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Abstract—1In this paper, the large-signal response of a
quantum-dot laser is investigated. Based on experimental results,
we show that including a dynamic device temperature as well
as Auger recombination processes in the carrier reservoir is
crucial to model the dynamic response of a quantum-dot laser for
large variations of the pump current. A detailed analysis of the
influence of temperature effects on the dynamics of the device is
performed. Simulated eye diagrams are presented and compared
with experimental results at the emission wavelength of 1.3 pm.

Index Terms—Dynamic temperature, eye diagrams, large-
signal response, quantum-dot laser.

I. INTRODUCTION

UTURE high-speed data communication applications

demand devices that are insensitive to temperature vari-
ations and optical feedback effects and provide features like
high modulation bandwidth, low chirp, as well as error-free
operation. Currently, self-organized semiconductor quantum-
dot (QD) lasers already provide many of those requirements
[1]-[3]. Previous works on nonlinear dynamics of QD lasers
[4]-[6] have examined the turn-on behavior and small-signal
response of such devices validated by experimental measure-
ments.

In this paper, we focus on the large-signal response of
semiconductor QD lasers. The modeling approach is based on
a rate equation model incorporating microscopically calculated
carrier—carrier scattering rates. It enables a quantitative model-
ing of the QD laser output without assuming fit parameters for
the carrier lifetimes and can be considered as a model on an in-
termediate level between a fully microscopic quantum kinetic
treatment including polarization and population dynamics [7]—
[10] and a system of phenomenological rate equations with
constant coefficients [11].

Based on experimental lasing spectra that show an increase
in the lasing linewidth with increasing pump current, we
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extend our previous model [12] by taking into account the
pump-current-dependent spectral properties of the active QDs.
Furthermore, experimental findings on the device temperature
during operation [13] are used to incorporate a dynamic
temperature in the rate equations that increases with the pump
current. We also improve the model with respect to the loss
term in the equations for the carrier reservoir. In previous
works, pure bimolecular recombination was used in order
to model the carrier losses. The model presented here now
separates the radiative losses (spontaneous emission) that can
be calculated according to [14] and the Auger-related losses.

This paper is organized as follows. After introducing the
experimental details and the theoretical model in Sections II
and III, respectively, we discuss the dependence of the large-
signal response upon the dynamic parameters in Section IV.
In Section V, we compare experimental and theoretical eye
pattern diagrams of the QD laser, and we conclude in
Section VI.

II. EXPERIMENTAL RESULTS

The laser investigated here is a ridge waveguide
InAs/InGaAs QD laser diode. The diode incorporates 15 stacks
of QD layers having a dot-in-a-well (DWELL) structure [15].
The ridge is etched through the active layer to reduce current
spread [16] and to enhance wave guiding. The width of
the ridge is 4 ym, while the length is 1 mm. To use the
diode in high-frequency modulation schemes, top p- and n-
contacts in a ground-signal-ground configuration, allowing the
use of high-speed low-loss probe heads, have been processed.
The threshold current density ]te}f P at room temperature is
380 Acm~2 with an emission wavelength close to 1.3 zm (see
Fig. 1). For all pump currents, no excited-state 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 pseudo-random binary sequence
(PRBS) in a non-return-to-zero configuration. Here a PRBS
5 (length: 25 — 1bit) is used to make the results comparable
to theoretical calculations. The sequence of bits (here 31) is
called a word.

Fig. 2 shows the optical response of the laser to an electrical
PRBS 5 signal switching between two levels (1.5 j;;, and
3 jin) of continuous wave (CW) operation. Simulated and
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Fig. 1. Experimental lasing spectra for increasing pump currents illustrating

the increasing number of longitudinal modes. Inset: Exponential fit of full-
width-at-half-maximum (FWHM) = 4.48 —4.41 exp(—0.06-j /j;1,) (blue solid
line) and FWHM of the measured spectra (blue stars).

experimentally determined input signals (electrical words) are
shown in the upper panel of Fig. 2. Due 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 (red line). Despite this small
deviation, the measured optical response (black line, lower
panel) matches the simulated laser output (red line, lower
panel) very well. By superposing this sequence bitwise, an
eye diagram [17] is generated, which will be discussed in
Section V. The details of the theoretical modeling will be
discussed in the following sections.

