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ABSTRACT
We present a driving scheme for solid-state quantum emitters, referred to as Notch-filtered Adiabatic Rapid Passage (NARP), that utilizes
frequency-swept pulses containing a spectral hole resonant with the optical transition in the emitter. NARP enables high-fidelity state inver-
sion and exhibits robustness to variations in the laser pulse parameters, benefits that are derived from the insensitivity of the condition
for adiabatic evolution. NARP also offers the advantage of immunity to phonon-mediated excitation-induced dephasing when positively
chirped control pulses are used. Our resonant driving approach could be combined with spectral filtering of the scattered pump light and
photonic devices for enhanced collection efficiency to realize simultaneous high indistinguishability and brightness in single photon source
applications.

© 2022 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/10.1063/5.0090048

I. INTRODUCTION

Deterministic sources of single photons are required for a
number of emerging areas in quantum information science and
technology, including photonic quantum computing and
simulation,1,2 quantum repeaters and networks,3–5 and quantum-
enhanced sensing and metrology.6–9 For such applications, the ideal
quantum emitter would be capable of producing a single photon
on-demand with successive photons being indistinguishable in all
its degrees of freedom. For solid-state quantum emitters based on
semiconductor quantum dots (QDs), considerable improvements
in emission properties have been achieved in recent years,10–41

yet the simultaneous achievement of high photon brightness and
indistinguishability remains a challenge. For the highest degree
of indistinguishability, resonant pumping of the quantum emitter
is ideal since non-resonant excitation can lead to timing jitter
due to incoherent relaxation pathways and spectral wandering
associated with unwanted excess charges in the vicinity of the
emitter.11,12,15,16,27,40–42 Resonant pumping, however, necessitates an

efficient approach to separating the scattered excitation light from
the emitted photon stream.

The resonance fluorescence from the emitter may be separated
from the excitation laser using crossed-polarized excitation and
detection,11–17 but this approach limits the maximum brightness to
50% even if all other sources of loss are minimized.13,35,37,40,43–48 The
near-resonant excitation assisted by phonons28–30 enables spectral
isolation of the emission from the pump laser but relies on inco-
herent relaxation processes that reduce coherence. In two-photon
excitation schemes, the pump light and fluorescence are also nonde-
generate due to the nonzero biexciton binding energy;31–39 however,
the time correlation between the biexciton and exciton emission
and the lack of a single polarization tied to the biexciton cascade
limit the indistinguishability with this approach.49–51 Polarization-
sensitive optical microcavities18,19 and waveguide modes20–27 have
also been utilized in recent years to address the need to separate the
excitation light and emitted photoluminescence (PL). The efficiency
of excitation and detection is limited in such schemes by the strength
of coupling into the associated optical modes.
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A few creative approaches to solving the trade-off between
brightness and indistinguishability have emerged in recent
years.52–54 These approaches rely on the insight that, in the nonlin-
ear driving regime, coherent driving of a two-level system is possible
in the absence of light resonant with the optical transition provided
that the cancellation of the time-integrated Rabi frequency that nor-
mally occurs with off-resonant driving is incomplete. One method
uses a bichromatic laser pulse with spectral components on either
side of the optical transition but with a node on-resonance.52,53 In
such a case, the time-integrated pulse area is nonzero, provided
that the symmetry is broken between the red and blue driving
conditions, which is naturally caused by phonon-mediated exci-
tation processes and can be enhanced by making the two spectral
components have unequal strengths.53 This approach enables
background-free single photon extraction using a simple bandpass
filter resonant with the optical transition, but the maximum
inversion is limited to 60%. Another pumping scheme referred to as
swing-up54 was recently proposed in which the positive and negative
cycles of the Rabi frequency are rendered inequivalent by using two
spectral components tuned below the optical transition that beat
together. Excitation of the emitter is possible in this case because
the cancellation effects present under non-resonant pumping are
incomplete such that the system reaches inversion after many Rabi
cycles. For both of these pumping schemes, the final inversion of
the emitter is sensitive to the pulse parameters, making practical
implementation difficult.

