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Dynamically dressed states of a quantum four-level system
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In this work, we experimentally and theoretically study the dressed-state emission of the biexciton-exciton
cascade in a semiconductor quantum dot under pulsed, resonant, two-photon excitation. Building on the well-
characterized steady-state dressed emission of the four-level system, we examine its dynamic counterpart under
pulsed, resonant excitation, addressing both experimental observations and theoretical modeling. Here we report
several sidebands emerging from the biexciton-to-exciton transition, whose number and spectral width depend on
the excitation pulse duration and the effective pulse area, while no sidebands emerge from the exciton-to-ground-
state transition. Since the biexciton state population follows a nonlinear pulse area function, sidebands with a
small spectral nonlinearity result. Detuning- and time-dependent measurements provide deeper insight into the
emission properties of the dressed states. They show that side peak emission only occurs in the presence of the
excitation pulse. Moreover, when the system is excited by a Gaussian-shaped laser pulse, side peak emission

takes place sequentially.

DOI: 10.1103/ygjn-w5Sm8

I. INTRODUCTION

Investigating the resonant interaction between few-level
quantum systems and light fields enables fundamental demon-
strations of quantum optics [1-4]. Moreover, it is essential for
the generation of nonclassical states of light for applications
in photonic quantum technologies [5]. The coherent coupling
of light and matter results in the formation of new eigenstates,
the dressed states [6]. For a two-level system resonantly driven
by a strong continuous-wave (cw) light field, the resulting
emission spectrum is the well-known Mollow triplet [2]. For
pulsed excitation, the resulting dynamically dressed states
have been predicted theoretically already in the 1980s [7—11]
and observed experimentally in the 2000s for ensembles in
microplasmas [12,13]. Just recently, Boos er al. [14] and
Liu et al. [15] provided the first experimental demonstration
of these dynamically dressed states using excitonic transi-
tions in semiconductor quantum dots (QDs) as a two-level
system. Semiconductor QDs are particularly well suited for
such experiments due to their strong oscillator strength and
nearly transform-limited linewidth [16,17]. Importantly, QDs
can not only be used as prototypical two-level systems but
also as four-level systems forming a two-path cascade, given
by the biexciton-exciton cascade of uncharged QDs [18]. For
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applications, this is promising for the deterministic generation
of entangled photon pairs [19-22]. To this end, the excited
state of the two-path cascade can be deterministically pre-
pared via an effective two-photon transition [23,24].

Here, we study the dynamic emission spectrum for the
pulsed two-photon excitation (TPE) of the biexciton state in
a semiconductor QD. We observe the emergence of multiple
side peaks from the biexciton-exciton transition, similar to
those in a two-level system [14,15,25,26], while no side peaks
are observed for the exciton-to-ground-state transition due
to the temporal mismatch of the two emission lines in the
cascaded decay. This unilateral multipeak emission spectrum
can be explained by extending the cw dressed-state picture of
the biexciton state to the dynamic emission spectrum under
pulsed TPE. We experimentally and theoretically character-
ize the multipeak emission spectrum as a function of pulse
duration, to develop a comprehensive understanding of the
complete picture of resonant TPE. Furthermore, we investi-
gate how the pulse duration affects TPE Rabi rotations and
establish a direct link between the appearance of the side
peaks and the excited state population of the biexciton. To
confirm that the side peak emission occurs during the presence
of the pulse, we study the behavior of the side peaks when the
system is subjected to a finite detuning from the two-photon
resonance and investigate the time-dependent evolution of the
side peaks, both experimentally and theoretically.

II. BIEXCITON SYSTEM DRESSING

We describe the studied InGaAs QD as a four-level system
as depicted in Fig. 1(a). The model consists of the ground state

