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ABSTRACT

We investigate cavity-assisted Stimulated Raman Adiabatic passage (STIRAP) schemes in semiconductor quan-
tum dots (QDs) embedded in an optical cavity as a route for generation of high-quality single photons with
programmable waveform. This work addresses the need for high-purity, indistinguishable photons in linear
quantum computing, boson sampling, and quantum communications. We develop a time-dependent Maxwell-
pseudospin model of single-photon generation through cavity-assisted adiabatic passage in a Λ-system isolated
in a neutral InAs QD in a realistic GaAs/AlGaAs micropillar cavity. As a model Λ-system, we consider QD
biexciton triplet states coupled to dark-exciton states by a circularly polarised pulse and a cavity field. Our sim-
ulations demonstrate control of the emitted single-photon pulse waveform by the driving pulse characteristics:
shape, duration, intensity and detuning.

Keywords: cavity-QED, single photons, STIRAP, semiconductor quantum dots, micropillar cavities, Maxwell-
pseudospin equations, Finite-Difference Time-Domain method

1. INTRODUCTION

Producing number-states of light is a challenging problem that is central to the practical use of non-classical
states of light. Quantum information technologies require the development of a new type of light source in which
the photon number can be carefully controlled. Solid-state quantum emitters, and in particular semiconductor
quantum dots (QDs) have emerged as front runners in recent years1 with a number of groups reporting near-
unity quantum purity for dots embedded in optical cavities and overall efficiency at least 10 times the one of
the heralded sources, e.g. based on spontaneous parametric down conversion in nonlinear crystals. However,
self-assembled QDs inevitably vary in size and shape, hence the photons they emit are not identical. The
spectral inhomogeneity of these emitters is a significant obstacle for construction of scalable quantum-photonic
networks and more complex quantum devices. For instance, the use of QDs is prohibitive for protocols that
involve interference of identical photons on photon-photon gates, such as linear optical quantum computing2, or
that involve the exchange of a photon between two qubits3,4. Strikingly, inhomogeneities of the QDs in terms
of emission wavelength and rate can be overcome by using adiabatic passage techniques, such as cavity-assisted
Stimulated Raman Adiabatic Passage (STIRAP) processes5–8.

The possibility of single-photon generation through cavity-assisted adiabatic passage in a Λ-system with two
ground states has been pointed out in the 90s. A systematic procedure for single-photon state generation using
cavity-QED interaction, which forces the ground state of the cavity mode to evolve into an arbitrary quantum
state at a predefined time, has been proposed in9. The basic principle has been theoretically demonstrated on a
three-level Λ-system driven by two classical fields at two-photon resonance (common detuning), taking advantage
of the SU(N) coherence vector picture10. This approach has been extended for one classical and one quantised
field in11–14 for atomic systems.
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This paper investigates cavity-assisted Stimulated Raman Adiabatic Passage (STIRAP) schemes as a route
for generation of high-purity and high-indistinguishability programmable single photons, using QDs embedded
in high-Q micropillar cavities. In cavity-STIRAP, under the two-photon resonance condition (common detuning
of the driving pulse and the cavity coupling field), an adiabatic state transfer takes place in which a Raman
photon is emitted into the resonator mode15. This process is unique as the pulse shape of the emitted photon
is determined by the driving field, which allows for the generation of single photons with customisable pulse
shape16. Most importantly, cavity-STIRAP enables generation of indistinguishable photons from an ensemble
of non-identical QDs, as the driving pulses may have common detuning from the excited level. The frequency
of the emitted light is determined only by the excitation laser frequency and the cavity frequency, and not by
the emission energy of the QDs. Moreover, since the pulse shape is determined by the QD-resonator system
parameters, QDs with different emission rates (lifetimes) can be used to generate identical photons by adjusting
the driving strength.

