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ABSTRACT

Type-II heterostructures as active layers for semiconductor laser devices combine the advantages of a spectrally broad, temperature stable,
and efficient gain with the potential for electrical injection pumping. Their intrinsic charge carrier relaxation dynamics limit the maximum
achievable repetition rates beyond any constraints of cavity design or heat dissipation. Of particular interest are the initial build up of gain
after high-energy injection and the gain recovery dynamics following depletion through a stimulated emission process. The latter simulates
the operation condition of a pulsed laser or semiconductor optical amplifier. An optical pump pulse injects hot charge carriers that eventually
build up broad spectral gain in a model (Ga,In)As/GaAs/Ga(As,Sb) heterostructure. The surplus energies of the optical pump mimic the elec-
tron energies typical for electrical injection. Subsequently, a second laser pulse tuned to the broad spectral gain region depletes the population
inversion through stimulated emission. The spectrally resolved nonlinear transmission dynamics reveal gain recovery times as fast as 5 ps.
These data define the intrinsic limit for the highest laser repetition rate possible with this material system in the range of 100GHz. The exper-
imental results are analyzed using a microscopic many-body theory identifying the origins of the broad gain spectrum.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0128777

Semiconductor lasers are presumably the most versatile, com-
pact, and energy efficient laser light source of the present age. Their
advantageous properties have opened up virtually endless applications,
fulfilling the prophecy of the famous quote, “a Solution Seeking a
Problem”.1 In particular, pulsed-lasers are gaining more impact across
all disciplines, especially for extremely fast repetition rates. Exemplary
applications include processing in materials sciences and mechanical
engineering,2,3 surgeries in life sciences,4,5 high-speed telecom applica-
tions,6–8 and transient spectroscopy in physical sciences,9,10 all of
which will benefit from ultrafast, high-repetition-rate semiconductor
lasers. Consequently, there is a tremendous research effort to develop
lasers with ultra-high repetition rates. In many cases, however, these
advances are not limited by the gain dynamics of the laser medium

itself, but by mode-locking mechanisms, cavity designs, or heat dissi-
pation.7,11 Due to its great importance, gain recovery dynamics of laser
media have been studied theoretically and experimentally on quantum
cascade lasers12 and quantum dot-based laser materials.13–19 As a
result, the gain recovery dynamics of some quantum dot-based struc-
tures would allow laser repetition rates beyond 200GHz.20,21 Much
fewer experimental studies exist for quantum well (QW) structures,
the gain recovery dynamics of which are generally considered to be
slower than those found in quantum dot structures.22–24 Nevertheless,
QW-based semiconductor lasers dominate in many practical applica-
tions, achieving similar maximum repetition rates and shorter pulse
lengths in operation than quantum dot-based devices.25–28 The highest
fundamental laser repetition rates of QW-based lasers are in the range
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of 50–100GHz,11,29 while those of quantum dot-based lasers are in the
same order of 40 to 80GHz.30–32

Since subpicosecond pulses are equally necessary for ultra-high
laser repetition rates in the hundred GHz range, QW-based gain media
could be promising despite their slower gain recovery. Compared to reg-
ular quantum well structures, semiconductor lasers based on type-II het-
erostructures show promising properties like a more flexible band
structure engineering or wavelength versatility and often exhibit very
broad gain spectra.33–35 Nonetheless, in these emerging type-II QW het-
erostructures, the gain recovery dynamics are still entirely unexplored.36

In this Letter, we present the ultrafast, spectrally resolved gain
dynamics typical for pulsed semiconductor lasers or semiconductor
optical amplifiers before and shortly after stimulated emission pro-
cesses. Experimentally, the performance during operation is mimicked
by studying the subpicosecond charge carrier dynamics in an
(In,Ga)As/Ga(As,Sb) heterostructure with type-II band alignment as
gain medium rather than performing true in-operando experiments
on processed devices. We simulate the optical response after an optical
pump pulse with a microscopic theory and discuss the importance of
the adjacent resonances in a type-II QW. The excellent agreement sup-
ports the validity of the intrinsic material limits, i.e., the gain recovery
after depletion through stimulated emission. These studies provide the
theoretical maximum rate at which further laser pulses can trigger
stimulated emission in this active medium and contribute to devising
guidance for optimized structure design to improve repetition rates.