Published by the American Physical Society
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FIG. 1. (a) Level scheme of the biexciton-exciton cascade.
Double-sided arrows indicate the laser field. Arrows pointing down-
ward indicate emission by radiative decay. We excite the system with
horizontally polarized laser light and collect only vertically polarized
photons in a cross-polarized RF setup. (b) Measured emission spec-
trum after resonant TPE of the biexciton. The biexciton (left peak)
and exciton (right peak) emissions are spectrally separated by the
biexciton binding energy Ey. (c) Energy diagram of the biexciton-
exciton cascade in the rotating frame of the excitation laser. At
t = 5ps, the system is excited by a strong cw laser, resulting in
the dressing and mixing of states. There are six allowed transitions,
indicated by the arrows, when the system is driven on one polar-
ization branch while detecting the other. Dark gray arrows indicate
transitions from |XX) — |Xy), light gray arrows indicate transitions
from |Xy) — |G). (d) Measured dressed emission spectrum of the
biexciton-exciton cascade under strong resonant cw TPE. Six optical
transitions (dark and light gray background areas) and the imper-
fectly suppressed excitation laser are observed. (e) Dressed energy
diagram of the biexciton-exciton cascade under pulsed excitation.
The dressing of the states occurs only during the presence of the
pulse, varies in time and follows the temporal shape of the excitation
pulse. Due to a time-dependent population of the excited states a
modulated emission probability exists. (f) Measured dressed emis-
sion spectrum of the biexciton-exciton cascade under strong resonant
pulsed TPE in a semilogarithmic scale. A one-sided multipeak struc-
ture red-detuned from the biexciton transition appears.

|G), the two exciton states |Xy) and |Xy), which are energet-
ically split by a small fine structure splitting (FSS) [27], and
the biexciton state |XX), which due to Coulomb interactions
is energetically detuned from twice the exciton energy by the
biexciton binding energy Ey. Transitions from the ground state
to the biexciton state can be driven by a two-photon resonant,
linearly polarized laser. For this process, the laser is tuned
to half the biexciton energy, represented by the dash-dotted

line. For InGaAs QDs this energy is usually detuned from the
single exciton transitions by up to a few millielectronvolts. On
this basis, the decay of the biexciton leads to the emission of
either a horizontally (H) or vertically (V) polarized photon,
leaving the system in either the exciton state |Xy) or |Xy),
respectively. The decay of these exciton states yields a second
photon of the same polarization. For a simpler theoretical
model and experimental study of the spectrum of emitted pho-
tons, we focus our attention on the case where the excitation
laser is horizontally polarized, while only the vertically polar-
ized emission is studied. A typical experimentally measured
emission spectrum of the quantum four-level system excited
by resonant TPE is shown in Fig. 1(b). To measure emission
spectra of the QD under resonant excitation, we employ a
cross-polarized resonance fluorescence setup. This allows us
to strongly suppress the laser tuned to the TPE resonance
while simultaneously collecting and spectrally resolving the
photon emission of the QD (see Supplemental Material [28]
for details on the experimental setup). The |XX) — |Xy) (left
peak) and |Xy) — |G) (right peak) emission lines, which are
energetically separated by Ey, are clearly visible, while the
excitation laser centered between the two peaks is strongly
suppressed.

The QD and its interaction with the light field can be
described using the Hamiltonian [29] in the frame rotating
with the laser frequency

) 1)
H= (A + §>|XH>(XH| + (A — §>|Xv)<xv|

h .
+ QA — Ey)XX)(XX| - 2Q +0f). (1)

where A = hwyx — hoy, with hwx denoting the exciton emis-
sion energy and hwy, denoting the laser energy, § is the FSS,
Q(t) describes the time-dependent interaction of the system
with the laser field, and where the laser polarization enters
using

0L = QgOH + ayoy . (2)

The parameters oy are the components of the laser with
horizontal or vertical polarization and the transition operators
read

onyv = |G) (Xuyv| + [Xupv)(XX]. 3

Diagonalizing the Hamiltonian in Eq. (1) yields four eigenen-
ergies corresponding to the dressed states (see Supplemental
Material [28] for a detailed theoretical description).