We study a promising adiabatic passage scheme applied to a three-level Λ-system isolated in a neutral QD
exciton embedded in a micropillar cavity, operating in the strong-coupling regime. By computing the quantum
dynamics of the optical pulse interactions with the excitonic optical transitions we demonstrate control of the
time evolution of the cavity-dot quantum system and identify adiabatic conditions for steering it towards a
desired single-photon quantum state of the cavity field. We explore numerically the possibility of generating
programmable single photons by identifying key parameters for control of the spectral and spatiotemporal prop-
erties of the single-photon wave packet. In addition, by running simulations on a variety of cavity geometries,
we could identify optimised structure geometries yielding reproducible results for the generated single photons.

2. THEORETICAL MODEL

2.1 Cavity-assisted STIRAP scheme for single-photon generation with QDs

In the simplest implementation of the STIRAP scheme (Fig. 1), the pump and the Stokes fields couple the ground
levels to the excited level. Both fields are detuned from the excited level generally with different detunings. The
fields act in a counter-intuitive sequence: the system first interacts with the Stokes field, and subsequently with
the pump laser. The Stokes laser (S ) couples two empty states (which does not change the populations of the
levels, ρ11) and creates a coherent superposition of |2⟩ and |3⟩. Subsequently, the pump (P) couples the two
empty states to |1⟩, and under the two-photon resonance condition – namely, common detuning: ∆ = ∆P = ∆S

of the two fields from the excited state, a ‘population trapped state’ or ‘dark state’ is formed, which means that
no population has been transferred to the excited state and the population is directly channelled to the final
state, |3⟩. A condition of the adiabatic transfer is ΩP ≫ ΩS .

In the case of one classical field (i.e. the driving pulse) and one quantised field (the cavity mode), the
Hamiltonian, as shown in12, couples only states within the manifold: |g1, n⟩, |e, n⟩ and |g2, n + 1⟩, where |n⟩ is
an n-photon Fock state of the cavity mode (see Fig. 2a). In the dressed-state picture17,18, the adiabatic energy
eigenvalues consist of equidistant levels, En = nℏω, and the Autler-Townes doublets (superposition states), E±

n

(see Fig. 2b). Interestingly, the eigenstate corresponding to En = nℏω does not contain any contribution from
the excited state (hence the term ‘dark state’) and is independent of the detuning. The possibility of adiabatic
passage arises from its limiting behaviour: for a pulse sequence in which the driving field Ω(t) is time-delayed
with respect to the cavity field, g(t), the initial n-photon state, |g1, n⟩, may be adiabatically transformed into a
final (n + 1)-photon state, |g2, n+ 1⟩, hence the possibility of generation of Fock states of the cavity mode. As
a special case, single-photon states are produced out of the vacuum (zero-photon) state.

Our goal is to develop a description of the adiabatic passage beyond the Rotating-Wave Approximation
(RWA). RWA is a valid approximation only when: (i) a significant fraction of the pulse spectral bandwidth is
near-resonant with the optical transition; (ii) the driving field is relatively weak, so that the Rabi frequency is
small compared to the resonant transition frequency.

The strong driving regime is reached when the Rabi frequency approaches the resonant transition frequency.
Under such conditions, complex dynamics can occur, such as fast beatings, and the resonant transition frequency
can become a function of the driving field amplitude (Bloch-Siegert shift). Both effects arise from the counter-
rotating terms that are present in a harmonic, oscillatory driving field, which are nevertheless ignored in the
RWA.
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Figure 1. STIRAP scheme in a three-level Λ-system. The pump field, P, with Rabi frequency, ΩP , is detuned from the
excited level, |2⟩, by detuning ∆p. The Stokes laser field, S, with Rabi freqency ΩS , is detuned from the excited state by
detuning, ∆S . The population is initially residing in the ground level, ρ11 = 1.

D

(b)
D

(a)

Figure 2. Three-level Λ-system in an optical cavity at two-photon Raman resonance. (a) Bare-state picture. The ground
levels are denoted by |g1⟩ and |g2⟩, the excited state is denoted by |e⟩. |n⟩ represents an n-photon Fock state of the cavity
mode and the states represent manifolds. Ω(t) is the Rabi frequency of the driving classical laser field, g(t) is generally
time-dependent coupling of the QD transition to the cavity mode with frequency ω, ∆ is the common detuning of the
laser and the cavity mode. (b) Dressed-state picture. The states denoted by |+⟩ and |−⟩ correspond to the doublet states,
E±

n . One effective field, with Rabi frequency Ωtot(t) =
√

|Ω(t)|2 + |g(t)|2, couples the excited level to the bright state,

|+⟩; another effective field, with Rabi frequency Ω− = Ω̇g−ġΩ
Ω2 , couples non-adiabatically the two superposition states, |+⟩

and |−⟩.