The heterostructures are grown by metal-organic vapor-phase epi-
taxy; details of the growth are given in Ref. 37. High-resolution x-ray dif-
fraction as well as atomic force microscopy confirm the thicknesses of
7.7 and 7.5 nm for the Ga0.942In0.058As and the GaAs0.93Sb0.07 layers,
respectively. These are separated by a GaAs interlayer of 1nm. The 50
repetitions are separated by GaAs/GaAsP/GaAs barriers, which also
provide strain compensation. A schematic of the heterostructure is
shown in Ref. 38 [Fig. 1(a)].

A 100kHz repetition rate regenerative ytterbium-doped potassium
gadolinium tungstate (Yb:KGW) amplifier system provides 200 fs pulses
centered around 1030nm with a pulse energy of 20lJ. About 75% of
the amplifier emission drive an optical parametric amplifier (OPA); the
rest generates a white-light supercontinuum in a 4mm thick sapphire
crystal. The main output of the OPA provides tunable central wave-
length pulses, which are compressed to about 70 fs using a prism

compressor. These are tuned to spectrally overlap with the material gain
in the sample mounted in a helium-cooled cold-finger cryostat that
cools the sample to a fixed temperature of 6K. A residual output of the
OPA delivers pulse energies up to 5lJ at 515nm to optically excite the
sample with a preceeding laser pulse. Here, this first excitation pulse is
used to drive the sample into optical inversion. We use the additional
second optical pulse from the OPA to impinge on the sample with a
defined time delay and harvest the previously generated optical gain
expanding the scope of conventional optical pump-optical probe experi-
ments. All beams are focused onto the sample; the two excitation beams
have spot sizes of 250lm, while the white-light supercontinuum is
focused to 140lm. We use a wedged beam splitter in the white-light
beam path to split the light into two beams. One part is focused onto
the sample to probe the sample’s excitation-induced absorption changes
and the other part is used as a reference pulse.

The white-light supercontinuum passing through the sample and
the reference pulse are simultaneously and independently analyzed
using an imaging spectrometer with a 500 lines/mm grating and a Si-
CCD camera utilizing separate regions of interest on the chip [see Fig.
1(a)]. The spectra of both pulses are compared and a transfer function
(Tf ) converts the spectrum of the reference pulse (Tref ) into the spec-
trum of the pulse transmitted through the unexcited sample. The ref-
erence path, thus, provides the spectrum of the unexcited sample at
any time and is independent of fluctuations in the spectrum of the
white-light, as the transfer function is determined by the optical path-
way through the setup and consequently does not change in time.
By adding the optical excitation, we thus simultaneously obtain the
transmission through the excited sample (TP) and the transmission
through the unexcited sample (T0). Taking into account the photolu-
minescence (TPl) and the scattered-light background (TBg) for both
white-light beam paths at the beginning of the measurement yields the
differential absorption at each time step according to

DaL ¼ �ln ðTP � TPlÞ=ðTf � ðT ref � TBgÞÞ
� �

:

The measurements of the transmission through the excited and the
unexcited sample (via the reference path) are simultaneous and, thus,
not distorted by white-light fluctuations, and each time step is mea-
sured in real time just by reading out the spectrometer. These advan-
tages provide an extremely accurate, fast, and low-noise method to
determine the differential absorption.