Exciting the system with a cw laser resonant on the two-
photon transition results in the dressing of the states [30-32].
In Fig. 1(c), which depicts the energy diagram of the four-level
system in the frame rotating with the laser frequency, this
shows as an energy shift of the states when the cw laser is
turned on at approximately t = 5 ps. Before excitation, the
states |G) and |XX) at E = O0meV are degenerate due to the
choice of the rotating frame, while the exciton states | Xy) and
|Xy) are energetically located at half the biexciton binding
energy. Moreover, the two exciton states are separated by a
comparably small FSS. With the light field present att > 5 ps,
the interaction of the states with the laser field causes not
only an energy shift but also a mixing of the states, given
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by the entries of the corresponding eigenvectors that form
the dressed states. Because the laser is horizontally polarized,
the vertically polarized subsystem (orange line) experiences
no mixing or energy shift. The mixing of the three other
states (red, light green, dark green) allows transitions from
the dressed states to |Xy) and vice versa, represented by the
dark and light gray arrows. The dark gray arrows indicate the
|IXX) — |Xy) dressed-state transitions, while the light gray
arrows indicate the |Xy) — |G) dressed-state transitions. An
upward-pointing arrow denotes a negative energy shift and
a downward-pointing arrow denotes a positive energy shift,
both with respect to the laser frequency. Figure 1(d) displays
the measured emission spectrum resulting from the dressing
of the states upon resonant cw driving of the two-photon
transition. It shows six emission peaks corresponding to the
six allowed transitions represented by the dark and light gray
arrows in Fig. 1(c). The dark gray background areas mark the
|XX) — |Xy) dressed-state transitions, while the light gray
background areas mark the |Xy) — |G) dressed-state tran-
sitions, respectively. The two peaks next to the laser energy
are barely visible in the experiment due to comparatively
lower intensities and only small spectral separation from the
imperfectly suppressed excitation laser centered between the
biexciton and exciton emission lines.

Under pulsed excitation, unlike for cw excitation, the
dressing occurs only during the presence of the pulse and
varies in time, following the temporal shape of the electric
field of the pulse. For a Gaussian-shaped laser pulse resonant
on the two-photon transition, this is illustrated in Fig. 1(e) in
the energy diagram of the biexciton-exciton cascade depicting
the dynamical dressing of the states. During the finite pulse,
which is about ten times shorter than the biexciton and exciton
emission lifetimes, especially the biexciton population already
starts to decay. In Fig. 1(e) this is illustrated by the dark
gray arrows which represent dressed-state transitions from
IXX) — |Xy). In a time-integrated emission spectrum, the
dressed-state decay leads to the appearance of side peaks
in the spectrum. This can be observed in Fig. 1(f), where
red-detuned from the biexciton emission energy (dark gray
background area), three peaks of intensity lower than the
biexciton emission line appear. The total number of side peaks
appearing in the spectrum depends on the number of Rabi
cycles during the pulse, i.e., the time-dependent population
of the excited state, and thus on the area of the pulse, with
a higher pulse area giving rise to more peaks in the spectrum
[7-9,25]. The underlying physics of the appearance of the side
peaks under pulsed excitation has been intensively studied for
the two-level system and can be described via two different
approaches. One approach uses perturbed free induction de-
cay [26], while the other uses an approximate phase-matching
model and interference of emission occurring at different
times during the interaction with the laser pulse [8,25]. The
second approach allows for an analytic approximation of the
temporal emergence of the side peaks and suggests their spec-
tral symmetry under resonant excitation. The captured physics
of the emergence of side peaks through pulsed excitation of a
two-level system is similar for a four-level system. However,
no analytic approximation exists and the problem has to be
modeled numerically. See the Supplemental Material [28] for
the numerical approximation of the phase-matching model

and how it translates to the dynamical dressing of the biex-
citon state. Upon revisiting Fig. 1(f), a striking observation
is that blue detuned from the exciton emission line, there is
no multipeak structure, i.e., the symmetry is broken. This can
be explained by the pulse duration which is short compared
to the biexciton lifetime. When the exciton state starts to be
significantly populated due to the cascaded emission process
the dressing of the states has already disappeared. There-
fore, the multipeak structure during the |Xy) — |G) decay
is strongly quenched and is not observed in Fig. 1(f) with
the experimentally available signal-to-noise ratio. In Fig. 1(e)
this phenomenon is illustrated by a single light gray arrow,
denoting the exciton-to-ground-state transition when the state
dressing is long gone. Note that the theory predicts addi-
tional side peaks blue-detuned from the driving laser energy,
represented by the dark gray, downward-pointing arrows in
Fig. 1(e). These side peaks are of such weak intensity that
they cannot be resolved in the experiment.

