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Ultrafast gain recovery and large nonlinear optical response in submonolayer quantum dots
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Submonolayer quantum dots combine the zero-dimensional charge-carrier confinement of self-assembled
quantum dots with the large density of states of a quantum well. Electroluminescence and pump-probe experiments

on a submonolayer-based optical amplifier show that the system exhibits a high gain of 90 cm

~! and an

ultrafast gain recovery. We propose a rate equation system describing the microscopic carrier dynamics which
quantitatively reproduces the observed behavior and provides deeper theoretical understanding of the material
system. In contrast to Stranski-Krastanov quantum dots, the fast gain recovery is enhanced by a strong interdot
coupling. Optically inactive submonolayer states form an efficient carrier reservoir and give rise to a large

nonlinear optical response.
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I. INTRODUCTION

Zero-dimensional (OD) localization centers for carriers
assist the radiative recombination of electrons and holes in
semiconductors [1]. The concept is well established in a
wide range of applications, ranging from the exploration of
fundamental issues of light-matter interaction to the use in
optoelectronic devices [2—4]. Frequently, the OD centers are
embedded in a solid state matrix, which supplies excitation
and scattering channels via its characteristic energy structure.
A classical example for 0D confinement are quantum dots
(QDs) grown by the Stranski-Krastanov (SK) method, where
narrow-band-gap material is deposited on a large-band-gap
matrix until it self assembles into lens-shaped agglomerations
upon reaching a critical thickness [5]. SK-QDs are the
workhorse of QD-based optoelectronics, as they provide a
clean, spectrally well-separated ground state (GS) transition
and a fast charge-carrier recovery after depletion [6-8]. A
drawback of this system, however, is that due to the growth
method the areal density that can be achieved is limited. For
the In(Ga)As material system it is about 10'' cm™2, which
implies a massively reduced density of states (DOS) and
achievable optical gain per unit length in comparison, e.g.,
to the two-dimensional (2D) quantum wells (QWSs) [9].

For the InAs/GaAs material system, the growth of sub-
monolayer (SML)-based localization centers as In-rich ag-
glomerations in a GaAs matrix promises to combine a large
DOS with the favorable properties of QDs [10-13]. Conse-
quently, these devices are expected to provide high optical gain
and ultrafast gain recovery. Recently, we have shown that gain
and phase recovery in an SML-based optoelectronic device
are indeed as fast as observed in SK-QDs, making the system
an attractive choice as active medium in optoelectronics [14].
Due to the fast exciton dissociation within the SMLs, they
are strong candidates for the application in photodetector and
solar cell devices, where the SML medium can lead to a fast
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and efficient device operation [15,16]. The rather strong phase
response of SML devices makes them favorable candidates for
nonlinear optical applications employing self or cross-phase
modulation.

The theoretical description of SML devices has been the
topic of many recent publications. Investigations directed at
the dimensionality of carrier confinement in SML structures
have revealed the presence of 0D as well as 2D signatures
[17-21], in contrast to the strong 0D confinement in SK-QDs.
In addition, a lateral coupling between the agglomeration
centers has been proposed and is substantiated by eight-band
k * p calculations showing a large delocalization in particular
of the electron wave function [22].

In this paper, we aim to assemble this information into
a consistent picture of the carrier dynamics in and between
SML-QDs. To this end, we develop a numerical model
allowing predictions of the dynamics and behavior of such
structures. We investigate the dynamical properties of InAs-
based SML-QDs as active medium in an optoelectronic
device in ultrafast pump-probe experiments and quantitatively
compare the experimental results with our theoretical model.
Our investigations help us to determine the complex density
of states of the SML-QDs as well as the carrier dynamics
and scattering in such structures. We will highlight the
unique properties of the SML-QDs and compare them with
conventional SK-QD based devices.

II. SAMPLES AND EXPERIMENT

The investigated device is a semiconductor optical amplifier
(SOA) structure containing InAs/GaAs SML-QDs grown by
metal organic chemical vapor phase epitaxy. Details of the
structure can be found in Appendix A. A schematic of the
active region containing the SMLs is shown in Fig. 1(a),
right column. The resulting localization centers provide a
relatively shallow confinement, as illustrated in the band
structure in Fig. 1(b), with in particular the electron wave
function being delocalized over many InAs agglomerations,
while the hole wave function remains more localized [21].
The electroluminescence (EL) obtained from the device is
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FIG. 1. (a) Illustration of the epitaxial structure of the self-
assembled Stranski-Krastanov quantum dots (left) and the submono-
layer islands (right). (b) Energy level scheme for the particular
active regions, illustrating the confinement for the electron (blue) and
hole (red) wave function. CB: conduction band, VB: valence band.
(c) Electroluminescence spectra of the particular devices at various
injection currents.

centered at 960 nm at low injection current and shows a slight
blueshift for higher currents [Fig. 1(c), right panel]. The strong
growth of the luminescence (note the logarithmic power axis)
promises a high optical gain.