Here, we show that inversion of a quantum emitter may be
achieved using a frequency-swept pulse subjected to a notch fil-
ter resonant with the optical transition in the emitter, enabling
the simultaneous requirements of coherent driving of the emit-
ter and the spectral isolation of the emitted photons from the
excitation pulse. This NARP scheme exploits adiabatic trans-
fer of the system through an anticrossing in the dressed states
of the optically driven emitter, making it intrinsically robust to
fluctuations in the laser pulses and to variations in the optical
properties of the quantum emitters often present in solid-state
systems. Furthermore, the use of positively chirped pulses sup-
presses phonon-mediated excitation-induced dephasing55–61 that
has been shown to limit the final inversion for many of the above-
mentioned excitation schemes.53,54 We demonstrate our pumping
scheme experimentally in a single semiconductor QD, but our
approach would be applicable to a wide range of solid-state quantum
emitter systems.62

II. THE NARP SCHEME
The optical excitation scheme presented here is a modified

version of adiabatic rapid passage (ARP), which utilizes a frequency-
swept pulse to realize quantum state inversion.63–65 In ARP, the
laser pulse is linearly chirped, with an electric field given by
E(t) = 1

2 Ep(t) exp[−i(ωlt + αt2)], where Ep(t) is the pulse enve-
lope, ωl is the center frequency of the laser pulse, and α is the
temporal chirp. The instantaneous detuning of the laser frequency
from the transition frequency of the quantum emitter (ω0) is
time-dependent, given by Δ(t) = Δ0 − 2αt with a static detuning of
Δ0 = ω0 − ωl, which may be nonzero in the general case, such that
the frequency of the pulse is swept from below resonance to above
resonance or vice versa depending on the sign of the chirp α. The

dressed states of the system in the presence of the light field (∣Ψ±⟩)
correspond to superpositions of the bare ground and excited states
of the emitter (∣0⟩ and ∣1⟩, respectively) with coefficients that evolve
in time during the pulse from purely ∣0⟩ to ∣1⟩ or vice versa. The
energy splitting between the dressed states is

√
Ω(t)2 + Δ(t)2, where

Ω(t) = μEp(t)
h̵ is the Rabi frequency, and μ is the dipole moment of

the optical transition. In the limit that ∣Δ dΩ
dt −Ω dΔ

dt ∣≪ [Ω
2 + Δ2] 3

2 65

is satisfied, the control process is adiabatic and the system remains
in one of the dressed states while the state itself reverses character,
leading to inversion. The initial state of the system, together with
the sign of the pulse chirp, dictates whether the system traverses the
anticrossing in ∣Ψ+⟩ or ∣Ψ−⟩.

ARP is an intrinsically robust control process because the con-
dition for adiabatic state transfer may be satisfied under a wide
range of conditions. The dipole moment and transition frequency
of the emitter can vary in ensembles of emitters in solid-state
systems due to differences in the environment around each emit-
ter.62 In addition, the laser system used to drive the emitter can
fluctuate in both intensity (leading to changes in the pulse area
θ = ∫ ∞−∞

μEp(t)
h̵ dt) and the laser central frequency ωl causing changes

in Δ0. For ARP, the adiabatic condition may be satisfied in the
presence of such variations such that high-fidelity inversion is
maintained.63–66 Furthermore, the choice of the positive chirp in
the laser pulses used to drive the emitter leads to inversion via
the lower-energy dressed state, which suppresses phonon-induced
dephasing processes at low temperatures in contrast to other driv-
ing schemes.56 Robust inversion has been demonstrated using ARP
in solid-state emitters based on excitons in semiconductor QDs
in recent years,56,66–72 including the driving of a triggered single
photon source.10

In the NARP scheme, the frequency-swept pulse used to drive
the quantum emitter is modified by implementing a mask function
in the frequency domain that leads to a node in resonance with
the optical transition in the emitter. Such a mask function could be
realized by applying a standard dual-mask liquid-crystal array spa-
tial light modulator (SLM) at the focal plane of a 4f pulse shaper
configuration,73,74 as in Fig. 1(a). In this case, the total mask imposed
by the shaping system is given by

