in Figure 1.4a,c. For currents
above J§ but far below J§, highly damped ROs are found for the GS turn-on
trajectories (Figure 1.4a) in accordance with experimental results [26]. Above JF,
the ES turns on with very short turn-on delay times and damped ROs (gray line
in Figure 1.4c), while the GS shows overdamped turn-on behavior (black line in
Figure 1.4c). The overdamped behavior is due to the high current needed to invert
the ES levels, which is accompanied by high carrier densities in the reservoir and
thus by high scattering rates into the GS (see Section 1.5 for analytic discussions
of the damping rate, which depends on the carrier lifetimes).

The ratio of the threshold currents of the two modes, ]ﬁl / ]ﬁl, depends on the
values of the carrier capture and relaxation rates and can be changed by varying
the band structure of the QD—QW system. A system where the QW band edge
is very close to the ES leads to a faster filling of the ES and thus to a smaller
Jii, (compare Figure 1.4b and Figure 1.6¢ that show the input—output curves for
different confinement energies). Besides this microscopic effects, the ratio J3 /J§
also depends on the device length. Length-dependent measurements of this ratio

Table 1.1 Numerical parameters used in the simulation, unless stated otherwise.

Symbol Value Symbol Value Symbol Value

w 0.7 ns! A 4 x 10~°cm? AE, 210 meV
W 0.88 ns™! NQP 0.6 x 10'"%cm™2 AE), 50 meV

B 0.5 nm? ps~? Nsum 6 x 10°%cm~2 A, 64 meV
I, 0.06 NQW 1 x 10"%cm™2 An 6 meV

2k 0.16 ps! B 5x107° Desn e/ (2
R, Ry 0.32 L 1 mm e 0.043 myg

Ehg 14.2 Kint 650 m~! my, 0.45 my

1
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Figure 1.4 Simulated laser turn-on dynam-  output from the ES (gray) and GS (black)
ics at the (a) GS lasing wavelength for two  transition. J§ =1.95 x 108¢y cm~2 ps~';
different small currents below the ES thresh-  J¢ =1.5 x 10'%, cm~2 ps~'. Parameters

old thh and (c) ES and GS lasing above as in Table 1.1 but AE, = 134 meV, AE, =

Ji§ at J=1.5J5; (b) steady-state photon 30 meV and B = 0.2 nm? ps~'.

can be found in [27], showing that the shorter the device the smaller is J§ , while J§
increases. This is in good agreement with our simulations.

The threshold current J can be obtained from Egs. (1.15)—(1.19) by deriving the
steady-state characteristics of the laser. By neglecting spontaneous emission and
photons from the ES transition (8 = 0; nﬁh = 0), this leads to

INQP /]
G * _1G
nPh (]) — Jth 24 Nsum (E - 1) (120)
sum
G G G W, E E
Ji, = By, + g (WnE 5+ W nE ) (1.21)

Eq. (1.21) shows that J§ depends upon the loss terms in the rate equations. Thus,
the parameters B, W, and N*"™, as well as the carrier densities at threshold, labeled
with the subscript |y in Eq. (1.21), determine Jj . The threshold carrier densities are
determined by the different scattering contributions (they do not depend on B and
Ns"™). However, owing to the nonlinear dependence of the Auger scattering rates
upon the QW carrier densities, it is not possible to give closed analytic expression
(see [7] for approximations). The ES threshold current J§ also depends on the
photon density in the GS, which depends on the pump current and the differential
gain. The analytic expression reads:

ZK Nsul’l'l
Ji =Ti + Fas o (1.22)
Since the microscopic model allows for a separate treatment of electron and hole
dynamics, the transient behavior of both species will be investigated. Figure 1.5a,b
shows the trajectories of the turn-on process projected onto the (17, nih)-planes.
The familiar anticlockwise rotation can be seen for the electron as well as for the
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hole density. Nonetheless, their shape is different. The black stars in Figure 1.5a,b
denote the steady state values of the electron and hole concentration in the GS
levels, nS* and nf", respectively, for increasing pump currents. It is interesting to
note that the value of n¢* decreases with J. This is anomalous because the carrier
concentration for conventional lasers is clamped at the threshold value (saturation
of inversion). Nevertheless, the inversion of the QDs is saturated as the total
number of carriers, namely, the threshold density n§ = nS* +n$", is a constant
that depends only on the material parameters and not on the pump current. n¢
can be obtained by neglecting spontaneous emission in Eq. (1.18) and setting
g, = 0:

ne = nc* +nd" = Fzﬁ + NP, (1.23)
Figure 1.5 also reveals that the steady-state values of n®" and n§" differ a lot. While
in the steady state most of the QDs are occupied by an electron, only every fifth hole
state is filled. This effect is due to the high out-scattering rates for the holes, which
inhibits effective filling of the states. As known from the microscopic scattering
rates plotted in Figure 1.3, the hole out-scattering rate decreases with the carrier
density in the reservoir and thus with the pump current. This leads to higher n§"
for higher currents (see [7] for detailed steady-state analysis of a QD laser with one
confined level).

