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Room-temperature coherent revival in an ensemble of quantum dots
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We demonstrate the hallmark concept of periodic collapse and revival of coherence in a room-temperature
ensemble of quantum dots (QDs) in the form of a 1.5-mm-long optical amplifier. Femtosecond excitation pulses
induce coherent interactions with a number of discrete homogeneous QD subgroups within an inhomogeneously
broadened ensemble, which interfere constructively to induce coherent revival (CR). The amplitude decay of
CR is dictated by the QD homogeneous linewidth, thus enabling its extraction in a double-pulse Ramsey-type
experiment. The more common photon echo technique is also invoked and yields the same linewidth provided
that both experiments use the same bias. A dephasing time T2 longer than 5 ps is extracted. This is a record
long T2 for a room-temperature QD ensemble and testifies to the high quality of the InAs/InP QDs used in
the experiments. Measured electrical bias and temperature dependencies of the transverse relaxation times (T2

and T ∗
2 ) enable the determination of the two main decoherence mechanisms: carrier-carrier and carrier-phonon

scatterings.

DOI: 10.1103/PhysRevResearch.3.033073

I. INTRODUCTION

Collapse and revival of wave functions lasting well beyond
the classical Cummings decay [1] are hallmark quantum op-
tics phenomena. Originally predicted by Eberly et al. [2] for
interaction of a quantized coherent field with a single atom,
they were termed quantum coherent revival (QCR). QCR was
first demonstrated experimentally by Rempe et al. in 1987
in a one-atom maser [3] and then served as a measure of
field quantization in cavity quantum electrodynamics (QED)
starting in 1996 [4].

Collapse and revival of wave functions are essentially time
domain manifestations of a beating mechanism. In the original
QCR, summation over a large average number of photons
leads to a beating-like pattern, for instance, of the expectation
values of population inversion.

For a coherent interaction with classical fields, similar re-
vivals have been observed. These are termed coherent revivals
(CRs). A coherent field can actually be viewed as comprising
a number of quantized photon states and, according to [5],
approaching a classical field as the number of quanta in-
creases. A spectrally broad excitation may interact coherently
with several discrete energy states of the atomic medium and
these beat to form a CR. CR was demonstrated with classical
excitation fields in trapped atoms [6,7], vibration states of
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gases [8,9], excitons in GaAs quantum wells [10], optical
lattices [11], and heavy-Fermi-liquid compounds [12].

Thus far, revivals in solids have always required cryogenic
temperatures, with no exception. In fact, room temperature
is, to date, unequivocally believed to diminish the effect al-
together.

Here we report on the demonstration of CR in a room-
temperature ensemble of semiconductor quantum dots (QDs)
operating in the important wavelength range of 1550 nm.
The QD ensemble acts as an effective two-level system [13]
where the charge carrier band-to-band ground-state transition
makes up the two states of a quantum bit (qubit) which
are prepared, manipulated, and measured by coherent optical
excitation. The platform we used for the CR experiment is
a 1.5-mm-long InAs/InP QD optical amplifier operating at
room temperature and driven electrically to the gain regime
in the 1550-nm wavelength range. We employed the Ram-
sey configuration with two time-delayed 90-fs pulses. The
excitation pulse induces coherent interactions with a number
of discrete groups of QDs (modes) which are a subset of
the inhomogeneously distributed QDs. These modes consti-
tute an effective inhomogeneous linewidth that determines
an effective inhomogeneous transverse relaxation time T ∗

2 .
This set of modes plays the role of the quantized photon
numbers as in Ref. [2] and of elements in a discrete classical
spectrum [14], namely, the modes interfere constructively to
induce CR. CR can also be viewed in the time domain. The
different modes have slightly different transition frequencies
and hence accumulate different phases as they precess. At
specific times, their phases align and then a revival event takes
place.

The decay of the consecutive revival amplitudes is gov-
erned by the homogeneous transverse relaxation time T2

whose extracted value was confirmed by a three-pulse
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FIG. 1. General description of the experiment showing schemat-
ically the π/2 area Ramsey pulses and the π area rephasing pulse at
the input to the QD amplifier. The figure includes an atomic force
microscope image of a single layer of self-assembled QDs and a
high-resolution transmission electron microscope cross section of the
six-QD-layer structure.

photon echo experiment similar to the conventional spin echo
experiment [15,16]. Finally, we present the measured de-
pendencies of the extracted T2 and T ∗

2 values on the carrier
density [17] and the temperature [18], from which we deter-
mine the decoherence mechanisms.