M(ω) = A(ω)eiΦ(ω), (1)

where the amplitude mask A(ω) introduces the spectral hole and
the phase mask is given by Φ(ω) = ϕ′′

2 (ω − ω0)2. The spectral chirp
ϕ′′ is related to the temporal chirp α by α = 2ϕ′′/[τ4

0/(2 ln(2))2

+ (2ϕ′′)2]. In the theoretical simulations presented here, the ampli-
tude mask was taken as A(ω) = 1 − e− ln(2)(ω−ω0)2/δ2

with 2δ being
the full-width-at-half-maximum (FWHM) of the spectral hole. This
choice for A(ω) provides an exact spectral node on resonance with
the quantum emitter with a form that provides a smooth ana-
lytic function for ease of numerical integration. In experiments, a
square-shaped spectral hole is easier to implement (e.g., by turning
off 1 or more pixels or using a physical blocker in front of the
SLM) and would facilitate the synchronous driving of distinct
emitters.

For application of NARP to triggered single photon sources,
a bandpass filter can be used to block the pump light and pass
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FIG. 1. (a) Schematic diagram of the quantum control apparatus. (b) Micro-PL showing the s-shell emission from individual QDs. The arrow indicates the QD used for
the experiments. (c) Laser spectrum for the unfiltered pulse (red dashed curve) and the spectral hole pulse (black solid curve). (d) Measured pulse autocorrelation for the
unfiltered pulse (red dashed curve) and the spectral hole pulse (black solid curve). (e) Measured PL intensity from a single semiconductor QD under optical driving by an
unfiltered pulse with ϕ′′ = 0 (Rabi, blue symbols) and ϕ′′ = 0.15 ps2 (ARP, red symbols), and for a spectral hole pulse with a 3 meV hole and ϕ′′ = 0.15 ps2 (NARP, black
symbols). (f) Laser spectrum for the spectral hole pulse (black curve) together with the photoluminescence excitation (PLE) spectrum of the QD used in the experiments
(red curve).

the emitter fluorescence with near unity efficiency. As we show
here, the condition for adiabatic transfer through the anticrossing
and concomitant inversion of the quantum emitter may still be
achieved in the presence of a spectral hole centered on the emitter
transition.

III. THEORETICAL MODEL
The Hamiltonian of a two-level system interacting with a

pulsed laser field E(t) = g(t) ⋅ cos(ω0t + ϕ(t)) in the rotating wave
approximation is given by

H = −h̵
δ
2

σz +
h̵
2
(Re{Ω(t)}σx + Im{Ω(t)}σy). (2)

Here, Ω(t) = μg(t)
h̵ eiϕ(t) is the complex Rabi frequency. μ is the

dipole moment of the transition, and g(t) is the envelope of the pulse.
The dynamics can be described by the Bloch vector S⃗ = (u, v,w)
with the time evolution governed by the Bloch equation,

˙⃗S = S⃗ × Λ⃗, (3)

where

Λ⃗ = (−Re{Ω(t)},−Im{Ω(t)}, Δ)/2. (4)

The effect of the 4f pulse-shaper can be described as follows:

Eout(t)= F
−1(F(Ein(t)) ⋅M(ω)), (5)

where M(ω) is given by Eq. (1) and F denotes the Fourier transform.
Ein(t) is the input pulse after dispersion compensation (which we
take to be a Gaussian E0e−2 ln(2)t2/τ2

0 ), and Eout(t) is the pulse coming
out of the 4f system. The impact of the amplitude and phase masks
on the laser pulse characteristics is shown in Fig. 2.