As can be seen in the phase portrait of Figure 1.5¢, the turn-on process projected
onto the (n,, ny)-plane deviates from a straight line (which corresponds to the
synchronized behavior n, ~ n;) and instead performs a spiral ending in the fixed
point (steady state). This desynchronization between electron and hole dynamics is
due to the different carrier lifetimes that stem from the different effective masses
and the resulting different energy separation between QW band edge and confined
QD level (AE, and AE}, in Figure 1.1D).
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1.3.1
Temperature Effects

So far, all simulations have been performed at a constant temperature of 300 K.
In this section, the model is refined to account for carrier heating during laser
operation. For the shift in the device temperature inside an electrically pumped
optical amplifier (with identical active region as the laser diode considered here)
Gomis-Bresco et al. [13] found values of AT =60 K at a pump current of I =
150 mA, which is about 10 times J§. Their measurement suggests a functional
relationship of AT(J) ~ J?, which is adapted by implementing AT(w,) ~ (w,)?
(see Eq. (1.24)). It is noted that the steady-state relation wi(]) plotted for the
discussed model in Figure 1.6f depends on the microscopic details of the scattering
processes and is thus different for a QD laser with only one GS as in [26]. The
physical reason for the carrier heating lies first in the facts that the carriers are
injected into higher k-states during the electrical pumping. Second, the Auger
scattering processes between QD and QW lead to scattering into high energy states
inside the QW. Both effects change the carrier distribution and if the carriers in the
reservoir do not have time to cool down to the lattice temperature, their temperature
stays increased. (See [28] for a detailed kinetic modeling of the relaxation processes
that allow to determine the carrier temperature from their distribution in k-space
and [29] for microscopic calculations of the carrier heating in the low-density
limit.) Consequently, the temperature entering the scattering rates is actually not
the lattice temperature but the temperature of the carriers inside the QW that
surrounds the QDs.
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Figure 1.6 Simulated turn-on dynamics function of the pump current J, respectively.
for (a) GS lasing (/ =2J5) and (b) ES las- In all plots, solid, dotted, and dashed lines
ing (J =2Jg). (c) and (d) show steady-state  represent simulations with increasing T ac-
characteristics for ES and GS lasing, re- cording to Eq. (1.24) with ¢ =1; ¢ =0.5;
spectively. (e) and (f) show T and w, as a and ¢ = 0. Parameters as in Table 1.1.
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T =300 K+ ¢ - (w./(weyy))” (1.24)

Note that an approach to directly implement T(J), as in [30], suffers from the prob-
lem that a large signal modulation of the current leads to unphysical instantaneous
switching in the temperature. An alternative approach is to determine the carrier
heating from an additional rate equation for the energy density of the carriers in
the reservoir [31].

Since the temperature enters the quasi-Fermi distribution that is assumed inside
the QW, the microscopic scattering rates were calculated for several tempera-
tures and implemented into the numeric simulation by approximated analytic
expressions:

SI(T, we, w) = (1 + 0.22(T — 300 K)/100 K) - S™(300 K, w,, wy)
SIN(T, we, w) = (1 + 0.26(T — 300 K)/100 K) - SI(300 K, w,, wy)

The out-scattering rates are related to the in-scattering rates by the detailed balance
relations derived in Egs. (1.13) and (1.14). Figure 1.6¢,d shows the changes in
the laser turn-on and steady-state dynamics if a dynamic temperature given by
Eq. (1.24) is implemented for different constants ¢. The carrier temperature T
and the carrier density in the reservoir w, for the three cases are plotted in
Figure 1.6e,f, respectively, as a function of J. Below the ES threshold current, the
increasing temperature leads to a reduction in the differential efficiency of the GS
steady-state characteristics as can be seen in Figure 1.6d. Furthermore, it reduces
the ES threshold J§, which results in two-state lasing at smaller pump currents
(Figure 1.6¢). In contrast to the case with constant T, the GS lasing is reduced as
soon as the light is emitted from the ES. For high values of ¢, the GS lasing is
completely suppressed. The turn-on dynamics of the ES is also affected by the high
temperature (Figure 1.6a). Mainly due to the increased scattering rates at high T,
the turn-on process becomes overdamped without a pronounced relaxation peak.
At low currents close to the GS threshold Jj, the temperature does not change
much and, thus, the turn-on process is also nearly unchanged (Figure 1.6b).

If these results are compared to two-state lasing experiments, a good agree-
ment can be found. The suppression of the GS emission is indeed observed in
experiments done by Wu et al. [32] on InP devices or by Ji et al. [30] on GaAs QD
devices.

