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Broadband semiconductor light sources operating at
1060 nm based on InAs:Sb/GaAs submonolayer

quantum dots
Bastian Herzog, Benjamin Lingnau, Mirco Kolarczik, Sophia Helmrich, Alexander W. Achtstein,

Kevin Thommes, Fuad Alhussein, David Quandt, André Strittmatter, Udo W. Pohl, Olaf Brox, Markus Weyers,
Ulrike Woggon, Kathy Lüdge, and Nina Owschimikow

Abstract—In this paper, we investigate the potential of
submonolayer-grown InAs:Sb/GaAs quantum dots as active
medium for opto-electronic devices emitting in the 1060 nm
spectral range. Grown as multiple sheets of InAs in a GaAs
matrix, submonolayer quantum dots yield light-emitting devices
with large material gain and fast recovery dynamics. Alloying
these structures with antimony enhances the carrier localization
and red-shifts the emission, while dramatically broadening the
optical bandwidth. In a combined experimental and numerical
study, we trace this effect to an Sb-induced bimodal distribution
of localized and delocalized exciton states. While the former
do not participate in the lasing process, they give rise to
a bandwidth broadening at superluminescence operation and
optical amplification. Above threshold laser properties like gain
and slope efficiency are mainly determined by the delocalized
fraction of carriers.

Index Terms—Quantum dots, Semiconductor materials, Semi-
conductor lasers, Semiconductor Optical Amplifiers

I. INTRODUCTION

Arsenide-based quantum confined nanostructures are well
established as gain media in opto-electronics, in particular as
two-dimensional (2D) multiple-quantum wells which feature a
high modal gain and spectrally narrow emission line, and can
be customized by conveniently controllable growth parameters
[1]. For high-speed applications, the growth of self-assembled
quantum dots (QDs) gives access to a fast and temperature-
stable yet not as bright broad-band active medium [2]–[5].
The potential to retain the advantages of zero-dimensional
(0D) confinement, while simultaneously realizing a high ma-
terial gain, motivated the growth of InAs/GaAs submonolayer
(SML) QDs, essentially hybrid 0D-2D nanostructures with a
much higher areal density than can be achieved with self-
assembled QDs [6]–[10]. Opto-electronic devices based on
SML QDs show a high modal gain, very fast gain recovery and
large optical nonlinearities, at emission wavelengths typically
shorter than 1000 nm [11]–[13].

A red-shift and general broadening of the SML QD
emission is achieved by alloying with antimony (SML:Sb),
enabling devices which cover the technologically important
spectral range around 1060 nm [14]. This spectral range is
of high interest e.g. for short-haul optical communication,
due to the local absorption minimum of water around that
particular wavelength. First steps towards the realization of
mode-locked devices based on SML QDs have been recently
demonstrated [15]. Another major application of broadband

emitters around this particular wavelength is optical coherence
tomography (OCT) in materials science or medical imaging
[16]–[18]. Here, the bandwidth of the light source limits the
depth resolution. As such procedures are becoming more
widespread, it is important to optimize size, lifetime and
energy efficiency of the devices employed. Owing to the
high density of carrier localization centers and small overall
dimensions of the In-rich sheets, InAs SML QDs feature
a high material gain of about 1000 cm−1 per layer, as we
will show later in this work. Antimony alloying leads to
even smaller SML QDs and consequently a still higher
material gain, accompanied by broadening of the emission
spectrum. While static optical properties of SML:Sb QDs
have previously been reported [14], [19], in our work we
focus on the SML QDs as a gain medium in semiconductor
devices such as lasers (SCLs) and amplifiers (SOAs), emitting
in the 1060 nm optical range.

In this contribution the electronic structure of the SML:Sb
material is investigated. From low temperature photolumines-
cence experiments we derive a numerical model to extract
density of states and scattering mechanisms into and within
the potential landscape. In a second part, we analyze SML:Sb
based SCLs with respect to optical gain, emission spectra, and
output power characteristics. The last part treats the SML:Sb-
based SOAs, where we analyze response bandwidth, gain
dynamics and amplitude phase coupling. To highlight the
unique features of the SML:Sb QD material, we compare all
device properties with reference samples based on a single
layer of pure InAs/GaAs SMLs or a single quantum well
(SQW) with comparable waveguide structures and designed
to emit in the same wavelength range.