In this work, we perform theoretical simulations using the
Hamiltonian given in Eq. (1) and consider coupling to LA
phonons using a numerically exact PT-MPO method [33-35].
We retrieve the spectra from the first-order optical coherence,
GO(t, T) = (0 (t+ T)oy (1)), as detailed in Refs. [14,25].
Further details on these methods are given in the Supplemen-
tal Material [28].

III. DYNAMICAL DRESSING
OF THE BIEXCITON SYSTEM

Experimentally, Gaussian pulses with variable pulse dura-
tion and tunable wavelength are generated via a custom-built
4f pulse-shaping setup in the same polarization configuration
as described above. To efficiently suppress the horizontally
polarized laser, the QD is studied in a cross-polarized res-
onance fluorescence setup. Further details regarding sample
structure, measurement setup and optical characterization can
be found in the Supplemental Material [28].

To experimentally study the complete emission spectrum
under pulsed excitation, time-integrated spectra are collected
as shown in Fig. 2. The plots display the logarithmic emis-
sion intensity versus both the photon emission energy and
the square root of the excitation power for different pulse
durations, for both experiment (left) and theory (right). In
Fig. 2(a), short Gaussian pulses with an intensity full width at
half maximum (FWHM) of 14 ps drive Rabi rotations of the
|G) < |XX) transition via two-photon resonant excitation.
The biexciton and exciton emission lines emitting at energies
of 1352.0 and 1354.1 meV, respectively, are energetically sep-
arated by the binding energy of 2.1 meV. As the excitation
power increases, oscillating intensities of both emission lines
arise from the driven Rabi rotation. Between these emission
lines, the spectrally separated excitation laser is visible in
the experimental data as a broad vertical white bar due to
imperfect cross-polarized suppression and the used on-off
measurement technique (see Supplemental Material [28] for
details). This combination can result in an integrated count
rate outside the color scaling of the logarithmic emission
intensity.

In the logarithmic scaling, we observe prominently
multiple sidebands emerging from the biexciton transition
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FIG. 2. Logarithmically plotted intensity of measured and sim-
ulated power-dependent emission spectra. Rabi oscillations between
the |G) <> |XX) transition are driven by pulsed resonant TPE for
pulse durations of (a) 14 ps, (b) 10 ps, and (c) 6 ps. In addition to
the biexciton and exciton emission lines, multiple sidebands emerge
from the biexciton transition. In the experimental data gray arrows
pointing along the first three emerging sidebands serve as a guide
to the eye. As the excitation power increases, an increasing number
of side peaks appear which shift towards lower energies, resulting
in greater detuning from the biexciton emission line. The strongly
quenched side peak emission emerging from the exciton-to-ground-
state transition is only visible in the theoretical calculations with a
pulse duration of (a) 14 ps. With decreasing excitation pulse duration
the dressed part of the spectrum broadens, and the number of side
peaks decreases within a given power range.

energy. Centered at each maximum of occupation a new side
peak appears, and gradually shifts to lower energies as the
driving strength increases (gray arrows serve as a guide to the
eye for the energy shift of the first three side peaks, from left to
right). This discrete occurrence results in a very specific num-
ber of sidebands, which is determined by the driving strength
and pulse width—that is, by the effective pulse area, which is
here defined as the number of two-photon Rabi rotations of the
biexciton state population. Because the dressing of the states
occurs only during the presence of the pulse, and since the
excitation pulse with a pulse width of 14 ps is short compared
to the biexciton lifetime of 157 ps (see Supplemental Material
[28]), the emission of the exciton-to-ground-state transition
during the pulse duration is strongly suppressed by the tempo-
ral delay introduced by the cascaded nature of the four-level
system. This results in the absence of the multipeak structure
for the exciton emission line for the available signal-to-noise
in the experiment. However, there exists a finite probability
that both the biexciton and the exciton state quickly decay

while the pulse is still active. This can be seen in the theoret-
ical calculations where we observe faint sidebands evolving
from the exciton emission line for a pulse duration of 14 ps in
Fig. 2(a). Additionally, we observe a slight mismatch between
the experiment and the theory regarding the spectral position
of the side peaks which we attribute to the laser pulses in the
experiment not being perfectly Gaussian shaped.