1.3.2
Impact of Energy Confinement

The energy diagram of the QD laser structure along the in-plane direction is
shown in Figure 1.1. In principle, the sum AEj, + AE, can be determined from
photoluminescence experiments that measure the energy of the GS emission of the
QD (hvgs) and the wavelength of the QW emission. However, for the devices used
here, there is a large uncertainty for the position of the QW band edge. Increasing
the distance to the QD confined levels reduces the capture rates but does not have
a large effect on the relaxation rates between the QD states. Simulations of the QD
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laser with larger confinement energies AE, and AEj, show two major changes in
the dynamics. At first, the ratio between the threshold currents J§ /J5 increases,
as can be seen by comparing the steady-state characteristics shown in Figure 1.4b
with the simulations for larger confinement energies in Figure 1.6¢. The effect can
be explained with the reduced capture rates into the ES, which inhibit an effective
filling of the ES.

Another change in the dynamics that results from changes in the confinement
energies is the reduced damping of the ROs. This can be seen if the GS turn-on in
Figure 1.6b for higher AE,(AE;) = 210(50) meV is compared to the turn-on with
smaller AE,(AE;) = 134(30) meV in Figure 1.4a. Similar to the case of a damped
harmonic oscillator, the damping of the turn-on dynamics determines the response
of the laser to a pump current that is modulated with a certain frequency and a small
modulation amplitude. Modulation response curves obtained for different pump
currents (close to the GS threshold) as a function of the modulating frequency are
plotted in Figure 1.7a,c for the two different confinement energies discussed so far.
Note that the parameter for the losses in the reservoir, B, is different in both cases to
yield equal threshold currents of Jy, = 3.4 x 10%¢; cm~2 ps~! and thus, according
to Eq. (1.39), an RO frequency that is also observed in experiments (Figure 1.7D).
The modulation response for the less damped case shown in Figure 1.7a shows
a pronounced maximum at the frequency of the ROs, whereas it disappears for
the strongly damped case in Figure 1.7c. The explanation for the impact of the
confinement energies on the damping rate is given later on by using asymptotic
methods in Section 1.5. There it is shown that the scattering rates, that is, the
carrier lifetimes, determine the damping of the turn-on process, and increasing
the lifetimes (decreasing the rates) of the smaller species (electrons) reduces the
damping. The total lifetimes (including all capture and relaxation processes) of the
GS levels are plotted in Figure 1.8a as a function of J for the two different cases
discussed above. Obviously the lifetimes are decreased by decreasing AEj, but in

Experiments
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Figure 1.7 Small signal modulation response curves for dif-
ferent pump currents J simulated for confinement energies
of (a) AE.(AE,) =210(50) meV (B =1.5nm? ps™') and (c)
AE,(AE,) = 134(30) meV (B =0.5nm? ps~'). Other param-
eters as in Table 1.1. Measured curves taken from [6] are
plotted in (b).
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Figure 1.8 (a) Effective GS lifetimes 77" of electrons
(gray) and holes (black) as a function of J for AE,(AE,) =
210(50) meV (solid) and AE,(AE,) = 134(30) meV (dotted).
(b) and (c) show effective in- and out-scattering capture
rates, respectively, resulting from adiabatic elimination of the
ES variables according to Eq. (1.26).

both cases, the hole lifetimes are an order of magnitude smaller than those of the
electrons.

1.33
Eliminating the Excited State Population Dynamics

One way to simplify the eight-variable rate equation system for the case where light
is only emitted from the GS is to eliminate the ES carrier populations. This can be
done by adiabatic elimination, which assumes a fast relaxation of the ES variables
to their steady-state values and thus assumes 7, = 0. Using Eq. (1.15) gives
INQD Scap,inJrsrel,outnG

— (1.25)

cap,in | _cap,out D, [ crelin D_,Gy, crelout g7°
Sp sy PO @D [sb (NQD )+ 7 nh]

E
ny (wewyny) =

Rewriting the remaining equations for wj, and nj’ leads to

rel,in )
ng = (N® —nf) [nf b__ 4 S°ap"“} — RSy — RS,

2NQD © The
Srel,out
b cap,out
—n$ [(ZNQD - nE)—ZNQD + Sy } , (1.26)
o J(t) Nsum RC3P B 2 Nsum RC3P 1.27
Wy =nN—m— he Wewy, + bE | ( . )

€o
Together with the unchanged equation for the photon density, Eq. (1.18), these
equations resemble the five-variable case of a QD laser with one confined level
if the terms in square brackets in Eq. (1.26) are interpreted as effective in- and
out-scattering rates. They are, of course, different if compared to the values resulting
from the pure GS scattering rates. The presence of the ES increases the scattering
rates because of the possibility of in- or out-scattering via the relaxation cascade.
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A comparison of the effective GS capture rates with the pure GS capture rates is
shown in Figure 1.8D,c.

As already expected from the analytic expression in Eq. (1.26), the rates increase
because of the relaxation rates that have to be added, but the overall nonlinear
dependence on the QW carrier densities stays unchanged. The electron in-scattering
rates increase by a factor of about 5, while a dramatic increase of 5 x 10* is
observed for the electron out-scattering. Nevertheless the out-scattering rates stay
an order of magnitude smaller than the in-scattering rates. For the holes the
situation is different. The much higher GS out-scattering rate is comparable to
the out-relaxation rate and for a large range of operation conditions the effective
out-scattering rate is higher than the effective in-scattering rate. The resulting
effective lifetimes of the G levels for both carrier types, 7 = (S{f 4 gouteffy -1,
are plotted in Figure 1.8a.