II. SAMPLES AND EXPERIMENT

The key idea of the SML growth is the formation of a high
density of tailored localization centers. This is achieved by
the deposition of InAs sheets as a submonolayer superlattice
into a GaAs matrix, yielding InAs-rich islands inside an
InGaAs quantum well. The main tuning parameters for
number and depth of the potential traps are the nominal
thickness of the InAs and GaAs layers [20]–[23]. Over
a wide range of growth parameters the localized carrier
wavefunctions have been found to form a dissimilar electron
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Fig. 1. Schematic structure of the (a) SQW, (b) SML and (c) SML:Sb active
media (not to scale). (d) - (f) Respective photoluminescence spectra at 4 K
sample temperature after optical excitation into the GaAs barrier. Solid lines:
single (SQW, SML) and double-Gaussian (SML:Sb) fits to the data. Vertical
lines mark the respective peak positions.

and hole confinement with localized holes and the electron
wavefunctions extending over several neighboring InAs-rich
islands [24]. Since In-adatoms tend to segregate during
InAs growth on GaAs [13], an increase of the material
contrast between In-rich and In-poor areas is a challenging
issue. Adding small amounts of Sb adatoms between the
growth cycles reduces the In mobility and thus enables the
formation of islands with higher In-content gradients and
reduced volume expansion [25], leading to enhanced carrier
localization [26]. The combined effect of Sb inclusion is
a general broadening and red-shift of the optical emission
spectra of these structures, in particular the latter being highly
desirable for applications in opto-electronics and medical
imaging [16], [18].

Fabrication of SML QDs implies the choice of many growth
parameters. This and the effect of various device designs
makes a comparison with devices based on other quantization
structures difficult. For our study, pin structures containing an
InGaAs SQW, or single layers of pure InAs SML QDs or Sb-
alloyed InAs SML QDs were grown using metalorganic vapor
phase epitaxy (MOVPE), with the composition of all structures
designed to achieve 1060 nm emission wavelength (1.17 eV)
at room temperature. Figs. 1 (a) - (c) schematically show
the epitaxial structures in terms of the respective lattice-unit
cells. The structures change from regularly distributed InAs
and GaAs in case of the (a) SQW up to In-rich agglomeration
of InAs decreasing in size from the (b) SML to the (c) SML:Sb
material. Solid circles sketch the exciton wavefunction primar-
ily defined by the 2D extended electrons, dashed circles mark
the shrinkage of the hole wavefunction from (a) to (c). Note
that the respective carrier confinement potentials change from
similar for electron and hole for the SQW up to dissimilar for
the SML:Sb sample with larger extent for the electron [14],
[24].

The layer structures of all devices contain a single active
QW or QD layer with a 10 nm GaAs buffer to ensure

comparable carrier pathways after electrical injection. The
waveguides are each formed by a 300 nm Al0.13Ga0.87As core
inside an Al0.30Ga0.70As cladding. The wafers were processed
into photoluminescence (PL) samples as well as edge-emitting
ridge waveguide lasers (SCLs) or optical amplifiers (SOAs)
using identical processing masks for best comparability. All
devices are designed for transverse single-mode emission and
contain a 500 µm long waveguide. The active layer of the
SML sample was grown using 15 cycles of nominally 0.73 ML
InAs and 1.13 ML GaAs. For the SML:Sb sample we used an
8-fold deposition of nominally 0.83 ML InAs and 1.59 ML
GaAs with a flush of 7 µmol Sb in between each growth
cycle. The SQW reference sample contains an 8.3 nm thick
In0.23Ga0.77As SQW. All wafers were processed into light-
emitting devices with straight and as-cleaved or angled and
anti-reflection coated facets to obtain lasers or optical ampli-
fiers, respectively. A waveguide width of nominally 3 µm of
the shallow-etched devices ensured single-mode waveguiding.
For the PL samples, the top p-side was removed by etching
until the undoped Al0.13Ga0.87As barrier of the active region
was exposed.

For analysis of the temperature-dependent photolumines-
cence properties of the structures, samples were cleaved from
the PL wafer sections and mounted in a helium-flow cryostat,
allowing to vary the temperature between 4 K and room
temperature. For the optical excitation at normal incidence,
we used a mode-locked Ti:Sapphire laser emitting pulses of
250 fs duration with a repetition rate of 75.4 MHz to excite
the samples above the GaAs band edge at 800 nm (1.55 eV).
The laser power was limited to 300 µW (4 pJ/pulse) to avoid
heating and saturation effects, corresponding to a maximum
intensity of approximately 100 W/cm2 on a 300 µm2 spot on
the sample. For the time-integrated detection we used a Horiba
Jobin Yvon iHR 550 fully automated imaging spectrometer.
The time-resolved measurement was realized by a Hamamatsu
C5680 streak camera attached to an Acton2500 spectrometer
with temporal and spectral resolutions of 33 ps and 0.5 nm,
respectively.