In general, the intensity of the observed side peaks is
low compared to the main emission lines of the biexciton
and exciton decays. Moreover, high background luminescence
and the phonon sideband further reduce the visibility. The
phonon sideband, observed both experimentally and theoreti-
cally, appears as broad horizontal emission lines that follow
the intensity oscillation of the Rabi rotations. It originates
from lattice relaxation and the emission of a phonon, resulting
in the emission of a photon with energy lower than the exciton
or biexciton transition energy [36-39]. The background lumi-
nescence, which is only observed in the experiment, increases
with increasing excitation power, as seen by the transition
from dark blue to light blue in the background intensity. Its
origin remains uncertain, however, we assume it to be due
to background luminescence from impurities and charge traps
within the semiconductor host matrix. Additionally, the exper-
imental data exhibit vertical stripes, which we attribute either
to nonresonantly driven states of nearby QDs or to additional
charge states of the studied quantum dot that appear under
strong pulsed excitation.

The emergence and position of the side peaks depend
solely on the pulse area and the resulting dressing of the
states. To support this statement, we study emission spec-
tra for different pulse durations. Figures 2(b) and 2(c) show
the emission spectra for pulse durations of T = 10ps and
T = 6 ps, respectively. By comparing panels (a)—(c) of Fig. 2,
two main observations can be made. First, with decreasing
pulse duration, the individual side peaks shift to lower en-
ergies, i.e., the dressing increases for similar pulse areas.
To visualize this, the gray arrows point towards the power
corresponding to a pulse area of 177 for each pulse duration.
As the pulse length decreases from (a) to (c), the arrows move
to lower energies. Second, shorter pulses lead to fewer Rabi
oscillation cycles within a given power range and thus to
a reduced absolute number of emerging side peaks. This is
illustrated by the arrows, a higher average power is required to
achieve the same pulse area of 177 as the pulse duration de-
creases. To understand these dynamics, we take a closer look
at the two-photon Rabi rotations for different pulse durations
and their relation to the dressing strength.

IV. PULSE LENGTH ANALYSIS

In the experiment, we manipulate the biexciton state pop-
ulation by changing the effective pulse area. We do this by
increasing the average excitation laser power while leaving
the pulse duration constant. In Fig. 3(a) two Rabi rotations
of the |G) < |XX) transition are driven by resonant TPE
with both a © = 14 ps (red) and a t = 4 ps (dark teal) long
pulse, respectively. The integrated emission intensity of the
biexciton is plotted as a function of the square root of the
average excitation power. For low excitation powers, we ob-
serve that up to the first complete inversion of the biexciton

245305-4



DYNAMICALLY DRESSED STATES OF A QUANTUM ...

PHYSICAL REVIEW B 112, 245305 (2025)

(a)

|XX) — [Xv) e 14 ps

(o))
o
I

Intensity (kHz)

S

| T
WP P
it
ongoe’
o
§:{{;::»
?
Lo

S
o
I

O — | 1 | 1 | 1 | T
0 2 4 6 8
v/Power (a.u.)
(b)
T T T T [ k/l T T
. L -e= 14 ps 8 ps o“& .
Epob = 12ps = 6ps o .
3 L 10ps o= 4ps ./~ _
© )
$ 10 g2 el ~
N R eanii S Power |
0. . I . | . | . L LT
0 2 4 6 8
v/Power (a.u.)

FIG. 3. (a) Rabi rotations of the |G) <> |XX) transition driven by
resonant TPE with Gaussian pulses of duration of 14 ps (red) and 4 ps
(dark teal). The first 7 rotation requires the same average excitation
power regardless of the pulse length. With increasing excitation
power, the Rabi rotations begin to diverge. For both Rabi rotations,
a nonlinear behavior with the square root of the excitation power
is observed. (b) Pulse areas of Rabi rotations for six different pulse
durations ranging from 14 ps down to 4 ps are plotted as a function of
the square root power. All curves show the same average excitation
power for the first 7 rotation. With decreasing pulse duration, the
number of 7 rotations decreases for the same power range. For
the 4 ps pulse, the pulse area shows the most linear dependence on the
square root of the excitation power, approaching the square-root of
power reference line. For longer pulses, the nonlinear, pulse-length-
dependent nature of TPE becomes apparent as an upward slope
approaching the linear power reference line.