Another effect that results from the presence of an ES in the QD laser system is
an increased loss rate in the equation for the QW carrier density (term in square
brackets in Eq. (1.27)). This leads to higher threshold currents and to a speedup of
the device.

To get a further insight into the correlations between the scattering rates and the
turn-on dynamics, Section 1.5 discusses the analytic approximation for frequency
and damping of the ROs of the QD laser. Before doing that, experimental results
of QD lasers will be compared to numeric results obtained with the reduced
five-variable rate-equation system.

1.4
Quantum Dot Switching Dynamics and Modulation Response

This section aims to discuss the modulation response and switching dynamics
in comparison with experimental results [26]. Because the experimental results
were obtained on a laser that showed only GS lasing, the reduced five-variable rate
equation system of Section 1.3.3 is used for the simulations. As all quantities now
refer to the GS, the superscript G is omitted in the following. The nonlinear rate
equations (Egs. (1.28)—(1.32)) describe the dynamics of the charge carrier densities
in the QD GS, n, and ny, the carrier densities in the QW, w, and wy, (¢ and h
stand for electrons and holes, respectively), and the photon density nyy of the GS
transition.

e = SPN® — ) — S, — WA(n, + mp — N¥)np, — Ry, (1.28)
i = SN — ) — Sy, — WA(n, + i, — NP)np, — Rp, (1.29)
W, = nf(—t) _ [SIM(NP — np) — S2n, | — B(we)wown, (1.30)
e NQ ¢
sum
W, = "Je(_o) — ’\I\IIQD [SIM(NRP — m) — Sy, | — B(we)wewn, (1.31)
fiph = —2knph + T WA(n, + ni, — N)npn + BRgy. (1.32)



1.4 Quantum Dot Switching Dynamics and Modulation Response | 19

Here, the scattering rates SI* and S{"* (b = e, h) used for the following simulations
result from microscopic calculations that do not consider a second ES in the QDs.
Their values as a function of the carrier densities w, can be found in [8, 26].
Nevertheless, it is noted that similar results can been obtained with the full system
discussed in Section 1.3.

1.4.1
Inhomogeneous Broadening

The spectral properties of the laser output are not addressed in the model, as
the photon density is an average of all longitudinal modes inside the cavity.
However, changes in the number of longitudinal modes are taken into account
by changes in the active QD density N?P, which basically changes the gain of
the active medium. With a given QD size distribution p; (where i is the index
for a certain longitudinal mode frequency v;), the QD density participating in the
emission at a given frequency v; is N, = p;N*"™. Thus, the density of all active
QDs is given by NP = > py NU™ (the index k denotes the lasing longitudinal
modes). The mode spacing inside the cavity (L = 1 mm) is Ahv = 0.17 meV(AA =
0.22 nm), while the standard deviation of the QD size distribution [2] is about
Oinh = 65 meV = 380 Ahv. Thus, 70% of all QDs are active (NP = 0.7 NS“™) if
the laser emits light at 380 longitudinal modes and only 3% (N?P = 0.03 Ns)
for a laser linewidth of 3.5 nm. On the basis of the experimental lasing spectra
that show an increase in the lasing linewidth with increasing pump current
(Figure 1.9), the pump-current-dependent spectral properties of the active QDs are
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Figure 1.9 (a)Experimental lasing spectra data (black line) of electrical input signal

for increasing pump currents illustrating the  (upper panel) and optical output (lower
increasing number of longitudinal modes. In- panel) versus time. Vertical lines show the
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taken into account and NP is implemented as a function of the QW carrier density
[26] (Eq. (1.33)).

NQP

106 :

1.75

A more rigorous way to implement inhomogeneous broadening, which occurs
in real devices because of fluctuations in QD size and material composition, and
directly affects the energy levels, is accounted for by assuming a Gaussian size
distribution around a central GS transition frequency wy With standard deviation

2
8,. The spectral QD density is then given by N(w) = ﬁa exp [—%j' and

the total QD density NQP is approximated by a sum over a finite number of
subensembles N?P = > N = >_iN(j)Aw, where Aw denotes the spectral width
of the QD subgroups. Subsequently, a separate rate equation is used for each
subensemble. For details, see, for example, [15, 33].