The frequency and amplitude of the PRBS signal can be
varied. In the subsequent analysis, we fix the modulation
amplitude and vary the frequency between 2.5 and 10.0 GHz.
The electrical modulation signal and the laser pump current are
combined using a bias-T. Subsequently, they are transmitted to
the laser diode using high-frequency cables and the high-speed
low-loss probe heads. The modulation bandwidth of the laser is
7.0 GHz taken from transmission measurements using a fully
calibrated network analyzer, proving the ability of the laser to
generate 10.0 Gbit/s open eye diagrams [18]. The modulated
optical signal is detected by a photoreceiver together with
a high-speed sampling oscilloscope. All equipment used has
a sufficiently high bandwidth in order not to distort the
eye diagrams recorded. The setup for measuring relaxation
oscillations (ROs) can be found in [6].

III. MODEL

The model used for the simulations is based on the micro-
scopic model used in [12] and [19]. It describes a QD laser
system, where the carriers are first injected into the carrier
reservoir of the device before they are captured by the QDs.
The carrier reservoir of the DWELL structure is modeled by a
4-nm-wide layer, as in our previous work [12], [19], but here
the more appropriate acronym quantum well (QW) is used
rather than wetting layer (WL), in order to avoid confusion
with the more common notion of a monomolecular WL.
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Fig. 2. Comparison between simulated (red line) and measured data (black
line) of the electrical input signal (upper panel) and optical output (lower
panel) vs. time. Vertical lines show the separation into 3-bit sequences.

A sketch of the epitaxial structure as well as the energy
diagram of the band structure is shown in Fig. 3(a) and (b),
respectively. We consider a two-level system for electrons and
holes in the QDs. The carrier relaxation processes within the
QD states are much faster (approximately picoseconds) than
the capture processes from the QW into the QDs at high
QW carrier densities [20], so that all higher QD levels can
be adiabatically eliminated. As a result, only the energetically
lowest electron and hole levels in the QDs contribute crucially
to the laser dynamics [21]. 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 FeQW and FhQW inside the conduction and the
valence band of the QW, respectively.

e = Sén(NQD —ne) — ngne — Ripag — Rsp (D
np = S}lzn (NQD - nh) - S;(lmrnh — Ripg — Rsp (2)
i NSum )
. = N —2 — NOD [Sén(NQD —ne) — ngne] — Rioss
3)
i Nsum )
4)
ﬁph = _Q«K”lph +T'Ripa + ﬂRsp (5)

The nonlinear rate equations (1)—(5) describe the dynamics
of the charge carrier densities in the QDs (n, and ny), the
carrier densities in the QW (w, and wy) (e and & stands for
electrons and holes, respectively), and the photon density 7 py,.
The induced processes of absorption and emission are modeled
by a linear gain Rj,g = WA((n+ny —NQD) nph, Where NEeD
denotes twice the QD density of the lasing subgroup (the factor
of two accounts for spin degeneracy). As a result of the size
distribution and material composition fluctuations of the QDs,
only a subgroup (density N2P) of all QDs (N*“*) matches
the mode energies for lasing. As will be discussed below,
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Fig. 3. (a) Schematic illustration of the DWELL structure of the QD laser.
(b) Energy diagram of the band structure across a QD. hv labels the ground-
state (GS) lasing energy. AE, and AE, mark the distance of the GS from
the QW band edge for electrons and holes, respective%. Ae and Ay denote

the distance to the bottom of the QD. FEQW and FhQ are the quasi-Fermi
levels for electrons and holes in the QW, respectively.

N2P is not a constant but increases with increasing pump
current due to the increasing number of longitudinal modes
in the laser output (see Fig. 1). The Einstein coefficient W
is given by W = [(|u|* /erg)/ (B €0 h)](w/c)?, where pg is
the static relative permittivity of the background medium, &g
is the vacuum permittivity, ¢ is the speed of light in vacuum,
and p is the dipole moment of the QDs. A is the in-plane
area of the QW. Analogous to a simple two-level system,
our model yields positive gain if the occupation probability
fec = n./N2P of electrons in the localized conduction band
level of the QDs is higher than the occupation probability £,V
of electrons in their localized valence band level. In the hole
picture, the occupation probability of holes in the localized
valence band level is given by fY = 1 — £V = n,/N2P.
Thus our gain term Rig = WANCP(£C — fynpn =
WANCD (£ — ) — £V (1= £5)) npn corresponds to
the standard net rate of stimulated emission minus absorption
[14].