Our findings pave the way to practical elements for
quantum information processing, communication, and sim-
ulations where coherent states are controlled using compact
semiconductor nanostructures operating at room temperature.
Moreover, operation at 1550 nm is compatible with, and opens
the way for, direct integration with compact silicon photonics
circuits as well as fiber-optic networks.

The advantages of semiconductor nanostructures for quan-
tum devices have long been recognized. Quantum devices and
systems based on QDs [19–22], some used in conjunction
with photonic crystal waveguides and cavities [23–25], have
been studied extensively, as have special nanowires [26–29],
which are also thought to be improved by combining them
with QDs [30]. Unlike our room-temperature CR demon-
stration, all these quantum elements operate exclusively at
cryogenic temperatures.

II. EXPERIMENTAL CONDITIONS

The general experimental configuration we employed is
depicted schematically in Fig. 1 and detailed in Appendix A.
Ninety-femtosecond pulses were split into two or three for
the Ramsey and the photon echo experiments, respectively.
The Ramsey pair and the photon echo-rephasing pulses were
cross-polarized to TE and TM, respectively. The average
power of the second Ramsey pulse was measured using a
photoreceiver and a lock-in amplifier at the QD waveguide
output. To ensure complete pulse separation at the input, the
minimum nominal temporal delay between copolarized pulses
was 600 fs.

The active region of the gain medium we used comprised
six layers of high-density, 6 × 1010 cm−2 InAs QDs grown by
molecular beam epitaxy in the Stranski-Krastanow mode. The
amplifier was fabricated as a 2-μm-wide, 1.5-mm-long ridge
waveguide whose end facets were antireflection coated. Fig-
ure 1 includes an atomic force microscope image of a single

QD layer as well as a high-resolution transmission electron
microscope cross section of the six-layer structure. The QDs
exhibit record uniformity characterized by their photolumi-
nescence linewidth at 10 K, which was 17 and 26 meV for a
single QD layer and for the six-layer stack, respectively [31].
The emission power of the measured electroluminescence
spectra increases with applied bias but the spectral shape
remains unchanged [32]. This ensures that for all bias levels,
the excitation pulse interacts with the same QDs and the pulse
area changes linearly with bias.

During the delay between the Ramsey pair of pulses, the
QD state vectors, in a Bloch sphere representation, evolve in
a periodic manner (in the rotating frame approximation) at
the classical frequency of the atom transition on which an ex-
ponential decay, representing damping, is superimposed. The
second Ramsey pulse directly probes these damped Ramsey
interference fringes and consequently yields the inhomoge-
neous transverse relaxation time T ∗

2 . The three-pulse photon
echo technique employs an additional excitation pulse (called
the rephasing pulse) which is launched in the middle of the
Ramsey pair. The rephasing pulse reverses the phases accu-
mulated across the inhomogeneously broadened ensemble so
that the system coherence is determined solely by the homo-
geneous linewidth [33].

The Ramsey method requires that the excitation pulses
have areas of π/2. In distributed systems, when a propa-
gating pulse experiences gain or absorption, the amplitude
and phase profiles change continuously. Therefore, only an
effective pulse area can be defined. This is the case in the QD
amplifier [34] as well as in other systems, for example, a dense
atomic medium. The π/2 effective area of the TE polarized
Ramsey pulses was set by optimizing their input energy to
obtain the largest possible Ramsey interference contrast at a
given bias. This ensures that the effective pulse area is as
close as possible to π/2. In the present experiment, the first
and second input pulse energies that yield the closest area to
π/2, when the amplifier is driven at 7.15 kA/cm2, are 7.5 pJ
and 5.6 pJ, respectively. The intensity of the π area rephasing
pulse should be

√
2 larger than that of the π/2 Ramsey pulses.

However, due to the polarization-dependent dipole moment
[determined from gain (G) measurements], the intensity is
larger. It was set to be

√
2 · GT E/GT M larger than that of the

first Ramsey pulse.