For device characterization the edge-emitting SCLs and
SOAs were glued on a copper submount, which was directly
thermally coupled to a PID-controlled Peltier temperature
control providing a thermal stabilization of ∆T < 0.2 K. The
optical gain was determined via the Hakki-Paoli method [27]
using short lasers of 0.5 mm length for best resolvability of the
longitudinal cavity modes. The spectra were measured with
an Hewlett Packard 70952B fiber-coupled optical spectrum
analyzer at a spectral resolution of 0.08 nm. Measurements of
gain and phase dynamics were performed with an heterodyne-
detected pump probe setup according to Refs. [10] and [5].

III. OPTICAL PROPERTIES

Photoluminescence spectra obtained at a temperature of
4 K from SQW, SML and SML:Sb samples upon optical
excitation into the GaAs barrier are given in Figs. 1 (d) - (f),
respectively. We observe a successive linewidth broadening
from 6 meV for the SQW to 54 meV for the SML:Sb sample.
The well-known lineshapes of the SQW and SML samples
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Fig. 2. (a) Photoluminescence spectra of the SML:Sb sample after optical
excitation into the GaAs barrier with temperature increasing from 4 K to
200 K from top to bottom. (b) Arrhenius plot of the integrated peak power
(symbols) and fit (line).

are nearly symmetric and can be approximated by fitting a
Gaussian function (red line). The peak energy and full width
at half maximum (FWHM) of the SQW and SML samples are
1.257 eV (5.9 meV) and 1.244 eV (8.1 meV), respectively. The
emission of the SML:Sb samples differs significantly from the
former in both linewidth and symmetry. The emission is almost
10-fold broadened as compared to the SQW and shows a steep
slope at its blue wing and a slow tailing at the red side. The
luminescence appears to be well described by a sum of two
Gaussian functions, centered at 1.215 eV and 1.176 eV with
FWHM of 79.6 meV and 28.2 meV, respectively, separated
by 41 meV. This particular shape may be an indication of a
bimodal distribution of exciton states in the SML:Sb sample.

Further information about the energetic structure can be
gathered from the temperature-dependent luminescence of the
SML:Sb sample, as plotted in Fig. 2 (a). The depth of potential
traps can be determined by analyzing the activation energy,
obtained from temperature dependence of the total lumines-
cence intensity. In Fig. 2 (b) we fit the spectrally integrated
luminescence I with a thermally activated quenching model
[28] using a scaling parameter C:

I(T ) =
I(0 K)

1 + C · exp(−EA/k · T )
, (1)

For the calculation we consider data from 60 K up to
room temperature. At lower temperature, the integrated
emission shows a dip caused by the charge carrier transfer
between strongly and weakly localized states at lower lattice
temperature [14], [29]. We obtain an activation energy of
EA = 45 meV, which is very close to the 41 meV energy
separation between the two emission peaks indicated in Fig. 1
(f).

The temporal evolution of the photoluminescence spectra
after optical excitation are shown in Fig.3 (a). We observe an
asymmetric decay on a ns-time scale with slightly longer time
constants for the red wing of the spectrum as compared to the
blue wing. This is a common observation for SML structures,
and stems from the scattering of carriers between localization
centers [11], as opposed to pure capture from a reservoir
for QDs, for which an even decay across all wavelengths
is expected. Interestingly, the PL recorded from the SML:Sb

Fig. 3. Temporally and spectrally resolved photoluminescence of the SML:Sb
sample at a temperature of 4 K and optical excitation into the GaAs barrier. (a)
Measured data, (b) modeled data, and (c) the comparison of both in spectral
cuts.

sample shows a combination of both characteristic features.
While on the blue side we observe an increasingly fast decay
indicating scattering channels in excess of radiative recombi-
nation, on the red side the decay is nearly homogeneous. This
is one more strong indication for the presence of two distinct
subensembles within the SML:Sb sample.