FIG. 1. (a) Schematic of the experimental optical pump—optical probe setup. The green and orange pulses have a time delay of 160 ps and are used to excite the sample,
while the white-light pulses (shown as a red line) generated in the sapphire crystal probe the carrier dynamics induced by the excitation. (b) Linear absorption spectrum (black),
spectrum of the second pump pulse with a central energy of 1.442 eV (orange-shaded area), and the transient absorption data for different time delays after the initial pump
pulse. (c) Absorption spectra of the sample immediately before and after the second pump pulse impinges on the sample.
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Adding the differential absorption to the linear absorption then
yields the absorption of the excited sample, where a negative absorp-
tion corresponds to optical amplification, i.e., optical gain.

Figure 1(b) shows the linear absorption of the unexcited sample
(black line). The spectrum exhibits three distinct peaks, one at
1.465 eV corresponding to the exciton peak in the (Ga,In)As layer, one
at 1.440 eV representing the Ga(As,Sb) layer exciton, and one at
1.402 eV. The latter is identified as the absorption peak of the charge
transfer exciton (CTX).

The times given refer to the temporal separation between the
white-light pulse and the second excitation pulse that impinges on the
sample at t¼ 0 ps. Excitation of the first pulse at t¼�160 ps with
2.4 eV and a photon density of 8:9 � 1014=cm2 creates hot charge car-
riers with significant excess energy, which corresponds to typical exci-
tation conditions in electrically pumped GaAs-based semiconductor
lasers, i.e., for injection from (Al,Ga)As barriers. After excitation, the
charge carriers relax toward the bandgap on a fast, subpicosecond
timescale and thermalize into hot quasi-equilibrium distributions.
After that the distributions cool via phonon emission leading to rising
occupations at the bandgap. This leads to a continuously increasing
bleaching of the absorption, eventually resulting in population inver-
sion observable as negative absorption and, hence, optical gain at
t¼�136.5 ps. A broad optical gain is finally present at t¼�10 ps,
extending from roughly 1.40 to 1.48 eV. Thus, the gain extends from
the CTX resonance to slightly above the exciton resonance associated
with the (Ga,In)As layer. This describes very well the conditions pre-
vailing when the second pulse impinges on the sample with a photon
density of 8:4 � 1014=cm2 at t¼ 0 ps. The second pump pulse that is
used to stimulate emission is shown as an orange line with orange
shading at a central energy of 1.442 eV in Fig. 1(b). The spectrum
ranges approximately from 1.41 to 1.47 eV and is, therefore, spectrally
overlapping with the material gain created by the first pulse.
Accordingly, the second pulse is able to cause stimulated emission and
reduce the population inversion.

This behavior is clearly visible in Fig. 1(c), which shows an
enlarged section of the absorption spectra for times close to the arrival
of the second pulse. The optical gain disappears almost entirely right

after the second pulse hits the sample, as can be seen for t¼ 0.8 ps.
The gain subsequently recovers on a picosecond timescale. After about
15 ps, the gain in the spectral range from 1.40 to 1.44 eV is approxi-
mately the same as the gain immediately before the arrival of the sec-
ond pulse. The gain also recovers in the higher energy spectral range
from 1.44 to 1.47 eV; however, it does not reach the values prior to the
arrival of the second pulse. This is attributed to the refilling of the
vacated states at lower energies, i.e., between 1.40 and 1.44 eV, which
are populated by the relaxation of carriers occupying the transition
energy range from 1.44 to 1.47 eV.

We use a fully microscopic many-body theory to analyze the
experimental observations. The model solves the semiconductor Bloch
equations, i.e., the equations of motion for the microscopic optical
polarizations and carrier distributions to calculate the absorption and
gain spectra.39,40 Here, coherent Coulomb effects like exciton resonan-
ces, Coulomb enhancement of the continuum absorption, and
density-dependent bandgap renormalizations are fully taken into
account. Also, electron–electron and electron–phonon collisions are
included explicitly in second Born–Markov approximation leading to
quantum-Boltzmann type scattering equations. The single-particle
properties are obtained by evaluating an 8� 8 k � p model for the
designed heterostructure to determine the band structure and the elec-
tron and hole wavefunctions.41 Strain effects between the different
layers of the semiconductor heterostructure are treated as described
in Ref. 42. Deformations of the confinement potentials due to local
electron–hole charge imbalances are included by solving the corre-
sponding Poisson–Schr€odinger problem. The inhomogeneous line
broadening observed in the sample absorption is taken into account
through a Gaussian broadening with a width of 4meV.