As a reference structure, we use an SOA based on InAs
SK-QDs in a dot-in-a-well (DWELL) structure. Details of the
device are shown in Appendix A. The DWELL structure is
displayed schematically in Figs. 1(a) and 1(b) (left panels).
The QD GS is emitting at 1280 nm [Fig. 1(c) left spectra],
and the QW is located at 1160 nm [23]. This corresponds to
a separation in energy of about 100 meV between the QW
reservoir and dot states, ensuring good 0D confinement in
the QD GS. Note that for a comparison of carrier dynamics,
this relative separation of localization center and continuum is
important and not the absolute emission energy.

A schematic of the device and an illustration of the principle
of the ultrafast heterodyne-detected pump-probe experiment
[24] is shown in Fig. 2(a). The experiment utilizes an interfer-
ometric approach to access carrier and phase dynamics in the
active region of a waveguide, where pump and probe pulses are
transmitted collinear and co-polarized. By interference with a
local oscillator pulse on a photodetector, a complex signal S(¢)
is recorded, from which the differential changes of amplitude
and phase of the probe pulse are retrieved. The differential
intensity gain is defined as AG = 20 x log (Re(S)/Re(Sy)),
and the differential phase as A® = Im(S) — Im(Sy), where Sy
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FIG. 2. (a) [llustration of the heterodyne pump-probe experiment.
By interference of the probe pulse with a local oscillator pulse
the pump-induced changes of gain AG (population) and phase Ag
(refractive index) can be resolved. Ratios of experimental gain (b) and
phase (c) recovery dynamics of the SML SOA and the SK-QD SOA
at injection currents of 0.8Jy;, 1.7Jy, and 3.3 J,, with the transparency
current Jy;.

corresponds to the signal of the undisturbed system (probe
pulse only) and S to the signal after a pump pulse has
been applied. The experiment is described in greater detail
in Appendix B and in Ref. [25]. Differential gain and phase
recovery for the SML-QDs have been published in Ref. [14].
The gain recovery dynamics of the SML-QDs is excellently
described by a biexponential function with two time constants
differing by two orders of magnitude, with the fast time
constant from 2 to 6 ps, and the slow time constant of 600 to
800 ps, respectively. The timescale of the recovery compares
favorably with the typical gain recovery rates measured in
SK-QDs [26,27], where the crossover from intradot processes
to re-equilibration leads to a more complex shape of the gain
recovery curve.

To emphasize similarities and differences of differential
gain and phase measured in single-color pump-probe experi-
ments in both devices discussed here, we show in Figs. 2(b)
and 2(c) the relative gain and phase recovery of the SML
device normalized to the SK-QD values. The individual pump-
probe traces of both devices are displayed in the numerical
analysis part in Sec. III. The experiments were performed
at the maximum of the luminescence of the SML-QD SOA
at 960 nm and of the SK-QD SOA at 1280 nm for three
different multiples of the respective transparency current Ji;.
The transparency current is determined as the current at which
the differential gain trace switches its sign from positive at low
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injection currents to negative at high currents. The respective
transparency currents were determined to be 13 mA for the
SML SOA and 6 mA for the SK-QD SOA.

The direct comparison of the SML gain recovery with
our SK-QDs in Fig. 2(b) shows that the fast gain recovery
component is more dominant in the SML SOA. The SK-QD
SOA generally shows a more complex recovery behavior,
reflected in dynamics at an intermediate timescale of 1-10 ps.

The ratios of the differential phase changes accompanying
the gain recovery are plotted in Fig. 2(c). For the chosen
relatively moderate injection currents the phase response of the
SK-QDs is small. The SML-QDs, on the other hand, display
a significant phase change upon optical pumping, reflected
in consistently large values for A®gy /APgsk. This strong
index change entails a significant nonlinear index response of
the SML structure. SK-QDs are known to display a nonlinear
refractive index n, of up to 107> cm? /W, which is comparable
to the extreme nonlinear response observed, e.g., in graphene
[28,29]. The total n, is composed of an intrinsic and a
dynamical part, the latter of which is what our experiments
detect. The dynamical nonlinear response of the SML-QDs is
thus very promising for nonlinear photonics applications.