The NARP scheme is very general and may be applied to a
whole host of physically distinct quantum emitters beyond solid-
state platforms. In semiconductor quantum dots, the dominant
dephasing channel limiting inversion of the system is decoherence
tied to deformation potential coupling to LA phonons. Our cal-
culations use a density matrix approach with electron-LA phonon
coupling included, following the model developed in Ref. 75. The
QD wave functions were taken as the s-shell solutions to the three-
dimensional simple harmonic oscillator. The equation of motion
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FIG. 2. Calculated pulse characteristics showing the differing impacts of the amplitude mask A(ω) and phase mask Φ(ω) on the amplitude and phase of the complex
Rabi frequency Ω(t) for the driving pulse used for ARP. Calculated pulse spectrum (top), Rabi frequency (middle) and dressed state energies (bottom) for (a) the amplitude
mask only (ϕ′′ = 0) and (b) both the amplitude and phase mask (ϕ′′ = 0.15 ps2) for different values of 2δ and a fixed pulse area of 7π. The dominant impact of A(ω) is
to create wings in ∣Ω(t)∣. The quadratic form of Φ(ω) leads to a quadratic phase vs time, representing a linearly-time-varying phase derivative, which corresponds to a
sweep in the instantaneous frequency vs time (i.e., chirp). This chirp broadens the wings. Since ∣Ω(t)∣ does not vanish at any time during the anti-crossing, the condition
for adiabaticity may still be satisfied for sufficiently large pulse area. (c) Same as (b), showing the case of an off-centre spectral hole. The results in (c) illustrate the general
pulse characteristics for detuned pulses for which the spectral hole would be chosen to be resonant with the transition energy of the quantum emitter (see Fig. 4).

governing the evolution of the exciton’s Bloch vector in the presence
of phonons is

u̇ = Δ ⋅ v − (ΔΩ
Λ2 )Re[K(Λ)]w − πΩJ(Λ)

2Λ
− (Ω

Λ
)

2
Re[K(Λ)]u

v̇ = −Δ ⋅ u +Ω(1 + Im[K(Λ)]
Λ

)w − (Ω
Λ
)

2
Re[K(Λ)]v

ẇ = −Ω ⋅ v,

where J(ω) = ηω3 exp−(ω/ωc)2 is the phonon spectral density,
K(ω) = ∫ ∞0 K̃(t)eiωt dt and K̃(t) = ∫ ∞0 J(ω) coth( h̵ω

2kBT ) cos(ωt) dω

are the phonon bath correlation functions. Λ =
√

Ω2(t) + Δ2(t)
is the generalized Rabi frequency. While this Markovian model
neglects memory effects within the phonon bath, the additional
terms in the kinetic equations tied to phonons are evaluated at
the generalized Rabi frequency. The impact of phonon coupling
is, therefore, determined by the characteristics of the laser pulse
and varies with time during optical control. With the application
of a positively chirped control pulse, the system evolves through
the anticrossing in the lower-energy dressed state, which eliminates
phonon-induced transitions between the dressed states for control
at low temperature,56,72 thereby suppressing the impact of phonon-
induced decoherence. This is a key advantage of both ARP and
NARP for the optical driving of quantum emitters. Table I shows
all the parameters used for the simulations.

TABLE I. Theoretical parameters used in the numerical simulations of the quantum
state dynamics.

Parameter Value

δ (meV) 3
μ (D) 25
ωc (meV) 1.584
η (ps2) 0.0272
τ (fs) 117
ω0 (eV) 1.000

IV. EXPERIMENTAL METHODS
The solid-state quantum emitter system used here to demon-

strate the NARP control scheme was a single InGaAs quantum
dot. Optical control was carried out on the p-shell transition, with
detection of the final quantum state via the s-shell photolumines-
cence emission (PL),76 but our scheme could also be used for s-shell
pumping, as was assumed in the theoretical calculations presented
in Sec. V. A schematic diagram of the experimental apparatus is
shown in Fig. 1(a). The InGaAs/GaAs quantum dot structure stud-
ied in this work was grown under conditions optimized to achieve
an s-shell optical transition within the 0-band at a low tempera-
ture. The QD sample was held at 10 K in a cryostat equipped with
an attocube nanopositioner. The laser source was a tunable infrared
optical parametric oscillator with a pulse duration after dispersion
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compensation of 110 fs. This corresponds to a spectral width of
18 meV, much smaller than the 85 meV separation between the
s-shell and p-shell transitions. The laser pulse spectrum was centered
on the p-shell transition (1170 nm determined using PL excita-
tion measurements), as shown in Fig. 1(f). The s-shell PL centered
at 1271.6 nm [arrow in Fig. 1(b)] was detected using a 0.75 m
spectrometer equipped with a liquid nitrogen-cooled InGaAs array
detector. The overall spectral resolution of the detection system
is 30 μeV.