1.4.2
Temperature-Dependent Losses in the Reservoir

In addition to the temperature dependence of the in- and out-scattering rates
discussed in Section 1.3.1, the carrier losses inside the reservoir will also be
modeled as a function of T. The effect of these T-dependent losses will be most
prominent for the large signal response of the laser while its effect on the turn-on
dynamics and modulation response is small. The rate Rj,ss = Bw,wy, that accounts
for these losses is a sum of the spontaneous bimolecular band—band recombination
and Auger-related losses inside the QW given by Baw,w,wy,. The Auger coefficient
Ba has been shown [34] to depend significantly on the temperature T, and is
therefore implemented such that it leads to a doubling of the rate for a temperature
change of 60 K (Eq. (1.24)) as found in [34]. Thus, B = 305 nm* ps~! (3031()4 is
used as given in [26]. Keep in mind that in this section a laser with only GS levels in
the QDs is modeled. Within the extended model described in Section 1.3, the Auger
scattering processes into the ES are already taken into account microscopically,
which results in a different B, for the remaining Auger processes within the QW.
An alternative approach to model temperature characteristics is described in [35]
by assuming nonradiative losses in the reservoir, which are modeled by capture
processes from the reservoir to a midgap defect level.

1.4.3
Comparison to Experimental Results

The laser diode used for the experiments was a ridge waveguide InAs/InGaAs
QD laser diode. The diode incorporates 15 stacks of QD layers having a DWELL
structure [36]. The ridge is etched through the active layer to reduce current
spreading [37] and to enhance wave guiding. The width of the ridge is 4 pm, while
the length is 1 mm. To use the diode in high-frequency modulation schemes, top
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p- and n-contacts in a ground-signal-ground (GSG) configuration, allowing the use
of high-speed, low-loss probe heads, have been processed. The threshold current
density J;* at room temperature is 380 A cm~2 with an emission wavelength close
to 1.3 um (Figure 1.9a). For pump currents, no ES lasing is found. Both facets
of the laser are as cleaved. The diode is mounted on a copper heat sink and
the light output is coupled to a standard single-mode fiber. A fiber-based isolator
is used to prevent any feedback from influencing the laser diode. Eye diagrams
have been obtained with an Agilent ParBert System, which creates an electrical
pseudorandom binary sequence (PRBS) in a nonreturn to zero configuration. Here,
a PRBS 5 (length: 2°—1bit) is used to make the results comparable to theoretical
calculations.

Figure 1.9b shows the optical response of the laser to an electrical PRBS 5 signal
switching between two levels (1.5 Jy, and 3 Ji,) of continuous wave (cw) operation.
Simulated and experimentally determined input signals (electrical words) are
shown in the upper panel of Figure 1.9b . Owing to the experimental setup (e.g.,
influence of cables and divider, oscilloscope noise), the measured pump-current
signal (black line) is not as flat as the simulated time trace (gray line). Despite this
small deviation, the measured optical response (black line, lower panel) matches the
simulated laser output (gray line, lower panel) very well. Note that this agreement
could only be achieved by including the dynamic parameters discussed in Section
1.4.1. For constant B, the relaxation peak that appears in the photon output after
switching to higher currents (Figure 1.9b lower panel at t = 4 ns) could not be
modeled because the long lifetime of the carriers in the QW inhibits fast changes
in the QW carrier densities.

By superposing every 3-bit sequences of the laser output shown in Figure 1.9b,
an eye diagram [38] is generated. These eye diagrams can be seen in Figure 1.10a,b,
which shows measured and simulated eye patterns, respectively, for switching
between two different current levels (left column: Jy, + 3 Jy, and right column:
4 J;m — 6 Jy) and for three different pulse repetition frequencies (2.5, 5 and
10 GHz). Exact agreement in the shape (overshoots, trace, and extinction ratio) of
the calculated and measured diagrams is found. Comparing the laser response for
the different current levels it can be concluded that in order to improve the eye
pattern diagrams, it is better to use higher current levels, as the relaxation peaks
are thereby suppressed. The cutoff frequency of this QD laser — which is related to
its RO frequency of 7 GHz — leads to a closing of the eyes already at 10 GHz. This
can be improved by using higher pump currents; however, the modeling predicts
that there is a trade-off since at the same time device heating results in further
reduction of the RO frequency.

1.5
Asymptotic Analysis

As discussed in the previous sections, the solution to the QD laser equations exhibits
different time scales that require accurate simulations. This section discusses an
alternative to computationally expensive studies by using asymptotic methods. They
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Figure 1.10 (a) Measured and (b) simulated eye diagrams
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10 GHz (third line). (Reprinted from [26].)
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are motivated by the observation of quite different lifetimes between the carriers
and the photons in the cavity (y = W/(2«c) &~ 7 x 107%). In order to simplify the
rate equations, it is recalled that semiconductor lasers admit the properties of class
B lasers. By applying approximation techniques appropriate for this class of lasers
[39], it is possible to expand the full rate equation system in orders of ,/y. The
asymptotic techniques used for the analysis are described in detail in Chapter 6 [19],
while the main results, that is, the analytic expressions for damping and frequency
of the relaxation oscillations (ROs) of the laser, are discussed in the following. Note
that the asymptotic results are valid only for scattering lifetimes that are on the
order of several picoseconds or larger. For faster carriers the dynamics approaches
the one of QW lasers and different scalings have to be used for the asymptotic
analysis (see the limit large B in [46]).