III. NUMERICAL MODELING AND RESULTS

In this section we will develop a suitable model for the
carrier dynamics of both devices starting from the micro-
scopically motivated multilevel rate-equation model used in
previous publications to describe SK-QD based SOAs and
lasers [30-32]. In order to reduce the degrees of freedom for
the model parameters and thus give reliable evidence about the
electronic structure of the investigated systems, we generalize
the rate equation system as much as possible. At first we
develop a suitable model for the EL spectra and the gain- and
phase dynamics of the SK-QD SOA, assuming a density of
energy states (DOS) in agreement with established literature.
Secondly we modify the DOS and scattering processes to fit
the numerical results to the measured EL and dynamics of the
SML SOA.

A. Self-assembled quantum dots (SK-QDs)

The charge-carrier dynamics of SK-QD amplifier structures
is strongly determined by the filling of the active QD states by
a common 2D charge-carrier reservoir. In the given DWELL
structure, described in Fig. 1(d), the reservoir is formed by the
two-dimensional InGaAs QW which supplies charge carriers
to the QDs by means of Coulomb Auger scattering [33,34].
Together with the intradot relaxation of carriers from higher
excited states to the QD ground state, this efficient capture
from the reservoir is responsible for the ultrafast gain recovery
of SK-QD SOAs [8,35-37].

In order to accurately model the charge-carrier dynamics,
we take into account an energy structure as sketched in
Fig. 3. The carrier density in the reservoir N™ as well as
the occupation probability p;, in the QD ground and the
twofold-degenerate first excited state is described by a set
of coupled rate equations. Here, the index m € {GS,ES}
denotes the corresponding quantities for the ground and first
excited state, respectively. We separate the QD distribution
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FIG. 3. Sketch of the density of states (DOS) assumed in the SK-
QD rate equation model, along with the included scattering channels
(arrows).
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The inhomogeneous broadening of the QD states is modeled
by a Gaussian density of states,

. Bl —
fi=N"exp —4ln2<wGS—

with their respective center energies E,, and full-width-at-
half-maximum AE{, , as well as a normalization constant N
ensuring ) ; f7 = 1. The capture of charge carriers into the

QD excited states is modeled by the net capture rate

RiS() = R F (hos.u.T) = pis]. ®

with the quasi-Fermi function F(E,u,T), where pu is the
quasi-Fermi level in the carrier reservoir and 7 is the effective
carrier temperature. Here, we neglect the direct capture into
the QD GS for simplification. As the capture rate into the
ES is usually the dominant contribution to the capture, and
the intradot relaxation leads to a fast equilibration of GS
and ES, this approximation still leads to reliable results. The
corresponding net intradot relaxation rate is given by

Ry = R™(1 = pgs) pis
— R¥pls(1 = pls)eMbs—oe/ kD ()

with the last term being a Boltzmann factor ensuring relaxation
towards quasiequilibrium. The stimulated recombination is
included by

J.stim
Rm

= 52}~ 1) (0, — ™)), ()

m

where g is the QD gain coefficient, SP“"P(¢) is the injected
pump light intensity, and L(w) = % sech(T,w) is the homoge-
neous line-shape function, with the dephasing time 75.

This model is used to simulate EL spectra (described in
Appendix C) of the SK-QDs and shows excellent quantitative
agreement with the experimental data (see Fig. 4). In order
to fit the observed redshift of the EL peaks with increasing
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FIG. 4. Measured (solid lines) and calculated (dashed lines)
emission spectra of the SK-QD device for a set of injection currents.
The transparency current is J;, = 6 mA.

current, we introduce a phenomenological linear shift of the
transition energies,

he! (J) = ho! (J = 0) — 0.4 meVJi , (8)
tr
where Ji is the transparency current density. This shift
accounts for the induced Varshni-shift by an increasing lattice
temperature as well as band-gap shrinkage due to many-body
Coulomb interaction [38]. Similarly, a decreasing dephasing
time with pump current is assumed,

Lh{(J =0

/1 +0.051i"

accounting for more efficient dephasing processes with in-
creasing carrier densities and temperature [39,40].