A 4f pulse shaper equipped with a dual mask 128-pixel SLM
was used to introduce dispersion compensation and to impose the
desired spectral chirp. For the amplitude mask, experiments were
carried out using a 5 pixel blocking mask as well as a physical blocker
in front of the SLM to create the spectral hole (a 24 AWG copper
wire producing an amplitude mask of width 3 meV), with simi-
lar results. The experimental results in Fig. 1(e) were taken using
the physical blocker. The laser pulse spectrum and autocorrelation

with and without the spectral hole are shown in Figs. 1(c) and
1(d). For additional details regarding the experimental techniques,
see Ref. 69.

V. RESULTS
A. Simulations of the NARP scheme

The results of numerical simulations of quantum state dynam-
ics illustrating the efficacy of the NARP scheme for quantum state
inversion are shown in Figs. 3(a) and 3(b). These simulations
were targeted at the situation of an optically driven single semi-
conductor QD and used a density matrix approach, taking into
account deformation potential interactions with acoustic phonons.75

Figures 3(a) and 3(b) show the occupation of the excited state as
a function of pulse area for a range of values of positive pulse
chirp for an unfiltered Gaussian spectrum [Fig. 3(a)] and a pulse

FIG. 3. (a) Results of calculations of the quantum state dynamics for optical driving of a single semiconductor QD with an unfiltered Gaussian laser pulse for different values
of spectral chirp ϕ′′. (b) Same as (a) for a spectral hole pulse with 2δ = 2.1 meV. For chirps above the threshold for adiabatic state transfer (ϕ′′ larger than 0.1 ps2 for
which α = 5 ps−2, τp = 2.3 ps, and Δ spans ±15 meV during the pulse), the system inverts via ARP in (a) and NARP in (b). In (a) and (b), the solid (dashed) curves indicate
the calculated state dynamics with (without) coupling to LA phonons. (c) Laser spectrum for the Gaussian unfiltered pulse (red dashed curve) and spectral hole pulse (solid
black curve). (d) Calculated pulse autocorrelation corresponding to the spectra in (c).
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subjected to spectral filtering using the mask in Eq. (1) with
2δ = 2.1 meV [Fig. 3(b)], referred to as a spectral hole pulse. The
corresponding pulse characteristics are shown in Figs. 3(c) and 3(d).
For the unfiltered pulse, a transition from the Rabi rotation regime
to the adiabatic regime is observed as ϕ′′ is increased, consistent
with previous work.10,56,66–72 Once the adiabatic regime is reached,
which occurs for ϕ′′ ≳ 0.1 ps2 and θ ≳ 2π, the upper state occupation
is insensitive to changes in pulse area, a key signature of adiabatic
rapid passage and robust inversion. For the spectral hole pulse with
ϕ′′ = 0, the occupation vanishes in the absence of phonon coupling
because the time-integrated Rabi frequency is zero, as discussed pre-
viously for the case of unchirped pulses.53 As shown in Fig. 3(b),
the inclusion of phonons leads to a small but nonzero state occu-
pation because phonons break the spectral symmetry of the driving
conditions through the introduction of incoherent dynamics.53 The
results in Fig. 3(b) show that the use of frequency-swept pulses also
serves to break the symmetry. The state occupation increases with an
increasing ϕ′′. For low ϕ′′, the occupation vs pulse area resembles
an imperfect Rabi rotation. For ϕ′′ exceeding 0.1 ps2, the adiabatic
regime is reached. In this limit, for sufficiently large pulse area,
the inversion process is robust to changes in pulse area for both
the unfiltered pulse and the spectral hole pulse. Our simulations