Although the picosecond pulse excitations that we are going to simulate are not broadband high-intensity
pulses, and therefore do not violate condition (ii), an approach beyond the RWA is needed, since the STIRAP
excitation requires relatively large detuning of the excitation pulse from the excited state. The excitation is
therefore off-resonant and so clearly violates condition (i). On the other hand, we will model different pulse
shapes in order to demonstrate imprinting the driving pulse characteristics onto the generated single-photon
pulse waveform. Therefore, the significant spectral components of the driving field may be displaced relatively
far from the resonance, thereby violating the resonance condition. In addition, we study spatially dependent
quantum interference effects in realistic extended quantum-optical devices that might be strongly influenced by
complex spatiotemporal dynamics that are usually obscured by the RWA approximation.

As a model Λ-system, we consider QD biexciton triplet states coupled to dark-exciton states by a circularly
polarised trigger pulse and a circularly polarised cavity field19,20 (Fig. 3); however the results apply generally to
an arbitrary Λ-system in a QD.

We propose the design of a 25.5/25 DBR-pair GaAs/AlGaAs micropillar Λ-cavity (GaAs) of length λcavity =
970 nm, with a neutral InGaAs QD embedded in the cavity centre. The target QD density is 1–10 µm−2 (108–
109 cm−2). The cavity is designed at a wavelength resonant with the transition between the excited biexciton
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Figure 3. Cavity-assisted STIRAP scheme for single-photon generation in a neutral QD embedded in an optical cavity.
Before the trigger pulse is applied (ΩT = 0) the dot is coupled to the cavity mode with dot-cavity coupling g > 0, g=const.
The cavity is designed to be resonant with the optical transition between states |2⟩: excited triplet state T−3 and |3⟩:
excited dark-exciton state DX∗. The cavity mode is left-circularly polarised (σ−) and is detuned from the excited level
by detuning, ∆T and from the second ground state,|3⟩, by ∆c. The driving pulse is left-circularly polarised couples the
dark-exciton state, DX0 with Jz = −2 and the triplet state T−3 with detuning, ∆T ; Γ21, Γ23 are spontaneous emission
rates between the excited and the two ground levels, respectively. Γ31nr is the non-radiative decay rate from the excited
dark exciton level, DX∗ to the ground dark exciton level, DX0. ω2 and ω3 are the angular frequencies corresponding to the
energy levels |2⟩ and |3⟩, respectively. The spin configurations of all three levels are displayed next to the corresponding
energy levels.

triplet state, T−3 (with total spin projection Jz = −3), and the excited dark-exciton state, DX∗ (with total spin
projection Jz = −2), in a neutral QD19–21, and the cavity mode is circularly polarised. Before the trigger pulse,
T, is applied (ΩT = 0), the dot is coupled to a left-circularly polarised cavity mode with coupling strength,
g, which implies a relationship for the mixing angle, θ5: tan (θ) = ΩT

2g = 0. Since the adiabatic dark-state

eigenvector is given by |Ψ0⟩ = cos (θ) |1⟩− sin (θ) |3⟩, preparing the system in state |1⟩ is equivalent to preparing
the whole system in the ‘dark state’, Ψ0. The two-photon resonance condition is satisfied when ∆T = ∆c = ∆,
where ∆c is the detuning of the cavity field from the final dark-exciton state. Under the two-photon resonance,
and provided that the adiabaticity conditions are satisfied, the population is adiabatically transferred from |1⟩
to |3⟩. The transient photon emission rate is proportional to the population of level |3⟩ and is also proportional
to κρ33

13, where κ is the cavity loss rate.