In addition to the static characteristics of the SK-QD am-
plifier device, the rate-equation model enables us to simulate
its dynamic behavior under perturbation. We calculate the
response to a Gaussian-shaped optical input pulse SP'™P(¢)
with FWHM duration of 235 fs, which enters in the model in
Eq. (7). The differential gain and phase recovery for a set of
injection currents of the SK-QD SOA after optical perturbation
resonantly to the QD ground state (GS) is plotted in Fig. 5.
The experimental data is represented by open symbols; the
calculated results are visualized by solid lines. An excellent
agreement of the model and the measured gain recovery
traces for injection currents below and above transparency
is observed [Fig. 5(a)]. The experimental data allow us to
extract the dynamic timescales of the internal carrier scattering
processes. We find the carrier capture rate from the reservoir
to be R°%® = 80 ns~! and the intradot relaxation to be R™ =
0.8 ps~!. The retrieved parameters for the model are listed in
Table I. The comparison with our simulation results allows
for an interpretation of the measured gain recovery curves.
The characteristic time of roughly 100 ps, especially visible
as a kink at low currents in Fig. 5(a), is directly related to the
refilling of the QD states via carrier capture from the reservoir.

n(J) = C))
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FIG. 5. (a) Measured (open symbols) and simulated (lines) gain
recovery and (b) phase recovery curves of the SK-QD SOA after
perturbation by an optical pump pulse. Shown are the results
for different pump currents, with the transparency current being
approximately 6 mA.

At higher currents, a pronounced bend at a time delay of 3 ps
appears in the gain recovery, which we can attribute to the
intradot relaxation. The QD ES acts as an additional carrier
reservoir for the GS at elevated pump levels, leading to an
ultrafast recovery of the GS gain.

In addition to changes in the gain, the carrier variation
induced by the pump pulse leads to changes in the refractive
index, which modifies the optical phase. Figure 5(b) shows
the corresponding dynamics of the optical phase shift A¢
imprinted onto the probe pulse, which we calculate via the
Kramers-Kronig relation (see Appendix C). We distinguish
two sources of this phase change: off-resonant interband

TABLE I. Parameters as used in the simulations of the SK-QD
device.

Symbol Value Symbol Value

Tres 1.2 ns NQP 3 x 10" cm™2
Gs 2ns AESS 40 meV

Tgs 2.5ns AEE 55 meV
Egs(J =0) 0.976eV Egs(J =0) 1.056 eV
E,(J=0) 1.086 eV g 16 x 10~ cm?ns™!
Rewp 80 ns~! Qint 75 ns~!

R™ 0.8 ps~! T.(J =0) 120 fs
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transitions, i.e., from the ES and blue edge of the GS, lead to
an asymmetric variation of the gain spectrum. The model does
not explicitly describe effects such as free-carrier absorption
or carrier heating, which are added phenomenologically via
a linear dependence on the carrier densities [see Eq. (C5)].
Nevertheless, the dynamics of these processes is not accurately
included in the model, which explains the observed devia-
tion from the experimental data. Furthermore, the reservoir
recovery time T, is assumed as constant in the simulations,
for simplicity and to reduce the number of fit parameters.
The observed recovery speed at long time delays is therefore
underestimated in the simulations at elevated currents.

Compared to the gain recovery, the phase change of the
SK-QDs can be seen to recover on a much longer timescale.
This is due to the fact that the off-resonant ES and reservoir
states are mainly responsible for the change in the refractive
index. The ultrafast gain recovery of the GS is therefore always
accompanied by a long-lived phase variation that recovers on
the reservoir timescale. The strongly localized transitions of
the SK-QD system, however, lead to a comparatively small
phase change.

The comparison of simulation results with experimental
data shows that our chosen rate-equation approach is suitable
to describe the ultrafast gain recovery of QD SOAs. In the
following, we will show that this modeling approach can be
extended to the description of SML based amplifier devices.