For quantification of our results and to elucidate the elec-
tronic structure, we developed a microscopically motivated
rate equation model extending our previous work on pure
InAs SML QDs [11]. Based on the previous experimental
observations of low-temperature photoluminescence we pro-
pose an electronic structure of the SML:Sb QDs that consists
of three different types of charge-carrier states. 1. The three-
dimensional states of the bulk host material surrounding the
SML layer from which the charge carriers scatter into the
SML states. 2. The weakly localized and laterally extended
SML states, which allow for an ultrafast diffusive coupling
between the In-rich agglomeration. 3. Localized states due to
Sb inclusions within the SML layers, which can capture charge
carriers from the surrounding SML states. Both the extended
and localized SML states are inhomogeneously broadened,
due to the random nature of the In and Sb incorporation,
with different widths, ∆Einhom

SML , ∆Einhom
Sb , and shape of their

distribution. We fit the individual shape of their densities of
states to match the experimental photoluminescence data. As
the input information is obtained from luminescence data, the
DOS has to be considered as an effective exciton DOS. A
sketch of the relative contributions of the different material
subsystems to the total DOS is shown in Fig. 4, where we
refer to ”SML” for the weakly localized states and ”Sb” to the
Sb inclusions. Note that during growth the Sb adatoms tend to
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Fig. 4. Modeled effective exciton density of states for the SML:Sb material
system. The model considers three charge-carrier states and their interactions:
the bulk host material GaAs (not to scale), the lateral extended SML states
and the localized Sb states.

cluster and concentrate at the In-rich islands [14], where they
increase the hole confinement due to the typical type-II band
alignment of bulk InSb/GaSb heterostructures [30].

We consider different types of charge-carrier interactions
within and between the different kinds of states. Charge car-
riers from the bulk states can be captured into the SML states
with an effective capture rate that depends on the bulk charge
carrier density and thus on the amount of optically created
excitons. The weak localization introduces a coupling between
the SML states, leading to the ultrafast lateral scattering
between them. With these scattering mechanisms the charge
carrier dynamics in SML materials can be accurately described
[11]. Additionally, we assume localized states introduced by
the Sb incorporation energetically below the SML states.
Charge carriers from the SMLs can be trapped in the Sb states.
Collecting these processes, we are able to write down coupled
rate equations for the bulk reservoir charge carrier density
Nres, the occupation probability of the SML states, ρSML(E),
and the localized Sb states ρSb(E), both depending on the
energy E:

d
dtNres = J − Nres

τres
−
∫
DSML(E)
hres

R̃cap
SML(E)dE (2)

d
dtρSML(E) = −ρSML(E)

τSML
+ R̃cap

SML(E) + R̃rel
SML(E)

−
∫
DSb(E

′)
NSML

R̃capSb (E,E′)dE′ (3)

d
dtρSb(E) = −ρSb(E)

τSb
+

∫
DSML(Ẽ)
NSML

R̃capSb (Ẽ, E)dẼ . (4)

We include the electrical pump current density, J , character-
istic charge carrier loss rates, τres, τSML, τSb in the respective
states, and charge carrier scattering processes:

R̃cap
SML(E) = Rcap

SML(J)
[
F (E,µ, T )− ρSML(E)

]
(5)

R̃rel
SML(E) = Rrel

SML

∫
DSML(Ẽ)
NSML

{
[1−ρSML(E)]ρSML(Ẽ)

− ρSML(E)[1−ρSML(Ẽ)] exp
(
E−Ẽ
kBT

)}
dẼ

(6)

R̃cap
Sb (E,E′) = Θ(E − E′)Rcap

Sb

{
[1−ρSb(E′)]ρSML(E)

− ρSb(E′)[1−ρSML(E)] exp
(
E′−E
kBT

)}
.

(7)

Here, R̃cap
SML(E) describes the capture rate of bulk carriers

into the SML state at energy E, R̃rel
SML(E) is the diffusive

TABLE I
PARAMETERS USED IN THE SIMULATIONS OF THE SML:SB DEVICE.

Quantity Symbol Value

Bulk lifetime τres 1 ns [11]
SML lifetime τSML 0.8 ns [11]
Sb lifetime τSb 0.8 ns
SML inhom. width ∆Einhom

SML 50 meV
Sb inhom. width ∆Einhom

Sb 65 meV
Bulk reservoir height hres 350 nm
SML areal density NSML 3.5 · 1011 cm−2 [14]
Sb areal density NSb 0.7 · 1011 cm−2

Capture rate into SML Rcap
SML(J) 60 ns−1 × (J/Jtr)2 [11]

Diffusive SML scatt. rate Rrel
SML 3.5 ps−1 [11]

Capture rate into Sb Rcap
Sb 1 ps−1

Internal losses αint 6.3 cm−1

Gain coefficient g 3 · 10−4 eV m2s−1

Dephasing time T2 150 fs [11]

scattering into the SML state at E from all other SML
states, and R̃cap

Sb (E,E′) denotes the capture of carriers from
the SML state at energy E into the localized Sb state at
energy E′. F (E,µ, T ) is the Fermi function at energy E
and temperature T . The quasi-Fermi level µ in the bulk
reservoir is calculated dynamically from the bulk carrier
density Nres using the effective physical extension hres of
the reservoir perpendicular to the active layer. We denote the
two-dimensional density of states in the SML and Sb states by
DSML(E) and DSb(E), respectively. NSML =

∫
DSML(E)dE

and NSb =
∫
DSb(E)dE are the integrated two-dimensional

areal densities of states. In Eq. (7), Θ is the Heaviside
function, i.e., we only allow a capture of charge carriers into
Sb states from SML states at a higher energy.