FIG. 4. Calculated upper state occupation as a function of pulse area and detuning
of the center frequency of the laser pulse from the optical transition energy of the
quantum dot exciton for an unfiltered Gaussian pulse (a) and a spectral hole pulse
with 2δ = 2.1 meV (b). These results illustrate the robustness of inversion with
optical driving using both ARP and NARP. The pulse spectral chirp is 0.15 ps2.

also indicate the robustness of NARP to laser detuning (Fig. 4), as
demonstrated previously for ARP.66

We can gain insight into the quantum state dynamics from
the energies of the dressed states of the optically driven system
(E±), which are shown in Fig. 5(a). Robust inversion occurs for
frequency-swept pulses with or without a spectral hole because in
both cases, the adiabatic condition for quantum state transfer is
satisfied. The introduction of the spectral hole leads to structure
in the temporal shape of the pulse, as shown in Fig. 5(b), which
has the effect of increasing the threshold pulse area for NARP.
Calculations as a function of the hole width (δ) (see Fig. 6)
indicate that the primary cause of this increase is the transfer of
energy into the wings of the pulse, which reduces the size of the
Rabi frequency at time t = 0, thereby reducing the magnitude of
the dressed-state splitting at the anticrossing. The adiabatic con-
dition ∣Δ dΩ

dt −Ω dΔ
dt ∣≪ [Ω

2 + Δ2] 3
2 is then recovered for larger θ,

with a threshold pulse area that increases with increasing δ. Nev-
ertheless, for a given value of δ and a sufficiently large pulse area,
robust inversion occurs. The corresponding quantum state dynam-
ics using a Bloch vector representation are shown without phonon
coupling in Figs. 5(c) and 5(d). For excitation with the spectral
hole pulse with ϕ′′ = 0, no net excitation occurs due to the zero
time-integrated Rabi frequency. For chirped pulse excitation, robust
inversion of the quantum emitter is realized for either traditional
ARP or NARP, with only a slight modification of the trajectory in
the latter case.

The results in Fig. 1(b) indicate that the fractional change
in the occupation resulting from the impact of phonons dimin-
ishes as the chirp is increased. This reflects the use of positively
chirped pulses, which suppress LA phonon-mediated transitions
between the dressed states within the adiabatic regime at low tem-
peratures.74 In Fig. 3(b), the dashed and solid curves coincide for ϕ′′
and θ above the threshold for ARP, indicating that phonons have
no influence on quantum state dynamics in this limit. Our results
therefore indicate that all of the advantages of ARP for optical inver-
sion of quantum emitter systems, including the ability to suppress
decoherence tied to phonons and the robustness of the inver-
sion process to fluctuations in the laser source, are maintained for
the NARP scheme.

B. Experimental demonstration of quantum state
inversion using the NARP scheme

The results of optical control experiments on a single QD using
the NARP scheme are shown in Fig. 1(e). The PL intensity vs the
square root of the excitation power, which is proportional to the
pulse area, is shown for an unfiltered pulse with zero chirp (Rabi,
blue symbols), for an unfiltered pulse with ϕ′′ = 0.15 ps2 (ARP, red
symbols) and for the spectral hole pulse with ϕ′′ = 0.15 ps2 (NARP,
black symbols). For the unfiltered pulse with zero chirp, a damped
Rabi rotation is observed. For excitation by the chirped, unfiltered
pulse, the PL intensity saturates at a constant value for pulse areas
above the threshold for ARP, as observed in prior experiments on
similar QDs.10,66–72 For the chirped spectral hole pulse, the exciton
inversion also exhibits a saturation behavior. For chirped pulse exci-
tation, the pulse area required to reach full inversion is ∼30% larger
for the NARP pulse than the ARP pulse. The findings in Fig. 1(e) are
in qualitative agreement with the theoretical predictions in Fig. 3.
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FIG. 5. (a) Energies E± of the dressed states ∣Ψ±⟩ for an ARP pulse (dashed red curve) and a NARP pulse with 2δ = 2.1 meV (solid black curve) for ϕ′′ = 0.15 ps2.
(b) Calculated Rabi frequency as a function of time corresponding to the dressed state energies in (a). The pulse areas in (a) and (b) were chosen as the minimum values
leading to robust inversion, corresponding to 2π (7π) for the ARP (NARP) pulse. (c) Quantum state dynamics depicted on the Bloch sphere for an unfiltered Gaussian pulse
with ϕ′′ = 0 and a pulse area of θ = π (left) and ϕ′′ = 0.15 ps2 with θ = 3.4π (right). (d) Bloch spheres for a spectral hole pulse with 2δ = 2.1 meV for ϕ′′ = 0 and a pulse
area of θ = 3.4π (left) and ϕ′′ = 0.15 ps2 with θ = 3.4π (right).