The spontaneous emission in the QDs is approximated by
Rsp(ne, np) = (W/N2P)n,ny,. The rate Rjoss = B (0¢) wewp,
accounting for carrier losses in the QW is a sum of the
spontaneous band—-band recombination BSw,w; and Auger-
related losses given by B w.w.wy, describing Auger scatter-
ing processes inside the QW. The density N**" is twice the
total QD density as given by experimental surface imaging
(again, the factor two accounts for spin degeneracy). S is
the spontaneous emission coefficient and I' = I'y N QD /psum
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 N2P /Nsum
(accounting for reduced gain since only a subgroup of all QDs
matches the mode energy for lasing due to the size distribu-
tion and material composition fluctuations of the QDs). The
coefficient 2x = (c/./€bg)[Kins — In(R1 R2)/2L] expresses the
total cavity loss [22], where L is the cavity length, and R, R»
are the facet reflectivities and «;,; are the internal losses [6].
J is the injection current density, e, is the elementary charge,
and n = 1 — w,/N2" is the current injection efficiency that
accounts for the fact that we cannot inject any more carriers
if the QW is already filled (maximum density inside the QW:
w, = N2W). Note that in our model the carriers are directly
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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 x 107 cm?
T Eq. (6) N@D Eq. (8)

B Eq. (7) NSum 20 x 1010 cm™2
T, 0.075 NV 1x10'2 em™2
2K 0.1 ps~! B 5x 1076

i 0.75 ep nm mp, 0.45 myo

€bg 14.2 me 0.043 mq

AE, 210 meV AE), 50 meV

Ae 64 meV Ap 6 meV

pe me/(xh?) Ph mp/(xh?)

Kint 220 m~! L 1 mm

Ri, Ry 0.32 Jth 65 A cm™2

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 j;; are
considered for comparisons between theory and experiment.

The spectral properties of the laser output are not addressed
in the model, as the photon density is an average over all
longitudinal modes inside the cavity. Changes in the number
of longitudinal modes are taken into account by changes in
the active QD density N2P, 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 = >k PkN*"™ (the index k denotes the
lasing longitudinal modes). The mode spacing inside the cavity
(L =1mm)is Ahv = 0.17 meV (A1 = 0.22 nm), while the
standard deviation of the QD size distribution [22] is about
oinh = 65 meV = 380 Ahv. Thus, 70% of all QDs (0.7 N54™)
are active if the laser emits light at 380 longitudinal modes.
Lasing spectra taken from the QD laser at different pump
currents (Fig. 1) show an FWHM between 2.7 nm = 12 modes
and 4.5nm = 20 modes. The functional dependence of the
FWHM upon the pump current has been fitted as shown in the
inset of Fig. 1. Using this relation, we can estimate the value
of N2P by using N2P/N*“m = (FWHM/A1)/(380/0.7),
which will be used later on for improving the model. The
values of parameters used in our simulations are listed in
Table 1, if not stated otherwise.

Another important contribution to the dynamics of
QD lasers are the non-radiative carrier—carrier scattering
processes between the QD and the QW. The scattering rates
Sé”,Sg”’,Si”, and Sy of electrons (e) and holes (h) for
scattering in and out of the QDs are a measure of the strength
of these processes. We derive these rates microscopically as
a nonlinear function of the QW carrier densities w, and wy,
as described in detail in [4] and [12]. The Auger scattering
rates depend on the carrier temperature inside the QW. In
our previous works [3]-[6], [12], [19], T was held constant
at room temperature 300 K. Here we perform microscopic
calculations for several temperatures (the results for 7 = 350
and 400 K are plotted in Fig. 4) and subsequently fit the results
with the following analytic expression in order to allow for an
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Fig. 4. Scattering rates between QW and QD as a function of w, and

wp = 2w, for electron scattering into (dotted lines) and out of (dash-dotted
lines which are multiplied by 500) the QD, as well as hole in-scattering (solid
lines) and out-scattering (dashed lines multiplied by 0.5) for two different
temperatures 7 = 350 K (black/blue) and 7' = 400 K (red/orange).

implementation into the rate equations:

i 9T +300K .
S (T, we, wp) = 300K S (300 K, we, wp)
: 075T +300K .
Silzn(T» We, Wh) = # . S;l"(3()0 K, we, wp).

The out-scattering rates are related to the in-scattering rates
by detailed balance as derived in [12] and [19]:

AEe

. e kT
SIUT, we, wp) = S (T, we, W) - —5——
e/’ekT — 1

AE,

out in T

Sh (Ta We, wh) = Sh (Ta We, U)h) : w,

erntT — 1

Here, AE, and A E}, are the energy separations between the
QD electron and hole GS and the lowest respective QW state
[see Fig. 3(b)]. pe = m./ (nhz) and p, = my/ (nhz) are the
respective 2-D densities of state in the QW.