2.2 System Hamiltonian and master Maxwell’s curl-pseudospin equations for a
three-level system

In order to model the quantum dynamics of the optical excitation and single-photon generation through cavity-
assisted adiabatic passage in a Λ-system, we deploy our time-dependent Maxwell-pseudospin model22–24.

The system Hamiltonian, corresponding to Fig. 3, is given by:

Ĥ = ℏ

 0 − 1
2 (Ωx − iΩy) 0

− 1
2 (Ωx + iΩy) ω2 − 1

2 (gx − igy)
0 − 1

2 (gx + igy) ω3

 , (1)
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where E2 = ℏω2 and E3 = ℏω3 are the energies of state |2⟩ and |3⟩, and we have defined the Rabi frequencies,
Ωx = µ

ℏEx and Ωy = µ
ℏEy, with µ̂ = ⟨i |er| j⟩ being the optical dipole moment matrix element between levels

|i⟩ and |j⟩ (assumed a scalar) and complex cavity couplings, (gx − igy) and (gx + igy), where gx and gy are the
couplings corresponding to the x- and y- electric-field components.

We derive master pseudospin equations for a three-level system using the generators of SU(3) Lie algebra and
the Hamiltonian from Eq. 1, including the cavity coupling. The evolution of the 8-dimensional real coherence
vector under the optical pulse excitations can be written as:

dS

dt
= MS− diag

(
1

T1
, ...,

1

T8

)
S (2)

M̂ =



0 gy 0 2∆ −gx 0 Ωy 0
−gy 0 Ωy/2 −gx 0 Ωx/2 0 0

0 −Ωy/2 0 0 0 −2∆ −gy
√
3gy

−2∆ gx 0 0 gy 0 −Ωx 0
gx 0 −Ωx/2 −gy 0 Ωy/2 0 0

0 −Ωx/2 2∆ 0 −Ωy/2 0 gx −
√
3gx

−Ωy 0 gy Ωx 0 −gx 0 0

0 0 −
√
3gy 0 0

√
3gx 0 0


, (3)

where we have defined non-uniform relaxation times, Ti, i = 1, 2, ..., 8 of the pseudospin vector components to
their equilibrium values. The first six of those are polarisation relaxation or dephasing times, and therefore
the equilibrium value of the corresponding S-vector components are zero, while T7 and T8 have the physical
meaning of spontaneous emission times describing the relaxation of the population components S7 and S8 to
their equilibrium values, S7e and S8e, respectively.

We solve Maxwell’s curl equations for a circularly polarised trigger pulse with Rabi ferquency, ΩT , detuned
from the excited level by a common detuning, ∆ (Fig. 3):

∂Hx (z, t)

∂t
=

1

µ

∂Ey (z, t)

∂z

∂Hy (z, t)

∂t
= − 1

µ

∂Ex (z, t)

∂z

∂Ex (z, t)

∂t
= −1

ε

∂Hy (z, t)

∂z
− 1

ε

∂Px (z, t)

∂t
(4)

∂Ey (z, t)

∂t
=

1

ε

∂Hx (z, t)

∂z
− 1

ε

∂Py (z, t)

∂t
,

where Px and Py are the macroscopic medium polarisations induced by the Ex and Ey components of the
circularly polarised electric field.

Following our theoretical framework23, we derive additional relationships between the polarisation compo-
nents and the real pseudospin vector components:

Px = −µNdS1

Py = −µNdS4 ,
(5)

where Nd is the resonant dipole density.

We implement the 25.5/25 GaAs/AlGaAs DBR micropillar cavity through the refractive-index spatial profile.
Perfectly transmitting boundary conditions are imposed at both the input and output device facets. The latter
allows us to compute the cavity loss and Q-factor, which is usually assumed as an external parameter in the
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models. The pulse is launched from the right boundary of the simulation domain assuming a realistic experimental
excitation through an optical fibre coupled to the top of the micropillar.