The observed increase in the threshold pulse area in the experiments
was smaller than in the theoretical simulations, likely reflecting the
different shapes of A(ω) and associated differences in the pulse
temporal structure.

FIG. 6. (a) Calculated upper state occupation as a function of pulse area for
different full-width-at-half-maximum hole widths (2δ). The optimum value of 2δ
would be determined in practice by the range of transition energies of emitters
being driven synchronously by the same NARP pulse.

VI. DISCUSSION
For single photon source applications, a variety of experimen-

tal approaches have been used to eliminate the trade-off between
indistinguishability and brightness, which together require resonant
driving of the two-level system in the quantum emitter and the effi-
cient separation of the emitted photon stream from the scattered
pump light. The NARP scheme allows one to simultaneously sat-
isfy these two requirements, removing the trade-offs present in other
approaches and setting the stage for high-performance single photon
sources. For the results in Fig. 3, the ground-state optical transition
in the emitter was driven with a NARP pulse possessing an exact
node on resonance. There is therefore no fundamental limit to the
efficiency of spectral isolation of the emitted photon stream from
the scattered laser light. When applying NARP in practice, one may
use a notch filter to create the spectral node and a high-efficiency
bandpass filter to reject the scattered pump light, for which com-
mercially available options exist with an OD > 6 and a transmission
of 98%.77 One may obtain an estimate of the potential performance
of our scheme by assuming the notch (bandpass) filter has a band-
width of 4 meV (1 meV). Assuming an optimized photonic structure
is used to maximize optical coupling to the quantum dot, the driv-
ing laser power for a π pulse may be reduced to 1.6 μW.78 If two
notch filters each with an OD6 are applied to the driving laser
pulse, with a single bandpass filter with an OD7, the scattered pump
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light is dominated by wavelengths outside the notch at a level of
7 ×10−3 photons/pulse. With two stacked bandpass filters, the scat-
ter is dominated by wavelengths inside the passband at a level of
5 ×10−9 photons per pulse, a value that could be further reduced
by reducing the width of the passband relative to the notch filter
bandwidth or by applying an additional filter. Assuming a transmis-
sion of the passband filter of 98%, reflecting commercially available
filters, this would give a loss of 2%–4% in the above scenarios,
far superior to the minimum 50% loss associated with polarization
filtering approaches.

Our pumping scheme enables a maximum inversion effi-
ciency of unity, in contrast to the limit of 0.6 for unchirped
bichromatic pulses.52,53 Our scheme also allows for suppression of
LA-mediated dephasing, representing a significant advantage over
phonon-assisted pumping,79,80 bichromatic driving,52,53 and swing
up54 schemes. In addition, unlike the bichromatic or swing-up
schemes, NARP is insensitive to the details of the driving pulse
(pulse area, magnitude of chirp, width of spectral hole). The use
of robust inversion via NARP and static spectral filters offers sim-
plicity over time-based gating approaches for isolating the single
photon stream. Our findings indicate that a spectral hole width
as large as several meV may be used to invert the emitter with a
modest increase of 30% in driving pulse area. This would enable
the parallel excitation of multiple emitters with unequal transi-
tion energies as long as these transitions fall within the filtered
band,66 adding versatility for application of our approach in real
solid-state emitter systems.