B. Submonolayer quantum dots (SML-QDs)

The results presented in the previous section have shown
that an accurate quantitative simulation of SK-QD amplifier
devices is possible using the presented rate equation system.
In our modeling of the SML-QD based amplifier structure we
therefore pursue a similar theoretical approach. In contrast to
the SK-QDs, we now assume a diffusive relaxation coupling
between different dots, as sketched in Fig. 6. This is in line with
predictions suggesting an effective carrier diffusion between
neighboring SMLs [14]. Furthermore, this type of coupling
does not require an explicit assumption about the nature of
the relaxation, unlike in the case of SK-QDs, where each GS
only couples to its corresponding ES. We modify the carrier
reservoir to a three-dimensional one located at the GaAs band
edge (see Fig. 1, right column). This is motivated by the
current dependence of the changeover of the gain dynamics
at ~10 ps showing a quadratic dependence on the injection
current, as has been predicted by numerical simulations of
charge-carrier capture from a three-dimensional reservoir into
zero-dimensional states [41].

'inactive'

states 3D carrier reservoir
wn
(@]
o diffusion capture

NT‘ES
T T K T
Egarp Einast E, Energy

FIG. 6. Sketch of the density of states (DOS) assumed in the
SML-QD rate equation model, along with the included scattering
channels.
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We therefore assume a current-dependent capture rate,

2
Ry (J) = 60ns_1|:Ji:| . (10)

tr

The rate equations for the SMLs coupled to a three-
dimensional carrier reservoir are given by:

8 I re Cd .
a_Nes =J - NSMLZfSML s (/) (D
t Tres
Y ('O'siML)2 i
re stim
a_péML =- ;zll\l/iL(J) + RSI\I/IL(]) éML (12)
t TSML

with capture and relaxation rates

gﬁL(J) = ;?\I/)IL(J)[F(hwéMLJL’T) - IoéML] 13)

1 k 1 J k
geML(] )= Z f RgeML pSML)pSML
k#j
— R o (1 — ngL)e_(hwéML_hwéML)/(kBT)}'

(14)

The ultrafast carrier dynamics of the SML structure is
governed by the interaction of the localized and three-
dimensional subsystems. Obviously, the dimensionality of
the carrier confinement influences the dynamics on different
levels. In particular, a possibly different dimensionality for
electrons and holes, as observed by Harrison er al. [21],
can be largely ignored in the investigation of the ultrafast
carrier dynamics. The long-range Coulomb interaction forces
the delocalized carrier to follow its confined conjugate and
makes it available for optical recombination. Even for the
heteroconfinement of electrons and holes described above it
is therefore adequate to limit our numerical description to
an excitonic picture rather than treating electrons and holes
separately.

To correctly model the dynamics of the SML SOA, an
accurate representation of the DOS £/ has to be found, which
we determine from the EL spectra. Taking into account the
heteroconfinement various contributions would be imaginable.
Thus, we simulate the EL spectra using the proposed SML rate
equation model using parameters as given in Table II, but vary
the shape of the SML DOS (insets in Fig. 7).

In Fig. 7(a) for the calculation of the EL spectra a Gaussian
contribution as known from zero-dimensional structures has
been implemented, similar to the inhomogeneous broadening
assumed for SK-QDs. Whilst the peak emission is reproduced

TABLE II. Parameters as used in the simulations of the SML-QD
device.

Symbol Value Symbol Value

Tres 2 ns NSML 3.3 x 10" cm™2
TSML 0.2 ns AESME 30 meV
Equ(J =0) 1.313eV E,(J =0 1.38 eV

REM Eq.(10)  EI(J =0) 135 eV

RY 15 ps~! Aint 75 ns~!

T(J =0) 80 fs g 15.4 x 107 cm?ns™!
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FIG. 7. Electroluminescence spectra for different densities of
states (DOS) of the SML-QDs (shaded areas). Shown are the
simulated (dashed lines) and measured (solid lines) spectra for
different pump currents. (a) Inhomogeneously broadened OD-like
Gaussian DOS. (b) 2D-like constant DOS. (c) extended Gaussian
DOS.

closely the high and low energy sides differ significantly, being
over- and underestimated for low and high injection currents,
respectively. Additionally the dip at around 1.31 eV is not
reproduced either. Figure 7(b) shows the consideration of a
two-dimensional-like DOS as known from QW devices, repre-
sented by a constant DOS and ending up with a Boltzmann tail
on the low energy side of the spectrum. The peak emission as
well as the red tail of the spectra are captured very well by this
assumption. However, the blue side of the EL spectrum in this
case is overestimated dramatically and the dip on the blue side
qualitatively absent for low injection currents. Thus the failure
of a purely two-dimensional DOS is obvious. Additionally, in
photoluminescence excitation experiments performed using
a Ti:sapphire pump laser ranging from 880 nm to 970 nm

PHYSICAL REVIEW B 94, 014305 (2016)

excitation wavelength no luminescence at the SML GS has
been found for wavelengths shorter than 940 nm, thus proving
the absence of additional reservoir states in this wavelength
range.