We proceed by simulating the measured time-resolved pho-
toluminescence spectra from numerical simulations of the rate
equations (2)–(4) by analogy to our previous work in Ref. [11].
We extract the photoluminescence spectra, S(E), from the
time-resolved charge carrier distributions:

S(E) ∝
∑
m

∫
ρm(E′)Dm(E′)L(E′−E) dE′, (8)

where m iterates over SML and Sb states. We assume a sech-
shaped emission lineshape of each optical transition, L(E) =
T2

π~ sech
(
T2E
~
)
. To reduce the number of free parameters we

used values from literature where available.
The optical excitation was implemented via a Gaussian

source term in the carrier reservoir with a temporal length of
230 fs FWHM. Fig. 3 (b) shows the simulated time-resolved
photoluminescence spectra after short-pulse excitation. The
numerical model accurately reproduces the measured data.
From the numerical results, the characteristic tail towards short
wavelengths shortly after the excitation can be attributed to
the SML states filled from the bulk charge carrier reservoir,
which quickly depletes when the charge carriers scatter into
the Sb states. The decay of the trapped carriers in these
localized states leads to the broad and long-lived emission
around 1.21 eV (1025 nm). This broad emission is evidence
for a weak coupling between the emitting states, as the carriers
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remain trapped without thermalizing. All obtained parameters
were listed in Tab. I.

IV. APPLICATION TO SEMICONDUCTOR LASERS AND
OPTICAL AMPLIFIERS

The effective gain bandwidth accompanied by e.g. the
external quantum efficiency, lasing threshold, gain recovery
time, and amplitude phase coupling represent important key
parameters for opto-electronic devices. In the following sec-
tion, we will analyze the static output performance of SCLs
based on a single layer of SML:Sb QDs in comparison to
lasers based on a SQW or a single layer of non-alloyed SML
QDs as active medium.

The remarkably broad PL emission of the SML:Sb sample
in Sec. III is also observed in the electroluminescence (EL)
spectra of the respective SCLs as shown in Figs. 5 (a) - (c)
for injection currents ranging from 0.25 to 0.95 times their
particular lasing threshold Jth. At low currents the emission
bandwidth accountes for 31 nm (34 meV) to 37 nm (40 meV)
and 50 nm (54 meV) for the SQW, SML and SML:Sb lasers,
respectively. Dash-dotted lines mark the position of the laser
lines appearing above threshold. For the SQW and the SML
lasers, the rise in intensity with increasing current leads to
only minor spectral shifts, and the lasing line appears at the
position of maximum intensity. For the SML:Sb laser, there
is an apparent crossover in the dominant contribution to the
EL from localized to delocalized states, with lasing starting
from the latter. The total blue-shift of the emission maximum
from low current to lasing threshold is 34 nm (37 meV),
which roughly corresponds to the energy separation of the
two distinct exciton states derived in Sec. III.

As in Stranski-Krastanow QD based excited state lasers,
the reason for such a behavior can be found in the lower gain
owing to the lower DOS in the localized states of low energy
[31]. We thus address the lasing states to the extended SML
rather than the localized Sb states. This leads to the assumption
of ultrafast gain recovery as known for QD excited state lasers
[32] by costs of an enhanced threshold current due to the need
of state filling. That assumption reflects in the light-current
characteristics as shown in Fig. 5 (d). The devices start lasing
at 8.9 mA, 8.1 mA, and 43.2 mA for the SQW, SML, and
SML:Sb laser, respectively. Further we extract the external
quantum efficiency, namely the number of emitted photons
per injected electron-hole pair, from the slope of the optical
power and the lasing frequency ν: [33]

ηext =
2e

hν

dPext

dI
. (9)

All devices show comparable values of 33 % per facet.