The frequency wro of the ROs can be obtained from the leading order problem of
the expansion in powers of ./ (see [40] for details) and is also valid far away from
the fixed point. However, it is mathematically more convenient to determine the
damping of the RO from the linearized problem including both O(1) and O(,/7)
terms. Thus, the damping rate of the ROs equals the real part of the eigenvalue 1
of the characteristic polynomial of the linearized problem. To point out the effect
of the scattering lifetimes 7, and 7, on the damping rate, the eigenvalues A are
computed as a function of the dimensionless parameter a, and aj, defined as

a,' = (S"+ S wpo=T.-wro  and a4 =7 wro.  (1.34)

The values of Re(A) and Im(1) are plotted in Figure 1.11a,b. It is striking that for
constant and small a,, the real part of A first increases with a; before it starts
to decrease again. Thus, there is an optimal value for the carrier lifetimes if
large damping is required. The parameter space for the carrier lifetimes explored

Re (A) Im (1)

N

Overdamped

Overdamped

w

(Normalized) scattering rate, a,
(Normalized) scattering rate, a,

0 L e B 0
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(a) (Normalized) scattering rate, a, (b) (Normalized) scattering rate, a,
Figure 1.11 Contour plot of (a) real part and linearized laser problem. The white area
and (b) imaginary part of the complex conju- marks the overdamped case with Im(1) =0,
gate eigenvalue A as a function of g, and while the squared, dotted, and rectangular
de. A is determined from the Jacobian of dashed area mark “case S’ and ‘“case D”,

the asymptotically expanded (up to O(,/y)) respectively.
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in Figure 1.11 can be separated into three different areas. The “overdamped
case” without ROs in the turn-on dynamics if both a parameters are large (small
lifetimes); “Case S” having equal lifetimes for both species and “Case D” showing
large timescale separation and, therefore, one large and one small parameter of a,
and ay,.

For the QD laser modeled in Section 1.4, the microscopic calculations yield fast
hole scattering rates with lifetimes that are in the range of picoseconds. This leads
to high values of a;, (a5 > 5), while the slower electrons with their small scattering
rates are characterized by a, ~ 0. Consequently, following the analytic approach for
“case D,” the RO frequency and damping rate could be obtained, which are given
by Liidge et al. [40]

wRd = 2mfyy =\ JAns Wk, (1.35)

I WAN®P J
=\ i (7 1 (1.36)

i

1w .
Da _
RS = KkAns, W, + 30 T o NQD) (1.37)
1 1

~ (ko) () + ) + P (1.38)

where the superscript Da means case D with a), large. The analytic solutions
shown in Egs. (1.35) and (1.37) for frequency and damping of the ROs have been
compared to numerically obtained data in Figure 1.12b,c. Note the good agreement
between the numeric values (symbols) and the analytic expressions (lines). The
numeric values for wro and I'ro have been obtained by fitting the function
Hpn(t) =~ Csin(wrot + ¢) exp(—T'rot) to the turn-on transients. Equation (1.37) for
the damping rate can be further simplified by omitting the smallest term (the one
containing n;), leading to Eq. (1.38). This reveals that the K-factor (ratio between
damping rate and frequency squared [41, 42]) depends on three contributions.
The smallest results from the scattering processes of the fast species (z), the
intermediate contribution is proportional to the cavity lifetime ((2«)~!), while
the dominating effect scales with the scattering rates of the slow species. The
RO frequency instead does not explicitly depend on the scattering rates, but is
determined by J§ and the differential gain ' WA (Eq. (1.36) obtained by inserting
the steady-state relation nj, from Eq. (1.20)).

A different scaling is found for “case S” (see [40]) with small scattering rates
for both carrier types (this can be achieved by changing the band structure and
increasing the hole confinement energy).

WRo = [2A15 W2k (1.39)

ry —K[z,a\rﬂ‘Jrl]Jr—JriJrL (1.40)
RO = 5 15 h AN ' 47, ' 4z, '
1 1 1
~ - 2 - 4 1.41
2(wRo) (2) 7t + T (1.41)
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(gray solid) and “case D" (different life- rate, respectively. (nph (t) =~ Csin(wrot +
times) (black dashed) at J = 3.7Jw. (b) and  ¢) exp(—T'rot) is used to extract wro and
(c) show comparisons between numerically  T'ro from the numerical simulation of
fitted data (symbols) and analytical data Nph (t))-

For this “case S,” the expression of the RO frequency in Eq. (1.39) is the same as
the one for the conventional semiconductor laser [39]. However, the expression of
the damping rate is different. It contains the familiar term %[ZAn;h—i—l] that is
found for the damping rate of QW lasers [19], but as already known from “case D”
the dominating contribution stems from the scattering rates between QD and the
Teservoir.

By changing the confinement energy in the numeric calculations of the scattering
rates it is possible to obtain small scattering rates and thus a “case S” like behaviour
of the QD laser. The results of this simulation are plotted in Figure 1.12a showing
weakly damped ROs. The analytic expressions accurately predict this behavior (see
lines in Figure 1.12b,c), which makes them a powerful analytical tool for designing
QD laser devices with optimal operation conditions.