state the same excitation power is required for both pulse
durations. From this observation, we find that for low driving
the excitation power needed to achieve the same population
inversion of the biexciton state is independent of the pulse
length. Moreover, when we convert the theoretical model from
an effective pulse area describing the biexciton occupation in
the low power regime by Stufler et al. [23] into the power
domain (see Supplemental Material [28]), we observe that
the TPE Rabi oscillations depend linearly on the excitation
power. Relating this to the dressed-state picture, we find that
having the same average excitation power to achieve the first
inversion of the biexciton state with decreasing pulse lengths
results in an increased peak power for shorter pulses and thus
a higher field intensity. As the excitation power increases, the
two Rabi rotations begin to diverge. The Rabi rotations driven
by the 14 ps pulse start to oscillate faster with increasing
power and show rotations up to 2877. Meanwhile, in the same
power range the Rabi rotations driven by the 4 ps pulse show
rotations up to only 197. With increasing excitation power
and thus increasing area of the pulse the two-photon Rabi

rotations gradually convert to a square-root dependence on
power, as it is known from Rabi rotations of a resonantly
driven two-level system. This convergence from linear to
square-root power dependence is slow and depends on the
pulse duration t [23]. Thus, as the excitation pulse length
decreases, the low driving limit with linear power depen-
dence lasts shorter, resulting in a faster convergence to the
square root power dependence and thus fewer Rabi rotations.
This trend becomes even more apparent when looking at
Fig. 3(b). There we plot the effective pulse areas (), de-
noting the maxima and minima biexciton occupation, for a
total of six Rabi rotations with pulse durations ranging from
14ps down to 4ps as a function of the square root of the
average excitation power. While all curves shown have the
same average power required for the initial 7 rotation, as
the power increases, they start to diverge. With increasing
excitation pulse lengths we observe a gradually increasing
upward slope exhibiting a more linear power dependence.
For short pulses, however, the curves converge faster towards
a square-root power dependence, approaching linear behav-
ior in the graph. Consequently, with decreasing excitation
pulse length, the number of 7 rotations gradually decreases
within the same power range. To illustrate this nonlinear,
pulse-length-dependent nature of TPE even more clearly, we
extrapolate from the average measured 17w power both a linear
power dependence, ~Power, and a square-root power depen-
dence, ~+/Power, and plot them as dashed lines in Fig. 3(b).
All measured curves lie between the two extrapolated lines,
with longer pulse lengths exhibiting a tendency towards the
linear power dependence and shorter pulse lengths exhibiting
a tendency towards the square-root power dependence.

These observations explain both findings when comparing
panels (a)—(c) in Fig. 2. As the excitation pulse length de-
creases, the number of emerging side peaks also decreases,
because they are directly related to the number of Rabi cy-
cles that can be realized for a given power. Second, for the
same average power shorter pulses have a larger maximum
field intensity which causes a stronger instantaneous state
dressing. Because all Rabi rotations have their first population
inversion at the same average power, this results in a larger
detuning of the side peaks from the main emission line for
shorter pulse durations. This trend is further enhanced by the
nonlinear pulse-length dependent behavior of the two-photon
Rabi rotations, because shorter pulses require a larger average
power for any multiple 7 rotation, which can be clearly seen
in Fig. 3(b).

Given that the side peaks are determined by the excited
state population of the biexciton, the spectral movement of
the side peaks to larger detunings follows the curves shown in
Fig. 3(b), where a small degree of nonlinearity exists. This is
most clearly visible in Fig. 2(a), where the system is excited
with a long laser pulse of length 14 ps.