IV. DYNAMIC PARAMETERS

In this section, we extend our previous model by incorpo-
rating self-consistently three dynamic effects that occur with
increasing injection current density. For the shift of 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 / = 150 mA, which is about 10 times
the threshold current of the laser investigated here. Their mea-
surement suggests a functional relationship of AT (j) ~ j2.
Since this temperature change is due to an increasing QW
carrier density, and the QW carrier density itself depends via
we ~ /] (see [12]) on the pump current, we implement
AT (w,) ~ (we)* as given by (6)

T =300 K +0.245 - 10" nm?® (w.)*. (6)

The term describing the losses inside the QW (Rjy5s =
Bw,wp), which in our previous works [19] was implemented
solely as bimolecular recombination with constant B, has been
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Fig. 5. Temperature T (solid red), carrier reservoir loss coefficient B (dash-
dotted blue), and active QD density N 2 (dashed black) according to (6)—(8),
respectively, at CW operation as a function of the pump current density j.

extended in order to distinguish between Auger recombination
inside the QW and bimolecular recombination processes. The
Auger rate varies with the third order in the QW carrier
density. We approximate B by

B = B + Baw,

T 4
) w.. @
3001() we. (1)

=0.03 nnlzpf1 + 305 nm4psf1 (

The Auger coefficient B4 has been shown to depend
significantly on the temperature 7' [23] and is therefore
implemented in (6) such that it leads to a doubling of the
rate for a temperature change of 60 K. The value for BS is
determined by integrating in k-space over all possible transi-
tions between the occupied electron states in the conduction
band (occupation probability f at energy Ef) and occupied
hole states in the valence band (occupation probability £/
at energy EJ). This gives Ry = 1/A0, Wefe - fl,
where W, = ((|,u|2\/%)/(37th4c380)) (E; — E,il)3 is the
optical transition rate for the QW. The full integral cannot be
solved analytically. However, for the case of non-degenerate
carrier concentrations, analytic approximations are possible
[14], leading to I?Sp ~ Wi—o ((mrﬂhz)/(memhkT)) We) =
0.03 nm? ps’1 wewp, where m, denotes the reduced mass.

In extension of the model used in [12] and [19], also N2P
is implemented as a function of the QW carrier density. This is
motivated by the experimental lasing spectra shown in Fig. 1,
which shows increasing width and thus indicate an increasing
number of longitudinal modes in the spectra with increasing
pump current. According to the experimental data (inset of
Fig. 1), we implement the functional dependence as follows:

N2P 10°
m =0.75-0.74 exp (—mwz) . (8)

To visualize the dependence of these three dynamic para-
meters on the pump current under CW operation, we plot their
values in Fig. 5.

The effect of implementing T (w,), B(w.), and N2P (w,),
according to (6)—(8), on the photon output is shown in Fig. 6.
It depicts the photon density of the QD laser if subjected to
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from a pump pulse (red solid line in the upper panel) of j = 4 j;; between
0 and 5 ns and j = 6 j;;, between 3.3 and 3.8 ns. Different lines correspond
to different combinations of constant and density-dependent values for 7', B,
and N2D [see (6)—(8)] as indicated in the legend.

an electric current pulse that at first switches the laser on at
t = 0 with j = 4 jy;, then switches to j = 6 jy, for 3.3 ns
<t < 3.8 ns, and finally turns it off at # = 5 ns. The thick blue
line corresponds to the full model with dynamic parameters
and injection efficiency # = 1 — w,/N2"W, while the dash-
dotted black line refers to constant values of T, NP, B, and
n =1 as used in [12]. While the turn-on dynamics shows that
the strongly damped ROs are basically unaffected if all three
parameters become j-dependent, the large-signal response of
the laser changes dramatically. For the case of constant values,
the photon density very slowly reaches the new steady state
upon switching, which is related to the slow increase of the
QW carrier density (time scale reQW = (Bwp)"!' ~ 0.4 ns at
Jj = 4 jip). With dynamic parameters, on the other hand, the
large-signal response shows a small relaxation peak during up-
and down-switching (thick blue line between t = 3 and 4 ns
in Fig. 6).

This small relaxation peak is nearly what is experimentally
found for the QD laser as can be seen in Fig. 2, which shows
the laser response to a bit sequence. The faster increase of
npp at j =4 jy;, can be explained by the shorter time scale of
the QW carrier losses being reduced to reQW ~ 0.3 ns. Using
1(w.) and keeping constant values for T, B, and N2P already
improve the laser response during switching at high currents
but does not yield the correct relaxation peak (thick gray
line). Fig. 6 also shows the discussed laser response if besides
n(we) only N2P(w,) increases with the current (dashed
orange line showing very slow increase of n,;), if only B(w.)
increases with current (short-dashed dark gray line showing a
pronounced relaxation peak but slow RO frequency) or B(w,)
and T (w,) increase with current (dash-dot-dotted black line
showing further reduction in gain and RO frequency).