III. EXPERIMENTAL AND THEORETICAL RESULTS

The measured intensity of the second Ramsey pulse at
the amplifier output for a current density of 7.15 kA/cm2 is
presented in the upper part of Fig. 2 for a time span ranging
from 600 fs to 15 ps. The initial Ramsey contrast decay,
which is governed by T ∗

2 = 1.22 ps, resembles the Cummings
collapse. At later times, four periodic cycles of coherence,
representing CRs that originate from the interference of a
few excited discrete modes, each with a slightly different
transition frequency, are clearly observed. The insets show
imprints of Ramsey interference fringes with a periodicity of
≈5.1 fs, corresponding to one optical cycle at the QD gain
peak, 1535 nm. In between the revivals, the response is just
noise.
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FIG. 2. Top: Measured normalized Ramsey contrast at a current density of 7.15 kA/cm2 revealing CR. Insets: Ramsey fringes with a
periodicity of ≈5.1 fs corresponding to the QD transition energy at 1535 nm and noise in between the revivals, shown for clarity. The initial
decay is dictated by the effective inhomogeneous transverse relaxation time, T ∗

2 , while the CR decays according to the homogeneous transverse
relaxation time, T2. Bottom: Normalized analytical solution of five excited uncoupled modes each with a dephasing time of T2 = 4.64 ps,
spectrally located close to 1535 nm. Inset: Calculated Ramsey fringes, shown for clarity.

The spectral placement of the pulses relative to the QD gain
peak as well as the pulse amplitude and spectral irregularities
determine the set of modes to be excited in a coherent manner
that can be sensed in a two-pulse Ramsey-type experiment.
The particular modes participating in the interaction, for the
experimental conditions leading to Fig. 2, were determined
using a comprehensive model of a propagating pulse in a QD
amplifier [35]. The model, which is detailed in Appendix B,
solves the Maxwell and Schrödinger equations in the presence
of all nonlinear and nonresonant interactions [34,36]. The use
of this model avoids the need to solve the Jaynes-Cummings
model since the coherent part of the interaction is calculated
by the Schrödinger equation while the pulse propagation nat-
urally uses the Maxwell equation.

The simulation enables us to map the population inver-
sion (ρ11-ρ22) and the coherences (ρ12) anywhere along the
amplifier and at all wavelengths, with ρi j being elements
of the density matrix. Figure 3 describes normalized popu-
lation inversion and coherences of the QD ensemble when
two Ramsey pulses, separated from each other by 1 ps, have
propagated a few hundred micrometers along the amplifier.
The oscillatory nature shows clearly five dominant modes.
The spectral signature of the five modes changes somewhat as

the pulses propagate along the amplifier but the general shape
is maintained.

The measured revival pattern can be reconstructed with
those five interacting modes as shown in the lower part

FIG. 3. Simulated Ramsey-type experiment. The spectral depen-
dence of the normalized QD population inversion (upper trace) and
coherences (lower trace) upon Ramsey pulse pair propagation with a
1-ps mutual delay for a few hundred micrometers along the amplifier.
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FIG. 4. Measured normalized Ramsey contrast at current densities of 7.15 kA/cm2 (left column) and 6.32 kA/cm2 (right column) revealing
the CR pattern variations with an increase in the excitation Ramsey pulses intensities.

of Fig. 2. An analytical time-resolved response is used,
exp(−t/T2) · ∑

k ak sin(2πt/tk ), where the five interacting
modes are considered to be uncoupled with weighted
amplitudes ak = {1/3, 1/2, 1, 1/2, 1/3} and oscillation pe-
riods tk = (5.109 + k · 0.004) fs. Each mode is broad-
ened to 1.79 meV, leading to a dephasing time T2 =
4.64 ps. The analytical calculation fits the experimental result
very well.