To reproduce both the sharp decay on the red side and the
longer tail on the blue side, we test the distribution shown in
Fig. 7(c),an extended Gaussian-distributed DOS, which shows
the overall best fit to the EL spectra. This DOS is implemented
via

_ hok,, — E 8
A =N""exp [—4ln 2<SXI‘E—SMLSML> :| , (15)

inh

combining the localized character of zero-dimensional struc-
ture and the nearly constant DOS of two-dimensional systems.
A physical explanation of this DOS could be that the 2D-
delocalized electrons associated with a hole state contribute
the typical flat 2D energy distribution up to a certain threshold
value when the kinetic energy exceeds the Coulomb forces
forming the exciton. The high energy side of the spectrum
is slightly underestimated using this DOS, suggesting that
there exists a small number of optically active states at these
energies. Our numerical simulations, however, show that their
DOS can be at most 10% of the DOS around the emission peak,
otherwise the EL response would be greatly overestimated, as
seen in panel (b).

In Fig. 7 a strong increase of the EL peak intensity of nearly
25 dB upon an increase of the pump current from 10 mA to
50 mA can be observed. From the simulations at 10 mA we
extract amodal gain of —6 dB (below transparency) at 960 nm,
which increases to 20 dB at 40 mA. This is much higher than
what we observe for the SK-QD SOA device (13 dB modal
gain at 200 mA), owing to the high density of states in the
SML-QD medium.

We proceed by simulating the dynamic recovery of the
SML-QD device. Analogous to the previous case we perturb
the SML-QD gain medium by a strong pump pulse and
calculate the time-dependent recovery of the modal gain and
phase shift. The resulting curves are shown in Fig. 8(a)
together with the experimentally acquired data. The simulation
results reproduce the measurements closely. We attribute
the ultrafast sub-ps gain recovery to the diffusive relaxation
process between different SML states and choose the cor-
responding relaxation rate in accordance with the observed
timescale. In order to explain the initial gain recovery, an
efficient, ultrafast refilling of the active SML states must be
implemented. To this end, we include an additional inactive
portion fSMLinact — () 76 of “dark” SML states into the DOS
distribution as an effective energy level at an energy of E‘S‘}\j‘fﬁ
We define those states as “dark” which do not contribute to the
light-matter interaction, i.e., their transition matrix element
is negligible. This means that nearly three quarters of the
carriers do not contribute to the optical gain and stimulated
emission processes but act as an additional carrier reservoir
for the refilling of active SML states, coupled via the diffusive
relaxation process introduced in Eq. (12). Those dark states
are formed by either free carriers or excitons outside the
radiative cone. In the model equations, the inactive states
enter as an additional subgroup f inact " without the stimulated

emission contribution Rél&tim It is important to note that these
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FIG. 8. (a) Measured (open symbols) and simulated (lines) gain
recovery and (b) phase recovery curves of the SML-QD SOA
after perturbation by an optical pump pulse. Shown are the results
for different pump currents, with the transparency current being
approximately 13 mA. Cf. Fig. 5.

inactive states do not exhibit an optical transition near the
SML energies. This becomes evident from the EL spectra,
where such a high number of states would appear as a strong
EL signal. Nevertheless, these states are crucial for the ultrafast
gain recovery of the SML transition.

The recovery of the optical phase is shown in Fig. 8(b).
As before, the dynamic charge carrier timescales strongly
determine the shape of the recovery curves. On the sub-ps
timescale the phase change is built up due to the perturbation
of the reservoir states. Here we can see that even though the
inactive SML states do not influence the optical gain, they
induce a strong optical phase shift. Around 10 ps, the phase
partially recovers due to the capture of carriers from the bulk
reservoir into the SML states. Clearly visible is the quadratic
reduction of the capture time with current from around 20 ps
below transparency to a few ps at 50 mA. As explained above,
this is evidence for three-dimensional bulk states acting as a
carrier reservoir for the system.