1.5.1
Consequences of Optimizing Device Performance

The analytical expressions for the RO frequency and RO damping rate for the
different parameter ranges show that the RO frequency wro does not explicitly
depend on the carrier—carrier scattering between QW and QD. It strongly depends
on the cavity lifetime (2«)~! and radiative recombination lifetime W~! and on the
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threshold current of the QD laser, which are determined by the gain, the ratio
between in- and out-scattering rates, and the losses in the QW.

The damping rate I'ro, instead, is crucially affected by the carrier—carrier scat-
tering rates. For equal lifetimes of electrons and holes, the damping increases
with decreasing lifetimes ¢, and ;. If both carrier types have different lifetimes,
only the slowest species (for the chosen QD-QW system, these are the elec-
trons) determines the damping rate, whereas the effect of the fast species is
negligible.

In the next section, numeric simulations of QD lasers with doped carrier
reservoir are discussed. Owing to the density-dependent Coulomb scattering rates,
the doping modifies the carrier lifetimes in a controlled way and thus it is a good
tool on the one hand for testing the analytics and on the other hand to optimize the
device performance.

1.6
QD Laser with Doped Carrier Reservoir

A doped QW can be implemented by choosing different initial conditions for
electron and hole densities in the QW. Without doping, the following initial
conditions have been used, that is, n? =0, n) =0, w0 = 1072DkT, and w) =
1072D.kT. Note that charge conservation is contained in the five-variable rate
equation system Egs. (1.28)—(1.32), thus leading to only four independent dynamic
variables that are related by

NS (72, — 7z,) — NP (i, — i) = 0 (1.42)
which can be integrated giving
N (1, — ) — NP (wy, — w,) = NP w? — wl). (1.43)

By increasing w? or wj and keeping the other at the small value of 1072D.kT,
it is possible to model n- or p-doping, respectively. Because the rate equation
system treats 2D densities, the doping concentrations n ~ w? and p ~ w) are also
given per area. To compare this to 3D doping densities, the areal densities have
to be divided by the QW height, which is h = 4 nm. Thus, n =2 x 10*cm™2
corresponds to n3p = 5 x 107cm™3. Figure 1.13c,d shows that changes in initial
conditions drastically modify the QD laser turn-on dynamics. For n-doping, the
damping of the ROs is increased, whereas the damping is drastically reduced
if p-doping is introduced. This behavior can be understood by discussing the
steady-state values for the QW carrier densities wy,.

N-doping increases the QW electron density, which then leads to higher
in-scattering rates SI* (Figure 1.3) and, therefore, to higher carrier densities n}. On
the contrary, p-doping leads to a higher QW hole concentration and thus to higher
occupation of the QD hole levels. Note, however, that the increased QW hole density
for p-doped samples also has an effect on the out-scattering rate, as this contains
a factor that exponentially decreases with w, through the detailed balance relation
(Eq. (1.13)). The scattering time 7, for holes decreases with increasing p-doping,
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times the degeneracy concentration D,/ukT,
respectively. (DkT = 4.7 x 10'" cm~2 and
DpkT = 48 x 10" cm~2). Parameters as in
Table 1.1; pump current is J = 2.5 Jy,.
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density. (b,c): Time series of the photon
density during laser turn-on for (c) different
n-doping density and (d) different p-doping
density. Dotted, dashed, and solid lines

while the scattering time for electrons increases as plotted in Figure 1.13b. The
ratio between the timescales of both carriers decreases from 1;,/t, = 5/100 for the
undoped case to a value of 7,/7, = 3/500 for a p-doping of p = 20 x 101! cm~2.
Using the analytic expression Eq. (1.37) for the damping rate explains that the
lower damping results from the longer lifetime of the small species, whereas the
changes in the hole lifetime only marginally affect the damping rate.

Figure 1.14a shows the steady-state characteristics of the QD laser projected onto
the (n4, ne)-phase space for two different n-doping densities (squares and triangles)
and two different p-doping densities (open circles and stars). Figure 1.14b,c
shows close-ups for very high p-doping. Going from high p-doping to n-doping,
the steady states n} and n; move up along an approximately straight line in
(nn, ne)-phase space that is given by Eq. (1.23), while the turn-on dynamics becomes
more strongly damped and synchronized between electrons and holes. This is
different from changing the steady-state values by varying the confinement energy
as the increased steady-state values n} (induced by increasing AE,) lead to a
desynchronization (separation of timescales) of electrons and holes.