Fig. 7(a) and (b) summarizes the RO frequency and the turn-
on delay time of the QD laser for the different parameter sets

lifetime ‘L'EQW = (Bwh)*1 [right axis in (c)], and steady-state photon density
(d) as a function of pump current j. Different lines correspond to different
combinations of constant and density-dependent values for 7, B, and N oD
as indicated in the legend. Stars are the measured data.

discussed in Fig. 6 for pump currents up to 5 j;;, and compare
them to experimental data. It can be seen that the deviation
of the simulated curve with constant parameters (dash-dotted
black line) from the measured RO frequency [stars in Fig. 7(a)]
at currents larger than 3 j;, vanishes if the full dynamic model
is chosen (thick blue line). Smaller injection efficiency (gray
line), dynamic and thus higher B (dashed gray line), and
dynamic and thus higher T (dash dot dotted black line) reduce
the RO frequency and at the same time increase the delay time
Tdelay- Solely increasing N 9D (dashed orange line) leads to
very high RO frequencies that do not match the experimental
data. Fig. 7(c) and (d) depicts the steady-state QW electron
density, the time scale of the carrier losses inside the QW reQW,
and the photon density at steady state as a function of the pump
current j for all parameter sets discussed earlier in Fig. 7(a)
and (b). Together with Fig. 6, this shows that the large-signal
response of the laser is influenced only by variations in the QW
carrier density and the related lifetime reQW, while changes in
the gain as invoked by 7 and N2P? just affect the intensity of
the laser output but not the qualitative shape of the transients
npp(t) during switching. Introducing a QW temperature that
increases with the current leads to a strong reduction in the
differential gain as can be seen in the laser characteristics
shown in Fig. 7(d) (dotted orange and thick blue curve).

V. EYE DIAGRAMS

From the discussion in the last section, we conclude that it is
necessary to incorporate the dynamic increase of B and N¢P
with w, as described by (7) and (8) in order to simulate eye
diagrams of large-signal response observed in the experiment.
Using B(w,) alone leads to RO frequencies that are much too
low when compared to the experimental results. Note again
that the increase of N2P with current is motivated by the
measured lasing spectra shown in Fig. 1. To meet the RO
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repetition frequency varies between 2.5 (first line) and 10.0 GHz (third line).

frequencies observed in experiment at higher pump currents,
an increasing temperature 7 (w,) as given by (6) has to be
implemented.

Using the dynamic dependencies listed above, it is possible
to accurately model the measured eye diagrams. This can
be seen in Figs. 8 and 9, which show the measured and
simulated eye patterns, respectively, for switching between two
different current levels (left column: j;;, +— 3 j,; and right
column: 4 j;, — 6 j;) and for three different pulse repetition
frequencies (2.5, 5.0, and 10.0 GHz). We find exact agreement
in the shape (overshoots, trace, and extinction ratio) of the
calculated and measured diagrams. By comparing the laser
response for the different current levels, we can conclude that,
in order to improve the eye pattern diagrams, it is better to
use higher current levels as thereby the relaxation peaks are
suppressed. The cutoff frequency of this QD laser—which is
related to its RO frequency of 7.0 GHz—Ileads to a closing
of the eyes already at 10.0 GHz. This can be improved by
using higher pump currents, however, our modeling predicts
that there is a tradeoff since at the same time device heating
results in further reduction of the RO frequency.

VI. CONCLUSION

In conclusion, we have extended our microscopic rate
equation model by including heating effects, pump-dependent
spectral properties, and Auger recombination losses in the
carrier reservoir. This has not been done by merely including
a static dependence upon the pump current j, but rather by a
fully self-consistent dynamic dependence of the temperature,
the number of longitudinal modes, and the loss rate upon
the QW carrier density w, which is calculated dynamically
from the coupled rate equations in dependence upon j. Thus
we could not only describe correctly the current dependence
under CW operation, but also predict the transient large-signal
response over a large range of pump currents. We have found
that an increasing temperature leads to a reduction of the RO
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Fig. 9. Simulated eye diagrams for dynamic parameters for 7', B, and N QD
according to (6)—(8) for pump currents switching between 1 j;; and 3 j;
(left column) and between 4 j;; and 6 jy, (right column) for three different
bit repetition frequencies: 2.5 (first line), 5.0 (second line), and 10.0 GHz
(third line).

frequency and thus to a reduction of the modulation bandwidth
at higher pump currents. By comparing the experimental
and simulated eye diagrams, we have found that decreasing
injection efficiency into the QW and increasing carrier losses
inside the QW at high QW carrier densities are crucial in order
to correctly model the large-signal response of the QD laser.
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