To further investigate the details of our CR observation, we
measured the revival patterns for different excitation powers
and for an additional bias. Figure 4 depicts the CR pat-
terns for Ramsey excitation pulse powers ranging from 0.3
to 4 mW when the amplifier is biased at two levels, 7.15 and
6.32 kA/cm2. For the higher bias, the trace in Fig. 4(a) is a
replica of the pattern in Fig. 2. A pulse power increase from
0.3 to 1 mW [trace in Fig. 4(b)] inverts the revival amplitude
sequence to become large-small-large-small. A further in-
crease in the pulse intensities to 2 mW [trace in Fig. 4(c)] leads
to a pattern with only two revivals (first and third). For 3-mW
pulses [trace in Fig. 4(d)], only the first revival is clearly seen;
the third revival almost disappears and the second and fourth
are totally absent. The experiment was repeated at a lower
bias level: 6.32 kA/cm2. Figures 4(e)–4(g) show the revival
patterns for three input powers. At 1 mW [trace in Fig. 4(e)],
only three revivals are seen. At 2 mW [trace in Fig. 4(f)], there
are also three revivals, with the third being larger than that in
Fig. 4(e). At the low bias, the difference between the revivals
in this input power regime is small. However, at 4 mW [trace
in Fig. 4(g)] a clear fourth revival appears. The last revival
(near 14 ps) is reduced in amplitude but a new revival appears
at roughly 5 ps.

In all Ramsey experiments, the interference frequency is
determined by the transition frequency of the atom [37].
In the present case, the QD ensemble acts as a group of
effective two-level systems which have ground-state transition
frequencies that differ in a very minor manner. Therefore, they
appear in the measurement as an average frequency near that
of the gain peak. An exemplary Fourier transform of the CR
response shown in Fig. 4(b) is presented in Fig. 5. The Fourier

FIG. 5. Fourier transform of the measured Ramsey contrast at
a current density of 7.15 kA/cm2 revealing the QD mode spectral
extent that induces the observed CR pattern.
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FIG. 6. Contrast of Ramsey interference fringes measured at a
current density of 4.7 kA/cm2 in two-pulse (blue trace) and three-
pulse (red trace) experiments. The coherence decays according to
T ∗

2 = 1.27 ps extracted from the blue trace. The three-pulse photon
echo experiment yields T2 = 5.22 ps. The yellow line of the contrast
equal to 1 is shown as a guide for the eye.

transform spectral width contains the five QD modes used to
reproduce the CR pattern depicted at the bottom of Fig. 2.

The initial exponential decay in Fig. 2 provides the ef-
fective inhomogeneous transverse relaxation time T ∗

2 . The
individual modes are, by definition, homogeneous and their
coherence is characterized by the dephasing time T2. The in-
teraction between modes induces the CR and therefore the CR
decay is governed by T2. To confirm the latter, we performed
a three-pulse photon echo measurement. Figure 6 compares
the Ramsey contrast, measured with the standard Ramsey
technique (blue trace), with that measured in the induced
photon echo configuration (red trace) for a current density of
4.7 kA/cm2. Clearly, the photon echo technique prolongs the
QD coherence substantially. Using the two experiments we
fit the measured Ramsey contrasts according to exp(−2t/T ∗

2 )
and exp(−4t/T2) [38] and extract the two time constants,
T ∗

2 = 1.27 ps and T2 = 5.22 ps, respectively. For a larger bias,
the dephasing time shortens and at 7.15 kA/cm2, which is the
bias used in Fig. 2, it decreases to 4.64 ps, matching the T2

value extracted from the CR decay. The extracted T2 values
are significantly higher than those published previously for
QDs in the GaAs material system [18,39]. The measured long
dephasing times testify to the high quality of the high-density
InAs/InP QDs, which are extremely uniform [31]. Indeed,
such QDs act as an atomlike gain material [40] which enables
lasers with record performance in terms of modal gain, tem-
perature independence [41], and linewidth [42].

The experimental traces in Fig. 6 are not symmetric relative
to the time axis. This asymmetry stems from nonlinear absorp-
tion of the first Ramsey pulse. Charge carriers absorbed during
the incoherent nonlinear interaction relax to the QD ground
states on a picosecond time scale and provide additional
gain Ref. [32]. This problem was overcome by averaging the
upper and lower exponential decays of the fringe envelopes.

FIG. 7. T2 (red trace) and T ∗
2 (blue trace) dependencies on

the current density and temperature representing carrier-carrier and
carrier-phonon scatterings. The current density dependencies follow
a power law ∝n−β yielding the homogeneous broadened βhomo =
0.38 and inhomogeneous broadened βinhomo = 0.48. The temperature
dependencies are fitted with an exponential function ∝ exp(−T/T0 )
yielding T homo

0 = 284 K and T inhomo
0 = 62 K.