Comparison with Analytic Results

The analytical approximations of Section 1.5 and the obtained predictions about
changes in the laser turn-on dynamics are in good agreement with the numerical
simulations of a laser with different doping densities discussed in the last section.
The increasing n-doping concentration in a QD laser with timescale separation of
the carriers (“case D” in Section 1.5) leads to a decrease in the electron lifetime,
which was at the same time accompanied by an increased damping. With the
analytic formula given in Eq. (1.37), the increased damping can be explained with
the decreased lifetime (SI* + S°* = 77! increases). On the other hand, p-doping
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of the same device did not yield a higher RO damping. The reason for this
counterintuitive result is the separation of timescales of electron and hole lifetimes
(which is the case for material with large differences in the effective masses of
electrons and holes). The slowest species determines the dynamics and, thus,
manipulating its lifetime has a drastic effect on the laser dynamics (Eq. (1.37)).
Instead, manipulating the lifetime of the fast species has only a minor effect.
The reduced damping for p-doping concentration is based on a reduction of the
electron lifetimes, which has its physical origin in the increased rate for mixed
electron—hole Coulomb scattering processes because of the excess holes in the
reservoir. It confirms that p-doping is beneficial for the modulation response of QD
lasers [43]. If a high RO damping rate is a desired property of QD lasers, n-doping
should be helpful.

1.7
Model Reduction

One way to simplify the discussed QD laser model is to neglect the density
dependence of the scattering rates and to use constant carrier lifetimes; see, for
example, [27, 33, 35]. If these lifetimes are chosen properly, they can lead to decent
results at a certain point of operation. Nevertheless, the uncertainty in the choice
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of proper simulation parameters, which is necessary for those models, will lead to
a large uncertainty regarding the results. Moreover, effects such as doping or the
effect of changing the QD size cannot be studied. There are also approaches that
take into account a phenomenological density dependence of the carrier lifetimes;
see, for example, [44], but again the problem of choosing the correct parameters
remains.

A simpler three-variable rate equation model was formulated by O’Brien et al. [45]
and is widely used for QD laser modeling (see [46] for detailed analytic discussions
of this model). This model does not distinguish between electrons and holes; it
assumes the same dynamics for both species, and it uses in-scattering rates into the
QDs that linearly increase with the reservoir carrier density, while the out-scattering
rates are constant. Following the analytic results of Section 1.5, a reduction in the
full microscopic five-variable model to a model that only assumes one carrier type
is possible, but two cases have to be distinguished. If electrons and holes relax on
a similar timescale (“case S”), the mean value of electron and hole rates needs to
be included; however, for timescale separation between the lifetimes of the species
(“case D”), the scattering rate of the slow species will be the important one that
determines the dynamics. If this is kept in mind, the (linearly fitted) microscopic
in-scattering rates can be used as input parameters for the three-variable rate
equation system. Nevertheless, it has to be noted that these parameters need to be
adjusted if large variations of the pump current or different doping densities are
modeled.

1.8
Comparison to Quantum Well Lasers

If a QD laser model is compared to a QW laser model [47, 48], one striking
difference is that the current is not injected directly into the active region, and
an additional reservoir has to be included. The relatively slow scattering processes
from the carrier reservoir into the QD levels are responsible for the high damping
of the turn-on process (Section 1.5) and thus also for the flat modulation response
curve of QD lasers if compared to the pronounced peak found for QW lasers. In the
limit of large and equal scattering rates for electrons and holes, the QD laser model
can be reduced to a QW laser model as shown in [46]. However, the modulation
bandwidth (and the cutoff frequency) of QD lasers is also much smaller because
of the smaller RO frequency. The reason for this lies in the fact that the threshold
currents needed to invert the localized two-level system is much smaller than the
current needed to invert a 2D electron gas.

If complex integrated structures, for example, QD lasers subjected to optical
feedback [18, 49] or lasers with saturable absorber are discussed (see Chapter 7 [50]
and Chapter 8 [51]), the high damping of the turn-on dynamics of the QD laser is one
crucial parameter when discussing differences with respect to QW lasers. Another
parameter that differs between QD and QW laser devices is the phase—amplitude
coupling (linewidth enhancement factor). It comes into play as soon as the phase
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of the electric field is important, for example, when modeling feedback problems
(see Chapter 6 [19]). For a discrete two-level system, the a-factor is zero because
of the symmetric gain spectrum. For an inhomogeneously broadened ensemble
of QDs inside the QD laser, « still remains small [52] and leads, for example,
to a smaller chirp and higher feedback sensitivity of QD lasers (see [18] for a
comparison of both laser models with feedback).

1.9
Summary

This chapter reviewed a microscopic rate equation approach that can be used
to model the dynamic response of electrically pumped edge emitting QD lasers.
Different levels of complexity have been explored. A detailed discussion of the
Coulomb scattering rates between localized QD levels and the 2D carrier reservoir
in the surrounding QW has underlined the importance of these nonlinear Auger
rates for a quantitative modeling of the QD laser device. Two-state lasing properties
as well as the effect of additional confined levels on the GS lasing properties have
been analyzed. It was shown that temperature, band structure, as well as doping
of the carrier reservoir can significantly alter the laser dynamics. Nevertheless, all
of these effects can be traced back to the values of the carrier—carrier scattering
rates and their nonlinear dependence on the carrier densities in the reservoir.
Furthermore, asymptotic analysis has allowed analytic insights into the relations
between frequency and damping of the turn-on dynamics and the carrier lifetimes
that finally permitted to predict the dynamics of the laser without tedious numeric
simulations, and provide insight into the governing physical mechanism.
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