This microscopic approach has shown excellent agreement with
experimental findings for a wide variety of materials covering the mid-
IR to the UV wavelength regimes.43 In particular, it has been shown to
be very successful in the design and analysis of type-II QW systems as
investigated here.33,44–46

Figure 2(a) shows the theoretical absorption spectrum for various
carrier densities. Similar to the experimental absorption in Fig. 1(b),
the low density absorption shows three excitonic resonances at 1.46,

FIG. 2. (a) Theoretical absorption of the sample after optical excitation by the first pump pulse. The absorption is shown for various excitation-induced carrier densities ranging
from neh ¼ 0:1 � 1012=cm2 to neh ¼ 3:1 � 1012=cm2. (b) Experimentally measured absorption for comparable excitation densities.
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1.44, and 1.407 eV. The theory allows us to identify these as excitons
where electrons and holes are both localized in the (Ga,In)As layer,
both in the Ga(As,Sb) layer and where the electron is in the (Ga,In)As
layer and the hole is in the Ga(As,Sb) layer, respectively. The latter rep-
resents the CTX. For high charge carrier densities of
neh ¼ 2:4 � 1012=cm2, which we obtain from a photon density of
8:9 � 1014=cm2, we observe a broad gain spectrum as in the experiment
in Fig. 2(b). The energetically broad gain spectrum allows for a
reduced temperature sensitivity for laser and amplifier applications. In
type-I QWs, the optical gain is usually dominated by the transitions
between the lowest electron and hole subband since electrons and
holes are localized in the same layer and the transitions have the stron-
gest wavefunction overlap. Here, the wavefunction overlap between
states in the lowest electron and hole subband is limited since the car-
riers are not localized in the same layer. While fewer carriers occupy
the second electron and hole subbands, the overlap of these states with
the energetically lowest states localized in the same layer is larger. This
allows the higher subband transitions to contribute to the gain spec-
trum to a similar extent as the lowest subband transition leading to a
spectrally wider gain—although with a somewhat lower amplitude for
a given density.

The spectrally integrated transient absorption reveals detailed
insights into the dynamics of the gain recovery. The transient data
integrated across the energy range from 1.425 to 1.466 eV are shown
in Fig. 3(a) for several photon densities of the first pump pulse. An
incident photon density of 1:0 � 1014=cm2 is insufficient to generate
any optical gain. In this case, however, the second pulse is partially
absorbed and leads to a decrease of the absorption in the sample. A
photon density of 2:1 � 1014=cm2 causes—on average over the inte-
grated spectral range—a transparency in the sample as seen by the
spectrally integrated absorption of zero. Higher photon densities of the
first pulse generate gain in the sample. Notably, the spectrally inte-
grated absorption is constant at values around �0.1 on a picosecond
timescale before the second pump pulse hits the sample for initial
pulse excitation photon densities above 3:0 � 1014=cm2. The second
pulse then completely dumps the spectrally integrated gain to zero, i.e.,

transparency is reached within the time resolution of our experiment.
Unfortunately, the data recorded during the temporal overlap of the
second pump pulse and the white-light pulse are obscured by two-
photon absorption processes; therefore, we grayed out this time
domain. The gain transiently recovers within 15 ps after the second
pulse has passed the sample. The increase of the absorption at 16 ps is
caused by the double pass of the second pulse reflected from the back
side of the sample.