As the Ramsey coherent interference has a time scale of a
few femtoseconds, the contrast is unaffected by the incoherent
nonlinear propagation.

Operation at room temperature affects the system decoher-
ence significantly and therefore it is crucial to understand,
in detail, the mechanisms causing decoherence. There are
two main mechanisms of decoherence [43]: carrier-carrier
scattering, originating from Coulomb interaction between QD
confined charge carriers and the surrounding area; and carrier-
phonon scattering, involving acoustic and longitudinal optical
phonons. These two mechanisms were examined by mea-
suring T ∗

2 and T2 in double- and triple-pulse experiments
for various applied carrier densities (n) and temperatures
(T). Figure 7 summarizes the extracted characteristic times
with a predicted scaling of ∝n−β and ∝ exp(−T/T0) for
the bias and temperature dependencies, respectively. T ∗

2 was
found to be less dependent on the carrier density compared
with T2. The extracted fitting coefficients are βhomo = 0.38
and βinhomo = 0.48. For carrier-carrier scattering, these coef-
ficients are known for GaAs in the bulk (βbulk

homo = 0.3) [44]
and in GaAs quantum wells (βwell

homo = 0.5) [45]. A theory [17]
predicts β

QD
homo = 0.56 in shallow QDs and β

QD
homo = 0.63 in

deep QDs. An exact comparison with the obtained value for
the QDs is difficult due to the different dimensionality and
material compositions as well as the fact that in the QD
structure, some of the carrier-carrier scatterings take place in
the quantum well-like high-energy barrier. Nevertheless, the
obtained value of βhomo is in the right range and sheds light on
the origin of the scattering events. The value of βinhomo cannot
be compared to that in a quantum well or in the bulk since
those are homogeneous systems.

Figure 7 describes also an almost-constant T2 in the rela-
tively narrow, measured temperature range, while T ∗

2 appears
to be strongly dependent on the temperature; the extracted
fitting coefficients are T homo

0 = 284 K and T inhomo
0 = 62 K,

respectively. Since at room temperature the separation be-
tween the first excited energy state (p shell) and the ground
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FIG. 8. Simulated Ramsey-type experiment, similar to Fig. 3, for the chirped excitation pulses. The spectral dependence of the normalized
QD population inversion (upper trace) and coherences (lower trace) for a Ramsey pulse pair that is initially chirped with (a) a positive and (b) a
negative quadratic spectral phase (QSP), 0.25 and −0.25 ps2, respectively.

state (s shell) in the InAs QDs is ≈60 meV [32], which
equals roughly the energy of two longitudinal optical phonons
(≈30 meV [46]), relaxation by carrier-phonon interaction is
probable as observed in the case of GaAs QDs with multiple
longitudinal optical phonon resonances whose homogeneous
broadening was shown to be temperature dependent above
200 K [18].

IV. DISCUSSION AND CONCLUSION

We have demonstrated the important phenomenon of CR
in a room-temperature semiconductor QD-based optical am-
plifier driven by an electrical bias to the gain regime in
the wavelength range of 1550 nm. CR manifests itself as
periodic recurrences of the coherence which originate from
constructive interference between excited homogeneous QD
subgroups. The coherent interference of the QD modes per-
sists up to the characteristic homogeneous time T2, thus
enabling its extraction without the need to invoke the photon
echo technique.

In the present experiment, the properties of the excitation
pulse spectrum determine the number of interacting modes
to be five, and this leads to the particular revival sequence
shown in Fig. 2. The present configuration prolongs the co-
herence to 5.22 ps. Longer dephasing times are possible, in
principle, if multiple π pulses are placed between the two π/2
pulses [47].