C. Optically inactive SML states

The comparison between experimental and numerical
results shows that the fast part of the gain recovery is
excellently described by a capture of carriers from neighboring
localization centers with a rate of 15 ps~'. Although we find a
large optical gain in the evaluation of the EL spectra, most of
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FIG. 9. (a) Simulated SML gain and phase recovery without the
inclusion of inactive SML-QD states. The ultrafast gain recovery is
absent without the coupling to the carriers in the optically inactive
states. (b) Simulation without an energy spacing between the SML
ensemble and the effective “dark™ state level. The inaccurate current
dependence especially of the gain recovery shows the importance of
the energetic position of the inactive states. Cf. Fig. 8.

the localization centers have to be assumed as optically inactive
at the probe wavelength to account for the highly efficient gain
recovery below 1 ps. The effect on the gain dynamics of these
states is depicted in Fig. 9(a). Only having a fourfold excess of
“dark” SMLs quantitatively explains the initial gain recovery
but also entails a large differential phase change.

The results of photoluminescence and magneto-optical
experiments reported in the literature show a combination of
0D and 2D features in the SML emission; some of the authors
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suggest a coexistence of localized holes and delocalized
electrons in these structures [21,22]. Under these conditions,
not all carriers are correlated in excitons, which can then
resonantly interact with the applied light field. In our SML
structure, there seems to be a threshold energy, beyond which
the formation of excitons is impossible, reflected in a steeply
decaying DOS for the optically active states at high energy. The
numerical simulations of gain and phase recovery, on the other
hand, show that there is a reservoir of carriers, the so-called
“dark” states, beyond the exciton limit energy. This reservoir
is most probably formed by uncorrelated electrons and holes.

The exact shape of the assumed “dark™ states cannot be
deduced from our results due to the absence of an optical
signature. In our modeling, these states therefore enter only
as an effective level with a high density of states at an energy
E‘S‘}\‘;‘fﬁ Our results suggest that these states lie energetically
higher by about 40 meV than the observed EL peak. This
energy spacing between the active and inactive states is
important for the quantitative modeling of the gain recovery.
The energy of the inactive states relative to the quasi-Fermi
level determines the number of carriers available for the
ultrafast recovery and thus strongly influences its current
dependence. This effect is illustrated in Fig. 9(b), where the
energy spacing between active and inactive SML states was
set to zero. The agreement with the experimental data in this
case is significantly worse. We therefore conclude that the
initial gain recovery is dominated by a refilling of the SML
states by energetically higher states. Taking into account the
considerations by Harrison et al. [21], this might hint towards
the delocalized carriers acting as an additional charge-carrier
reservoir for the optically active states. At the present point the
exact nature of these states, however, cannot be deduced and
therefore needs to be addressed in future works.

IV. CONCLUSIONS

We have investigated the ultrafast gain and phase recovery
of an SML SOA in pump-probe experiments and numerical
simulations and compared the results to observations on an
SOA based on standard SK-QDs in a DWELL structure.
The numerical model we developed gives an insight into the
processes dominating the carrier dynamics in SML structures
and allows us to extract similarities and differences between
the shallow-confining localization centers in SMLs and the
strongly confining self-assembled QDs. We find a gain of
90 cm~! at J = 4J,;, which exceeds by far the gain of SK-QD
based active regions. The high density of localization centers
thus translates into a high density of available optical power.
The numerical modeling, however, shows that still most of the
localization centers in the SML sample are optically inactive.

SMLs display a fast and efficient gain recovery on the ps
timescale, being as fast as for the SK-QDs. In the case of
SMLs this efficient carrier reservoir is formed by the optically
inactive localization centers, rather than an additional 2D
reservoir as in DWELL structures. This is clearly shown by
the quadratic current dependence of the gain recovery rate.
While the bulk sates act as a slow carrier reservoir for the
SML carriers, the coupling of the localization centers with the
optically inactive states is the dominating recovery mechanism
at short times. Unlike for SK-QD DWELL structures, it is
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therefore not necessary to introduce an additional reservoir
layer. The presence of an intrinsic carrier reservoir in the SML
structures has the advantage of incorporating less sources of
defects during the growth process.

While the optically inactive states provide a fast and
strong gain recovery channel, their presence also entails a
large differential change in the refractive index. This leads
to a significant nonlinear index change of the SML device,
exhibiting a more than tenfold higher phase change compared
to the SK-QD medium. An active medium based on SMLs thus
offers very favorable properties for nonlinear optoelectronics
applications employing self or cross-phase modulation.
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APPENDIX A: DEVICE DETAILS

1. SML SOA

Five layers of SMLs are formed by sixfold depositions of
alternately 0.4 monolayers (MLs) InAs and 1.6 ML GaAs,
being separated by 40 ML GaAs spacers. Scanning electron
microscopy images of a similar structure show that this growth
mode generates In-rich agglomeration centers with an areal
density of about 10'2 ¢cm™2, a lateral size of 5 nm, and a
height of several monolayers, which is comparable to small
self-assembled grown QDs [42].