V. DETUNING DEPENDENCE

To further investigate the time-integrated dynamic emis-
sion spectrum, we study additional emission spectra with
finite detuning from the two-photon resonance under both
cw and pulsed excitation, as presented in Fig. 4. As before,
the experimental data are shown in the left panel and the
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FIG. 4. Measured and simulated emission spectra under detuned
cw and pulsed excitation. (a) A strong cw laser is tuned across
the TPE resonance over a range of +0.21 meV. Six emission lines
appear. The dressed part of the spectrum follows the detuning of the
excitation laser, while at resonance the shifting lines anticross with
the nonshifting lines. (b) A pulsed excitation laser with a pulse length
of 14 ps and a pulse area of 67 is tuned across the TPE resonance
by £0.51 meV. Under pulsed excitation, the biexciton and exciton
transition lines maintain their transition energies. For A < 0, the side
peaks follow the detuning of the excitation laser. For A > 0 the side
peaks asymptotically approach the biexciton emission line, with the
innermost side peak continuing to follow the laser detuning.

corresponding simulations are shown in the right panel.
Figure 4(a) depicts the dressing of the states under finite
detuning for cw excitation. For these measurements, the
excitation laser is scanned by 40.21 meV across the two-
photon resonance while maintaining a constant high power
of 500uW. As predicted by theory, in total six emission
lines are visible in both experiment and theory, while due to
imperfect laser suppression the residual laser light is visible
in the experimental data. The dressed part of the spectrum
follows the detuning of the excitation laser, causing a shift
in the emission energies. At resonance, the shifting lines of
the spectrum anticross with the nonshifting lines. Figure 4(b)
shows the spectrum for pulsed excitation, where the 14 ps
long excitation pulse is scanned by +0.51 meV across the
two-photon resonance, with a constant power corresponding
to a pulse area of 6z at zero detuning. In both experiment
and theory, the emission spectra show the biexciton and ex-
citon emission at their characteristic energies, with enhanced
intensities for laser detunings A > 0 due to resonant (A = 0)
and phonon-assisted (A > 0) excitation [40—-42]. Looking at
the emission of the side peaks, we find that for negative laser
detunings A < 0, their emission energy follows the detuning
and thus shifts to lower energies. In contrast, for positive laser
detunings A > 0, the side peaks asymptotically approach the
main biexciton emission line, except for the innermost side
peak, which continues to follow the laser detuning beyond

1350 1351 1352 1353
Energy (meV)

1354

1355

FIG. 5. (a) Time-resolved measurements of the side peaks S;
(red), S, (yellow), and S; (blue). The measured temporal width
of the side peaks is short compared to the biexciton and exciton
emission lifetimes and follows the temporal profile of a Gaussian
pulse with a small additional tail at the falling edge. The side peaks
appear sequentially in time at t; (red arrow), t, (yellow arrow), and
t3 (blue arrow). (b) Simulated time-integrated emission spectrum of
the biexciton excited via TPE by a 14 ps Gaussian pulse (gray) with a
pulse area of 107, plotted as a function of time. Five side peaks (blue
markers) start to detach from the biexciton emission line, while at t,,
ty, and t3 (red markers) the side peaks S;, S, and S;, respectively,
start to gain strength and lock in place.

the biexciton emission line to higher energies. Interestingly,
only the side peaks exhibit an energy shift following the laser
detuning, while the biexciton and exciton emission happens
at their characteristic energies. This finding strongly suggests
that the side peak emission occurs during the pulse when the
dressing is present, while most of the biexciton population
decays via the cascade when there is no driving field present
anymore.