Semiconductor QDs are the most attractive solid-state plat-
form for quantum information processing, communication,
and simulation. QD amplifiers, similar to those employed

here, have actually been shown to maintain their properties
at temperatures as high as 100 ◦C when used in telecom appli-
cations [48]. We envision therefore a host of compact future
quantum devices which do not require cryogenic cooling.
For example, shaping the excitation pulses using a spatial
light modulator will allow careful control over the modes
that participate in the coherent interaction, thereby deter-
mining specific CR patterns which can serve as quantum
codes. In principle, each mode (consisting of a macroscopic
quantity of QDs) can be controlled separately by shaped ex-
citation pulses transforming the QD ensemble into several
independent qubits within a single device which are addressed
simultaneously. This is confirmed by the simulation results
shown in Fig. 8. The initially chirped excitation pulses in-
duce coherent interactions with QDs of different energies,
namely, the positive (or negative) quadratic spectral phase
pulses excite QDs spectrally placed on the low-energy (or
high-energy) side of the gain peak, respectively. Furthermore,
in a single-pulse experiment with chirped excitation pulses,
which are spectrally detuned relative to the QD gain peak,
Rabi oscillations could be enhanced or diminished, as re-
ported in Ref. [49]. Similarly, the excitation pulses with a
positive QSP, located on the high-energy side of the QD gain
peak [Fig. 9(a)], interact coherently with a larger number of
QDs from the gain peak vicinity and, thus, cause an enhanced
CR interaction. CR imprints are almost concealed for the
negative QSP pulses, which are located on the high-energy
side of the QD gain peak [Fig. 9(b)], due to a low QD number
occupying the high-energy side of the spectrum. The opposite
occurs for pulses placed on the low-energy side of the QD
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FIG. 9. Spectral dependence of the normalized QD population inversion in the simulated Ramsey-type experiment for chirped excitation
pulses. The pulses are spectrally located on the high-energy (a), (b) and low-energy (c), (d) side of the QD gain peak. The Ramsey pulse pair
is initially chirped with positive (a), (c) and negative (b), (d) quadratic spectral phases (QSPs) with values of 0.25 and −0.25 ps2, respectively.

gain peak [Figs. 9(c) and 9(d)]. A more complicated spectral
shaping of excitation pulses will enable a flexible and versatile
control over the excited QD modes.

The room-temperature coherent imprints in the QD en-
semble, in the form of CR, occur on a time scale of 15 ps.
This will enable the use of standard fast optical detectors with
bandwidths of tens of gigahertz, used routinely in telecom
technologies. Finally, operation at 1550 nm is ideal for direct
integration with silicon photonic circuits and fiber-optic sys-
tems. Obviously, the prospect of operating quantum devices
at elevated temperatures advances their practical perspective
significantly.
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APPENDIX A

The detailed experimental configuration is depicted
schematically in Fig. 10(a). A TOptica FemtoFiber Pro laser
generated nearly transform limited 90-fs pulses at a repetition
rate of 40 MHz. Figure 10(b) shows the reconstructed ampli-
tude and instantaneous frequency profiles of the pulses that
were characterized by the frequency-resolved optical gating

(a)

(b)

FIG. 10. (a) Detailed schematic of the experimental system.
(b) Amplitude and instantaneous frequency profiles of the 90-fs
pulses obtained by a FROG measurement.
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(FROG) technique [50]. The pulses were split, respectively,
into two or three for the Ramsey and the photon echo exper-
iments using Mach-Zehnder-type interferometers. The delays
between pulses were controlled with a subfemtosecond reso-
lution, achieved using accurate DC motorized linear stages,
Newport VP-25XA and PI M-126. The Ramsey pair and
the rephasing pulses were cross-polarized to TE and TM,
respectively. The second Ramsey pulse was chopped, and its
average power was measured using a Ge-based photoreceiver
and a Stanford SR830 lock-in amplifier at the QD waveguide
output. The “time delay” in Figs. 2, 4, and 6 refers to nominal
temporal Ramsey pulse pair separations, which were no less
than 600 fs, to ensure complete pulse separation.

APPENDIX B

The theoretical investigation of ultrashort pulse propaga-
tion in a QD amplifier operating at room temperature is
based on a semiclassical description of the light-matter in-
teraction [51], solved in the dipole moment approximation.
We employ a numerical finite-difference time-domain model,
developed in Refs. [32,34,35], that solves Schrödinger equa-
tions for the occupation probabilities of a cascade of two-level
quantum systems having different transition energies that rep-
resent the inhomogeneously broadened ensemble of QDs.
Simultaneously, it solves Maxwell’s equation for the elec-
tromagnetic field of the propagating pulse, where the vector
polarization includes contributions from the interaction with
the QDs, from two-photon absorption (TPA) and its accom-
panying Kerr-like effect, and from group velocity dispersion
and the refractive index dependence on the carrier population,
known as the plasma effect.