Large Material Gain: In SOAs based on pure InAs SML
QDs, we found a relatively large modal gain and a narrow gain
bandwidth with fast gain recovery [11]. In this study we use
the standard Hakki-Paoli method [27] to obtain the net modal
gain Gnet and thus the material gain gmat of the lasers. Both
parameters are linked via the the mode-confinement factor Γ
and the waveguide losses αint:

Gnet = G − αint = Γgmat − αint. (10)
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Fig. 5. Room temperature electroluminescence spectra of a (a) SQW, (b) SML
and (c) SML:Sb laser for injection currents ranging from 0.25 to 0.95 times
the respective threshold current. The dash-dotted lines mark the respective
lasing wavelengths. (d) Light-current characteristics of all devices and linear
fit to determine the respective threshold current and quantum efficiency.

Using a high resolution optical spectrum analyzer we calculate
Gnet from the spectral peak to valley ratio r of the cavity
Fabry-Pérot modes below threshold:

Gnet =
1

`
ln

(√
r − 1√
r + 1

)
− 1

`
ln (R) , (11)

with the cavity length ` and mirror reflectivity R. Fig. 6 (a)
shows the derived gain spectra of SQW, SML and SML:Sb
based SCLs with 0.5 mm cavity length and 3 µm ridge width
driven at 0.95 times their respective threshold current Jth.
We find the narrowest and largest gain for the SQW based
device and an increasing bandwidth for the SML up to the
SML:Sb SCL accompanied by a reduction of the peak gain.
The derived parameters are listed in Tab. II.

In Fig. 6 (b) we show the derived gain curves of the
SML:Sb laser for different injection currents ranging from
J = 0.25...0.95× Jth as black symbols. The dashed red lines
represent fits based on the numerical model of Sec. III [34],
calculated according to

Gnet(E) =
g

vg

∑
m

∫
[2ρm(E′)−1]Dm(E′)L(E′−E)dE′−αint

(12)
with the group velocity vg and the gain coefficient g, which
implicitly contains the waveguide properties as a fitting pa-
rameter (see Tab. I).
The relatively large peak shift of roughly 40 meV (37 nm)
from low injection currents up to 0.95 Jth is in good agreement
to the blue-shifted lasing wavelength from the EL spectra.
This further supports our assumption of a bimodal electronic
structure containing SML and Sb states and allows us to
determine the internal losses αint of the SML:Sb laser to
αint = 6.3 cm−1. Due to the identical waveguide structures
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Fig. 6. (a) Measured net modal gain of a SQW, SML and SML:Sb based
lasers with a 0.5 mm cavity at 0.95 times their respective threshold current.
(b) Measured and modelled gain spectra of the SML:Sb laser for injection
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factor calculation.

TABLE II
LASER GAIN AT A DRIVING CURRENT OF 0.95 Jth .

Parameter SQW SML SML:Sb
gnet,max / cm−1 20.2 19.3 18.3
∆g3dB / nm 13.7 17.9 28.0
d / nm 8.3 5.7 3.5
Γ / % 3.8 2.6 1.6
gmat,max / cm−1 700 1000 1500

of all devices we assume comparable losses for the SQW
and SML SCLs within the error margins of approximately
5 %. The current dependency of Rcap

SML in Tab. I contains
the transparency current Jtr obtained from single-color pump-
probe measurements at the maximum of the gain distribution
as a scaling factor.

The material gain gmat is scaled with the confinement factor
Γ, which is defined as the ratio of the electric field distribution
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Fig. 7. Spectral response of an SML:Sb SOA in comparison to a SQW SOA at
-1 V bias and 10 nm excitation bandwidth. ∆R marks the response bandwidth
of both devices.

E2
z (x, y) within the active medium i to the total electric field

distribution: [35]

Γ =

∫
i
E2
z (x, y) dxdy∫∞

−∞E2
z (x, y) dxdy

. (13)

We model the transversal electric field distribution from the
epitaxial layer structure using a semi-analytical mode-solver
[36], which is shown in Fig. 6 (c). Due to the identical
waveguide structures, the size of Γ exclusively depends on
the respective width of the active medium, sketched as white
line in the figure. Due to the growth protocols we assume total
material thicknesses of 8.3, 5.7 nm and 3.5 nm for the SQW,
SML and SML:Sb layers, respectively. Following Eq. 10 we
thus determine the material gain via gmat = (Gnet+αint)·Γ−1
and find increasing values from 700 to 1500 cm−1 for the
SQW to the SML:Sb sample, as listed in Tab. II. Note that
the values of material gain per layer of the dot structures as
sketched in Fig. 1 refer to the particular layer forming the
active medium rather than to the isolated dots.

Broad Optical Response: The broadened gain spectrum
of SML:Sb lasers certainly vanishes in lasing operation, as
mode competition will collapse the spectrum to few competing
lasing modes. However in case of superluminescence devices
or optical amplifiers the full spectrum will be maintained. In
the following part we will apply the material into SOAs and
analyze the broadband response, gain dynamics and amplitude-
phase coupling.