VII. CONCLUSIONS
In summary, we present an optical driving scheme for solid-

state quantum emitter systems that utilizes spectrally modified,
frequency-swept laser pulses. Our findings indicate that the adia-
batic regime for quantum state inversion may still be reached in
the presence of a spectral hole coincident with the optical transi-
tion in the quantum emitter with only a modest increase in pulse
area relative to traditional ARP. Our NARP scheme would enable
≲10−8 scattered photons per emitted photon with only a 4% detec-
tion loss using standard commercial filters while retaining all of
the benefits of ARP, including insensitivity to fluctuations in the
driving laser pulse and the ability to suppress phonon-mediated
dephasing processes. We demonstrate NARP experimentally in a
single InGaAs semiconductor QD. The use of the driving scheme
we present here in conjunction with photonic cavity geometries
to enhance collection efficiency would enable the realization of
quantum emitters with simultaneous high photon indistinguisha-
bility and brightness. Our findings will support the development
of high-performance, optically driven solid-state quantum emitters
for applications such as photonic quantum computing and quantum
networks.
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27G. Kiršanskė, H. Thyrrestrup, R. S. Daveau, C. L. Dreeßen, T. Pregnolato,
L. Midolo, P. Tighineanu, A. Javadi, S. Stobbe, R. Schott, A. Ludwig, A. D. Wieck,

S. I. Park, J. D. Song, A. V. Kuhlmann, I. Söllner, M. C. Löbl, R. J. Warburton, and
P. Lodahl, “Indistinguishable and efficient single photons from a quantum dot in
a planer nanobeam waveguide,” Phys. Rev. B 96, 165306 (2017).
28S. E. Thomas, M. Billard, N. Coste, S. C. Wein, P. Priya, H. Ollivier, O. Krebs,
L. Tazaïrt, A. Harouri, A. Lemaitre, I. Sagnes, C. Anton, L. Lanco, N. Somaschi,
J. C. Loredo, and P. Senellart, “Bright polarized single-photon source based on a
linear dipole,” Phys. Rev. Lett. 126, 233601 (2021).
29K. H. Madsen, S. Ates, J. Liu, A. Javadi, S. M. Albrecht, I. Yeo, S. Stobbe, and
P. Lodahl, “Efficient out-coupling of high-purity single photons from a coherent
quantum dot in a photonic crystal cavity,” Phys. Rev. B 90, 155303 (2014).
30M. Reindl, J. H. Weber, D. Huber, C. Schimpf, S. F. Covre da Silva, S. L.
Portalupi, R. Trotta, P. Michler, and A. Rastelli, “Highly indistinguishable sin-
gle photons from incoherently excited quantum dots,” Phys. Rev. B 100, 155420
(2019).
31D. Heinze, D. Breddermann, A. Zrenner, and S. Schumacher, “A quantum dot
single-photon source with on-the-fly all-optical polarization control and timed
emission,” Nat. Commun. 6, 8473 (2015).
32M. Müller, S. Bounouar, K. D. Jöns, M. Glässl, and P. Michler, “On-demand gen-
eration of indistinguishable polarization-entangled photon pairs,” Nat. Photonics
8, 224 (2014).
33H. Wang, H. Hu, T.-H. Chung, J. Qin, X. Yang, J.-P. Li, R.-Z. Liu, H.-S. Zhong,
Y.-M. He, X. Ding, Y.-H. Deng, Q. Dai, Y.-H. Huo, S. Höfling, C.-Y. Lu, and J.-W.
Pan, “On-demand semiconductor source of entangled photons which simultane-
ously has high fidelity, efficiency, and indistinguishability,” Phys. Rev. Lett. 122,
113602 (2019).
34L. Schweickert, K. D. Jöns, K. D. Zeuner, S. F. Covre da Silva, H. Huang,
T. Lettner, M. Reindl, J. Zichi, R. Trotta, A. Rastelli, and V. Zwiller, “On-demand
generation of background-free single photons from a solid-state source,” Appl.
Phys. Lett. 112, 093106 (2018).
35Y. Chen, M. Zopf, R. Keil, F. Ding, and O. G. Schmidt, “Highly-efficient extrac-
tion of entangled photons from quantum dots using a broadband optical antenna,”
Nat. Commun. 9, 2994 (2018).
36L. Hanschke, K. A. Fischer, S. Appel, D. Lukin, J. Wierzbowski, S. Sun,
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