We self-consistently solve Eq. 4, Eq. 2, and Eq. 5 directly in the time domain, employing the FDTD time-
stepping algorithm. The initial driving pulse is a circularly polarised Gaussian pulse with carrier angular fre-
quency, ωdet, and central wavelength corresponding to the detuned |1⟩ → |2⟩ transition (λdet = 972 nm, for
detuning ∆ = 0.5 meV) and pulse duration, Tp = FWHM = 50 ps (Tp = td

√
4 ln 2):

σ±


Ex (z = L, t) = E0exp

[
− (t− t0)

2
/t2d

]
cos(ωdett)

Ey (z = L, t) = ±E0exp
[
− (t− t0)

2
/t2d

]
sin(ωdett)

, (6)

where ± stands for right- (+) or left- (−) circularly polarised excitation.

In the weak excitation regime, the initial pulse amplitude, E0, is determined from the condition for the pulse
Rabi frequency, ΩT = µE0/ℏ = 2g. In the strong excitation regime, it is chosen to be 100× 2g.

2.3 Adiabaticity conditions

The term ‘adiabatic’ means that the rate of varying the control parameters is sufficiently slow so that a quasi-
steady state is maintained all along the process. This rate must be reasonably larger than the material relaxation
rates if the process is to be practical. Condition for adiabatic transfer can be derived by inspecting the adiabatic
dark state, |Ψ0⟩ = cos (θ) |1⟩ − sin (θ) |3⟩. For ΩT ≫ 2g, tan (θ) = ΩT

2g ≫ 1, leading to θ → π
2 that implies

evolution from |1⟩ to |3⟩. On the other hand, in order to assure adiabatic following, the slope of the trigger

pulse has to be sufficiently small to satisfy the adiabatic constraint
∣∣∣θ̇ ∣∣∣ ≪ |ω0 − ω±|, where ω0 is the dark-state

eigenfrequency and ω± are the doublet eigenfrequencies. This condition results from the requirement that the
probability for transitions from the dark to other states be negligible, i.e. the dark state is energetically well
separated from the doublet states throughout the interaction and that the non-adiabatic transfer between these
states is not significant. Assuming a Gaussian pulse with pulse duration (FWHM) Tp, and peak intensities of
Ωmax and gmax, the necessary condition for adiabatic following12,13 is:

ΩmaxTp, 2gmax

√
n+ 1 ≫ 1, (7)

where n = 1 for single-photon generation, whereby the single-photon state is produced from adiabatic passage
out of the vacuum. The above relation means that the trigger pulse cannot be shorter than g−1.

As the ideal adiabatic transfer should occur when the passage involves a single manifold (labelled by |n⟩),
transitions between a given manifold and different |n⟩ manifolds would lead to a degradation of the process. Such
undesirable couplings could, for instance, arise from cavity damping and spontaneous emission, and therefore
the technique will be optimised when:

Ωmax, gmax ≫ Γ, κ, Tp ≪ κ−1. (8)

3. NUMERICAL MODELLING

We perform simulations on a 25.5/25 DBR-pair GaAs/AlGaAs micropillar Λ-cavity (GaAs) with a neutral InAs
QD described by a three-level Λ-system embedded in the centre of the cavity, where the latter is designed at
λ = 970 nm. The trigger-pulse excitation is a Gaussian pulse with duration Tp = 50 ps and central wavelength
λdet = 972 nm that is detuned from E2 = ℏω2 by ∆ = 0.5 meV15. The pulse intensity is varied through the
initial pulse amplitude, E0, that is chosen to satisfy ΩT = 2g, leading to E0 = 4.86343 × 105 Vm−1 for weak
excitations (weak adiabaticity condition) and ΩT = 100 × 2g, implying E0 = 4.86343 × 107 Vm−1, for strong
excitations (strongly satisfied adiabaticity condition).
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The energies of the respective levels are calculated from the emission wavelengths and the spontaneous
emission times given in the supplementary material of 20: λ12 = 959 nm, λ23 = 970 nm. The exciton re-
combination energy is EX = 1.2834 eV, the biexciton triplet-state energy is EXXT = 1.2771 eV, the ground
dark-exciton energy is evaluated at EDX0

= 1.283 eV, and the excited dark exciton energy is computed to be
EDX∗ = 1.30525 eV.