Like the luminescence, the optical response R of SOAs
based on a SQW and a single layer of SML:Sb QDs shows
the broadband capabilities of the latter. R relates the average
induced photocurrent I(λ) after external optical excitation
with an optical power Pin via I(λ) = R(λ) · Pin and
was measured via incoupling of a spectrally tunable optical
pulse into the SOA at reverse bias. A brief estimate for the
ionizability of optically induced excitons within the active
region leads to the assumption that a reverse bias of -1 V
already ensures sufficient carrier transport.

As shown in Fig. 7 we find an enhanced response bandwidth
of roughly 150 nm (180 meV) for the SML:Sb SOA as
compared to 80 nm (95 meV) for the SQW SOA. This is
due to the two-fold DOS of the SML:Sb QD material system,
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and state filling on the time scale of τ2. The amplitude ratio of both time
constants is plotted in (c).

which is additionally verified in the peak of the response
around 1050 nm. The enlarged bandwidth of the response in
comparison to the SQW is a promising feature for possible
applications as, e.g., semiconductor photodetectors.

Ultrafast Gain Dynamics: An important figure of merit
for the potential performance of SOAs is, apart from the gain
magnitude, the gain recovery rate, as it limits the modulation
speed of the device. The dynamics can be extracted from
pump-probe experiments, in which a probe pulse with variable
time delay samples the return to equilibrium of the device
after perturbation with a pump pulse. We performed a series
of single-color pump-probe experiments on an SML:Sb SOA.
Note that the angled and anti-reflection coated facets of an
SOA ensure a single-transition pulse modulation.

Figs. 8 (a) and (b) show the measured gain recovery
traces for different injection currents (dots) and corresponding
biexponential fits (dashed lines) to obtain the gain recovery
time constants. The differential change in the measured signal
is negative as the probe pulse samples a system in which
carriers were depleted by the pump pulse. The transparency
current was determined as the current at which the probe pulse
does not experience a change in its amplitude. In Fig. 8 (b)
we plot the extracted time constants from the fit, where we
attribute the fast recovery τ1 to a fast inter-dot capture process
and the slow recovery τ2 to the state-refilling from the carrier
reservoir. Remarkably, both time constants are faster than the
time constants observed for pure InAs SML QDs. [10]. This
may originate from the particular energy level structure, in
which the optically active levels form an intermediate state
comparable to the conditions in excited state lasers, which
also show a remarkably fast gain recovery [32]. The amplitude
ratio in Fig. 8 (c) shows an increasing dominance of the faster
recovery process τ1 with increasing injection current above
threshold.

Large Amplitude-Phase Coupling: The heterodyne de-
tected pump-probe experiment measures both amplitude and
phase changes of the probe pulse. As the phase change
is directly related to refractive index variations induced by
the pump pulse, we can extract the α parameter quantify-
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Fig. 9. (a) Temporal development and (b) quasi-steady state value of the α
parameter obtained from Eq. 15 after measuring the gain and phase change
within the SML:Sb SOA.

ing amplitude-phase coupling. In a previous experiment, we
demonstrated a large interdependence of the optical gain g and
refractive index n in SOAs based on pure InAs SML QDs [11],
[12]. The classical definition of the α parameter relates the
carrier population N , the optical gain g and refractive index
n at the wavelength λ via [37]

α = −4π

λ
· dn/dN

dg/dN
. (14)

This expression can be recast as

αdyn(t) = − 20

ln 10
· ∆Φ(t)

∆G(t)
, (15)

using the differential changes in amplitude ∆G(t) and phase
∆Φ(t) recorded in our pump-probe experiment [38]. It is well
known that different experimental approaches are prone to
yield differing numbers for the value of α [39], and care must
be taken when comparing values for the parameter obtained
under different conditions. We thus labeled the expression
above by the index dyn to highlight that it was obtained from
a dynamical experiment on the system under nonequilibrium
conditions. This is also contained in the marked time depen-
dence of the value of αdyn reflecting the spreading of the
perturbation in space and energy from the exciton interacting
resonantly with the pump light. In that dynamical process
the energetically blue-shifted carrier reservoir replenishes the
gain via down-scattering and simultaneously induces a phase
response due to the spectrally biased carrier distribution.