An exponential fit to the transients quantifies the recovery time
constant of the gain to about 5 ps. This corresponds to the minimum
time separation between two successive light pulses that can be ampli-
fied in this material system. Interestingly, this is very comparable to
the gain recovery dynamics observed in type-I quantum well struc-
tures.23,24,47 Speculations that the gain recovery is slowed down in
type-II heterostructures can therefore not be confirmed experimen-
tally.36 Assuming that it takes about two time constants to recover a
significant portion of the gain, this gives a maximum possible repeti-
tion rate of about 100GHz. Note that our experiments are performed
at liquid helium temperatures. We expect similar behavior for elevated
temperatures of the crystal lattice since the relaxation dynamics at ele-
vated excitation densities are mainly governed by Coulomb interaction
rather than by phonon scattering. The calculated exponential times for
several photon densities of the first pump pulse as well as the change
of the absorption (step height) immediately before and after the sec-
ond pulse are given in Fig. 3(b). The gain recovers slightly faster with
increasing carrier densities injected by the first pulse, cf., Fig. 3(b).
This can be explained by the larger reservoir of occupied states at ener-
gies above the gain region, which allows for a faster refilling. At the
same time, as the excitation density of the first pulse increases, the step
height, i.e., the change in absorption due to the second pulse imping-
ing on the sample increases. Here, stronger excitations by the first
pulse lead to more gain that can be depleted by the second pulse. For
lower excitation densities, there is no or hardly any gain, and accord-
ingly, the step height approaches zero. Overall, the gain recovery
dynamics are quite robust for different excitation conditions. In addi-
tion, we have also performed measurements for different time delays

FIG. 3. (a) Spectrally integrated transients for different photon densities of the first pump pulse close to t¼ 0 ps, where the second pulse with a fixed photon density of
8:4 � 1014=cm2 impinges on the sample. The second pulse depletes the gain, if present, and the subsequent gain recovery time can be extracted by an exponential fit to the
transients. The temporal overlap between second pump pulse and white-light probe is grayed out due to two-photon absorption artifacts. (b) Time constants of the exponential
fits together with the step height, i.e., the initial change of the absorption due to the second pulse.
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between the first and the second pump pulse, ranging from 90 to
230 ps. This hardly affects the gain recovery dynamics. This corrobo-
rates the suggested similarities of the gain recovery dynamics for cw
excitation or electrical injection.

In Fig. 4(a), we show the absorption spectra at 1.5 ps, i.e., shortly
after the second pump pulse stimulates the sample with different cen-
tral energies. Shaded in gray is the absorption spectrum at the same
time delay when only the first pulse hits the sample. When the spec-
trum of the second pulse matches the spectral region of the material
gain, the optical gain at hand is almost completely depleted. However,
some gain remains when the second pulse is slightly detuned from the
gain spectrum, i.e., to 1.425 eV. Larger detunings to 1.494 eV lead to
far less gain depletion as the spectral overlap between the material gain
and the second pulse is severely reduced. If the second pulse is detuned
to 1.531 eV, i.e., into the absorptive region above the gain, the gain
increases quasi-instantaneously [blue line in Figs. 4(a) and 4(b)]. This
can be explained by the ultrafast thermalization of the additionally
injected charge carriers close to the band edge. Since these charge car-
riers only have a small excess energy compared to the carriers gener-
ated by the first pulse, they do not need to cooldown for extended
periods of time and, thus, immediately lead to an increase of the occu-
pations close to the band edge.

In conclusion, the detailed gain dynamics in model type-II sys-
tems yield ultrafast gain recovery times within a few picoseconds after
a stimulated emission process. These data demonstrate the physical
limit to the maximum repetition rate for laser systems based on
(Ga,In)As/GaAs/Ga(As,Sb) type-II heterostructures. In practice,
pulsed semiconductor laser sources based on type-II multi-quantum
well structures with extreme repetition rates around 100GHz are
feasible.
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