The active region is sandwiched in a p-side-up pin structure
to allow for current injection and processed into an edge-
emitting SOA structure. The 0.5 mm long waveguide is shallow
etched down to ~80 nm above the active region along a ridge
of 2 um width, and the as-cleaved facets are tilted eight degrees
against the normal to suppress feedback into the cavity. The
temperature of the sample is stabilized by water cooling.

2. SK-QD SOA

The active region contains 15 layers of self-assembled
QDs grown by molecular beam epitaxy with a nominal QD
density of N =5 x 10'° cm™2. The QDs are immersed in
an InGaAs QW in a DWELL structure. The QD layers are
separated by 33—35 nm thick GaAs barriers to prevent vertical
coupling. The active region is enclosed between p and n doped
bulk GaAs (pin structure). The lateral extension of the active
region is 2 um; the length of the waveguide is 1.5 mm.

APPENDIX B: HETERODYNE
PUMP-PROBE EXPERIMENT

Pump and probe laser pulses are generated by a Toptica
FemtoFiber Pro laser system, in which an amplified Er-doped
fiber oscillator running with a repetition rate of 75.4 MHz at
a wavelength of 1550 nm seeds two independently tunable
highly nonlinear fibers, which generate spectral supercontinua
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from which suitable portions are cut by amplitude masks in the
Fourier plane of pulse shapers. The resulting laser pulses are
compressed to < 250 fs full width at half maximum (FWHM)
duration, with the pulse powers typically about 300 uW for
the pump and 30 W for the probe pulse. Acousto-optical
modulators (AOMs) in the pump and probe paths are used
to rapidly adjust intensities. Fast switching of the pump
pulse intensity allows us to quasisimultaneously record data
at different pump pulse powers to control the influence of
nonlinear processes on the sample dynamics. Additionally, the
nondeflected part of the probe beam is used as a reference beam
in the balanced heterodyne detection scheme. The beating
pattern at 1.9 MHz generated by superimposing probe and
reference beams on a fast detector (New Focus 2117) is then
analyzed in amplitude and phase by a fast lock-in amplifier
(Perkin Elmer DSP7280).

APPENDIX C: CALCULATION
OF EL SPECTRA AND GAIN

We calculate the EL spectra under small-signal assump-
tions. Along the waveguide axis z the propagation of the EL
signal at the optical excitation frequency w is determined by
a constant spontaneous emission source term and the optical
gain:

d
&SEL(CU,Z) = Rer(@) + G(0)SeL(@,2),

which can be integrated along the device length ¢, giving the
EL intensity at the output facet,

(CDH

ed@t _q
G)

The spontaneous emission rate is determined from the contri-
butions of all active transitions:

Ser(@,0) = Rep(w) (C2)

2
Rer(@)oc Y N™ )" ff(ptL)ﬁ(w — o)), (C3)
m J m
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TABLE III. Phase change coefficients used in the simulation of
the carrier-induced phase shift.

SK-QDs SMLs
Symbol Value Symbol Value
8¢GS 0 8¢SML 0
S¢ES 6.3 x 1071 cm 8¢pSMLinact 2.2 x 107 cm
S 2.5x 107 cm Spres 5.6 x 107'%cm
where L is the line-shape function and N™ =

{2NQP 4NQ 2 NSMLY for GS, ES, and SML, respectively.
The modal gain G(w) is calculated analogously,

G(w) = vﬁ SN £ 2ph — 1)L(0 — ) — din
- f
' (C4)

with internal losses aj,; = 10 cm™'. The induced phase change
after propagation through the device is calculated from the
Kramers-Kronig relation,

2 /
Ad(w) = ;e f j(—i’idw’ +LY 84" N, (C5)

where the second term is a phenomenological contribution
describing index changes induced by effects other than the
modeled intraband transitions, such as free-carrier absorption.
The summation index m runs over the QD GS, ES, and
reservoir states in the case of SK-QDs, or over the SML,
inactive SML, and reservoir states in the case of the SML
device. The phase change coefficients are given in Table III,
which were fitted to reproduce the measured data.
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