The time evolutions of the QD occupation probabilities
in the upper (ρ i

11) and lower (ρ i
22) states, together with the

coherences [ρ i
12 = (ρ i

21)∗], are calculated by the following
coupled equations:

∂ρ i
11

∂t
= − γcρ

i
11 + Ni

ex

2NDtotalτex→11

(
1 − ρ i

11

)

+ Nres

2NDtotalτdcap

(
1 − ρ i

11

) − ρ i
11

τ i
desc

(
1 − Nres

Dres

)

− ρ i
11

τ i
desc

(
1 − Nres

Dres

)
− j

�μ · �E
h̄

(
ρ i

12 − ρ i
21

)
;

∂ρ i
22

∂t
= − γvρ

i
22 − Pres

τ h
cap

ρ i
22

2NDtotal

+
(
1 − ρ i

22

)
τ h

esc

(
1 − Pres

Dres

)
+ j

�μ · �E
h̄

(
ρ i

12 − ρ i
21

)
;

∂ρ i
12

∂t
= − ( jω + γh)ρ i

12 − j
�μ · �E

h̄

(
ρ i

11 − ρ i
22

)
.

Nres and Pres are, respectively, the electron and hole densities
in the corresponding reservoirs and excited states. Ni

ex is the
excited-state carrier density in the ith QD group, with the
corresponding recombination time τex. The terms μ and E
in the Schrödinger equations are the dipole moment of QDs
and the electric field, respectively. γc and γv are the relaxation
rates of the upper and the lower levels and γh determines the

homogeneous linewidth. τcap, τesc, τdcap , and τdesc represent the
time constants for capture and escape events for cascaded
(cap, esc) and direct (dcap, desc) transitions, respectively, be-
tween the ground QD state, the associated excited state, and
the electron reservoir.

The Maxwell curl equations are solved simultaneously for
a TE polarized propagating electromagnetic wave,

∂Ex

∂z
= −∂By

∂t
, −∂Hy

∂z
= ∂Dx

∂t
,

where Ex and Hy are the electric field and magnetic field
components, respectively. The electric displacement Dx and
magnetic field By read as

Dx = ε0Ex + Px, By = μ0Hy;

ε0 and μ0 are the vacuum permittivity and permeability. In-
teraction with the material perturbs the polarization Px, which
includes several components,

Px = Pdisp + PQD + Pplasma + PTPA + PKerr;

they are, respectively, dispersion, radiation of the two-level
systems, the plasma effect, two-photon absorption, and its
accompanying Kerr-like effect.

The linear dispersion contribution to the polarization
term [52] is simulated using the Lorentz model neglecting the
contribution from damping,

Pdisp(ω) = ε0
fsω

2
resEx

ω2
res − ω2

,

where fs is the oscillator strength and ωres is the resonant
frequency of the Lorentz oscillator. Those parameters can
be obtained by solving the coupled equations for the chosen
values of the dielectric permittivity and the group velocity
dispersion.

The induced polarization by the QDs [35] is

PQD = 2μx ·
∑

ensemble

Ni
D

(
ρ i

12 + ρ∗i
21

)

,

where 
 is a confinement factor.
The TPA contribution to the polarization can be expressed

as PTPA = ε0χTPAEx, where the χTPA as a function of the TPA
coefficient βTPA, defined by Beer’s law (the optical intensity
change due to TPA upon propagation dI

dt = −βTPAI2),

χTPA = c2ε0n2
0βTPA

2iω
|Ex|2,

where c is the vacuum speed of light and n0 is the nominal
refractive index.

The real part of the refractive index is modified due to
the Kerr effect, whose contribution to the polarization can be
expressed using the linewidth enhancement factor, α: PKerr =
jαε0χTPAEx.

The contribution of the plasma effect to the polarization
is Pplasma = ε0
εE , where we account for the population of
carriers in all energy levels.

The simulated pulses were Gaussian shaped with a dura-
tion of 90 fs and a pulse energy of 9 pJ. The QD amplifier was
electrically driven to 13 kA/cm2. The QD’s homogeneous
linewidth and dipole moment were 1.75 meV and 0.5 nm,
respectively. The model details and the complete set of pa-
rameters can be found in Refs. [32,35,53].
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