VI. TEMPORAL BEHAVIOR

To better understand the temporal occurrence of the side
peaks, we performed time-dependent measurements. For this
purpose, we correlated the photodiode signal of the pulsed
laser with the emission of three individual side peaks. To
independently collect the specific emission energies, we used
a custom-built spectral 4f filter. The spectrally filtered side
peak emission is detected using a superconducting nanowire
single-photon detector, which together with the used time-to-
digital converter has an overall timing jitter of ~ 17 ps. The
results of these measurements are presented in Fig. 5(a). A
Gaussian-shaped laser pulse (gray) with a FWHM of 14 ps, a
pulse area of 107, and a maximum field intensity at t = 0 ps
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excites the biexciton-exciton cascade. Note that in Fig. 5(a)
the excitation laser pulse is amplified by 13 times its mea-
sured intensity. Upon excitation, the time-resolved emission
of three individual side peaks, S; (red), S, (yellow), and S;
(blue), is measured. The numbers 1, 2, and 3 refer to the
side peaks that subsequently appear in the spectrum with
increasing energy [Fig. 5(b)]. We observe that the tempo-
ral width of the side peaks is significantly shorter than the
biexciton (txx = 157 ps) and exciton (rx = 295 ps) emission
lifetimes (see Supplemental Material [28]). Their temporal
profiles resemble a Gaussian shape similar to the excitation
pulse, with a barely visible tail at longer timescales. We at-
tribute this tail to residual phonon-assisted emission at the
spectrally filtered energies. Based on these observations, the
emission decay times of the side peaks are expected to be on
the order of the excitation pulse length of T = 14 ps. Due to
the detector timing jitter of the order of the pulse duration, an
exact determination of their temporal widths is unfeasible and
only allows us to verify their short liveliness. Interestingly,
despite the limited timing resolution, we observe a temporal
ordering of the emissions, with S;, S,, and S3 occurring in a
sequential manner. This finding has already been observed for
the two-level system [15]. In Fig. 5(a) the arrows mark the
sequential times t; (red), t, (yellow), and t3 (blue) at which
the time-dependent emission of the side peaks reaches its peak
coincidence rate.

This observation can be explained by a theoretically calcu-
lated time-dependent spectrum, as defined in [43], and shown
in Fig. 5(b). The plot displays the logarithmic emission inten-
sity, which is integrated up to a point in time t and is plotted
against both the time t and the emission energy. Again, a
single Gaussian pulse (gray) with a maximum field intensity
at t = O ps, a pulse duration of 14 ps, and a pulse area of 10
excites the biexciton-exciton cascade. During the pulse, the
biexciton state is populated and starts to emit with its lifetime
of 157 ps, which we observe by the dominant biexciton emis-
sion line at an energy of 1352.0 meV. As the pulse evolves
over time, five side peaks, one after the other, begin to detach
from the main emission line, shift outwards to lower energies
and begin to interfere with each other. Until, at a certain time
t, (red markers), each peak successively locks into its final
spectral position. This behavior is consistent with the theory
of Refs. [8,25], which state that side peaks appear in a spec-
trum as a result of constructive interference from emission
occurring at different times during the interaction with the
pulse. Thus, to generate a side peak in the spectrum using
a temporally symmetric pulse, the pulse must have evolved
until the point in time t,, where both —t; (blue markers) and
t, (red markers) are included. This confirms our finding that
side peak emission occurs only during the presence of the
excitation pulse and that a temporal ordering of the emergence
of the side peaks in the spectrum exists. Note that the fifth
side peak emits at the onset of the biexciton emission line and
cannot be observed as a single peak.

Due to the finite picosecond resolution of our detectors,
time-resolved measurement of the interference fringes at the
rising edge of the pulse is not within the possibilities of our
current experimental setup. However, we provide a simulation
and discussion of these features in the Supplemental Material
[28].

VII. CONCLUSION

In this work, we have experimentally investigated the
spectral and temporal emission properties of the biexciton-
exciton cascade under resonant TPE driven by finite Gaussian
laser pulses. Our results are confirmed and extended by the-
oretical calculations. Under pulsed excitation, dressing of
the states occurs only during the presence of the excitation
pulse and varies with time. For TPE of the biexciton state
a unique unilateral side peak emission spectrum emerges,
where side peaks evolve from the biexciton transition. In
contrast, side peaks evolving from the exciton transition are
strongly quenched due to the temporal delay introduced by
the cascaded decay. This implies that side peak emission
occurs during the pulse duration, which is confirmed by detun-
ing and time-dependent photoluminescence measurements.
Moreover, we found that the number of side peaks, their
detuning and spectral movement depend on a combination of
both the electric field amplitude induced state dressing and the
effective pulse area. Our findings contribute to a fundamental
understanding of the complex time-dependent interaction of a
laser pulse with the four-level system of a biexciton cascade
in a quantum dot. Furthermore, they can be easily extended
to any quantum multilevel system under resonant excitation.
This enables future realizations of nonclassical light gener-
ation such as highly correlated photons from dynamically
dressed few-level systems [44] to explore leap-frog processes
[45,46] and complex correlated [47] or entangled states of
light.
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