The dynamic alpha parameter of the SML:Sb SOA is shown
in Fig. 9 (a) and shows a comparable temporal development
to observations for pure InAs SML QDs based SOAs [12]. At
small delay times and low currents we obtain a single-digit
value for αdyn, followed by a rise to very high values of up to
50 on the timescale of 10 ps. This rise time is much faster than
for pure InAs SML QDs, though in some cases in particular
for large currents there is a small overshoot with the final
equilibrium value being reached at about 40 ps. In practical
applications, e.g. optical telecommunications, such devices are
not driven in continuous mode but modulated with up to a
double-digit GHz rate. Thus the technically relevant αdyn is
then given by its saturation value at long delay times.

These quasi-steady state values are plotted in Fig. 9 (b)
versus injection current. We find a monotonic growth of αdyn

from values close to unity at transparency up to values above
40 when operating the device at the fourfold transparency
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current. The high value of αdyn signifies that devices based
on SML:Sb QDs will display large optical nonlinearities.
Furthermore, assuming a constant dependence for n(N) in
Eq. 14, the linear increase of αdyn indicates a reciprocal
dependency g(N) ∝ N−1, which is the case for, e.g., free
carrier absorption [40], [41]. It needs to be stated that the
dynamical α parameter is by no means considered as constant,
as carrier thermalization and recombination are nonlinear
processes with different contributions to gain and refractive
index modulation. Nevertheless for constant driving conditions
α becomes constant and can gain higher values for the SML:Sb
material system.

V. CONCLUSIONS

To conclude, we investigated the luminescence properties
of submonolayer grown InGa(Sb)As quantum dots emitting
around 1060 nm with respect to their excitonic energy structure
and dynamics. In a comparative study with a single quantum
well and a submonolayer grown InGa(Sb)As quantum dot
sample emitting in the same wavelength range we find a
10-fold linewidth broadening due to a Sb-induced bimodal
state distribution. The photoluminescence obtained from the
samples at low temperature showed a decay on a ns timescale.
Based on a microscopically motivated rate equation model, the
data could be decomposed into contributions from isolated as
well as from laterally coupled states. The model yields an
effective density of states with a 0D confined state at lower
energy and a higher-energy extended state. The latter has been
found already in pure submonolayer grown InGaAs quantum
dots [11]. The application of SML:Sb QDs for semiconductor
lasers revealed a large material gain of 1500 cm−1, exceed-
ing the value for the quantum well and pure submonolayer
reference devices. This is of particular interest due to the
broadband nature of the SML:Sb emission, which may be used
to replace a stack of chirped QWs by a single active layer. In
optical amplifiers based on SML:Sb QDs we find an ultrafast
gain recovery and very large spectral bandwidth. These are
favorable properties for applications in, e.g., optical networks.
As to InAs SML QDs, the amplitude-phase coupling is large,
suggesting an application as frequency converter, e.g. by cross
phase modulation, rather than as linear amplifier. While the
localized lower-energy states play little role for lasing and
amplification action, the full bandwidth of electronic states
contributes if SML:Sb QDs are applied in photo-detectors,
increasing the usable bandwidth for detection even beyond the
bandwidth for emission.
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[18] G. Matthäus, T. Schreiber, J. Limpert, S. Nolte, G. Torosyan, R. Beigang,
S. Riehemann, G. Notni, and A. Tünnermann, “Surface-emitted THz
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Kathy Lüdge was born in Berlin, Germany, in 1976. Since 2016 she is a
professor for Theoretical Physics at the TU Berlin and currently on a one year
Humboldt Fellowship in the Math Department of the University of Auckland.
In 2015 she has been a Visiting Professor with the FU Berlin, and from
2011 to 2014 she has been a Privatdozentin with the Institute of Theoretical
Physics at the TU Berlin, where she received the Diploma and Dr. rer. nat
degrees in physics from the Department of Solid-State Physics, in 2000 and
2003, respectively. From 2001 to 2002, she was a Visiting Scholar with the
Department of Material Science, University of Minnesota, Minneapolis, MN,
USA. She received the Habilitation (Venia Legendi) degree from TU Berlin, in
2011. Her research interests include the modeling of semiconductor quantum-
dot lasers, nonlinear laser dynamics, and control with optical feedback. She
is an Editor of the book entitled Nonlinear Laser Dynamics - From Quantum
Dots to Cryptography (Wiley, 2011) - the 5th volume of Reviews of Nonlinear
Dynamics and Complexity.

Nina Owschimikow studied physics at the TU Darmstadt and received her
diploma in 2002. After a period in the biomedical industry she returned to
physics. She obtained a doctoral degree from FU Berlin in 2011 for studies
of rotational coherence in gaseous nitrogen. Since 2011 she is affiliated
with TU Berlin and since 2019 also with the Ferdinand-Braun Institut für
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