The cavity coupling is calculated from the oscillator strength of the resonant |2⟩ → |3⟩ transition:

f=
2ℏ2

m0 (EX + EXXT − EDX∗)

m0Ep

2ℏ2
, (9)

where Ep = 22.71 eV is the Kane matrix element for GaAs.

The mode volume is taken as the typical mode volume of a micropillar: Vmode = 5(λ23/nGaAs)
3, where nGaAs

is the refractive index of GaAs. Then the cavity coupling strength is calculated from:

g =

√
πe2f

4π ε0 εr m0 Vmode
, (10)

leading to a value for the modulus of the coupling of g = 1 × 1011 s−1. We will use the value of gx = gy =
6.105× 1010 s−1.

By varying the pulse parameters – e.g. pulse shape, duration, intensity, detuning – we identify parameters
satisfying the adiabaticity conditions13,25. The simulation of the time evolution of the electric field components
and level populations at the location of the QD are shown at the time t = 450 ps in Fig. 4. Our simulations
show a slow adiabatic build-up of the final-state |3⟩ population. The maximum population transferred during
adiabatic passage is ρ33 ≈ 1.7× 10−4. Although the adiabatic condition ΩTTp ≈ 6 ≫ 1, the adiabatic condition
ΩT ≫ 2g is not satisfied, leading to a small fraction of the population being transferred to the final state.

In the strong excitation regime, we select ΩT = 100 × 2g, so that the adiabaticity conditions ΩT ≫ 2g and
ΩTTp ≫ 1 are strongly satisfied. The time evolution of the electric-field components, level populations, and
the cavity emission are displayed in Fig. 5. Our simulations demonstrate Rabi oscillations of the population at
high excitation pulse intensities, resulting in reshaping of the envelope of the cavity emission field in time. This
implies that the single-photon pulse waveform can be controlled by the shape, duration, detuning and intensity
of the driving pulse.

4. CONCLUSION

We developed and implemented a model of cavity-assisted STIRAP in a three-level Λ-system driven by a circularly
polarised Gaussian pulse trigger and a cavity field, and applied it to the excited biexciton-dark exciton cascade in
a neutral QD. We ran simulations in the low- and high-excitation regime and demonstrated adiabatic population
transfer to the final state in both cases through the computed time evolution of the populations in the three-level
system. The adiabatic transfer was more significant for higher trigger-pulse intensities where Rabi oscillations
start to appear and the adiabaticity condition is strongly satisfied. We show reshaping of the cavity emission in
time which depends on the driving-pulse characteristics. This is a step towards demonstrating programmable
single-photon waveforms through optimising the driving pulse characteristics.
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Figure 4. Simulations of (a) a three-level Λ-system driven by a Gaussian trigger pulse detuned by 0.5 meV from the
excited-state energy, E2 = ℏω2, with Rabi frequency ΩT = 2g, where the cavity coupling is g = 6.105 × 1010 s−1.
Γ12 = 5 × 108 s−1 and Γ23 = 3.0303 × 109 s−1 are spontaneous emission rates; Γ31 = 1.42857 × 1010 s−1 is the non-
radiative decay rate. (b) Refractive-index profile of a QD-micropillar structure. Λ–cavity micropillar with cavity length
Lc = λcavity/nGaAs, designed at λcavity = 970 nm and consisting of 25.5/25 GaAs/AlGaAs bottom/top DBR pairs,
containing a single InAs QD situated in the cavity centre. (c) Initial Gaussian pump pulse with Rabi frequency ΩT = 2g,
pulse duration Tp = FWHM = 50 ps, at λdet = 972 nm: detuned wavelength injected from the rightmost facet of the
micropillar structure. The initial pulse amplitude is E0 = 4.86343 × 105 Vm−1, which was calculated from ΩT = 2g.
(d) Time evolution of the cavity emission out of the leftmost facet of the micropillar structure. (e) Time dynamics of
the electric field and level populations at the location of the QD at t = 450 ps. (f) Time dynamics of the ground-state
population, ρ11, at t = 333.5 ps. (g) Time evolution of the populations ρ22 and ρ33 of levels |2⟩ and |3⟩, correspondingly,
showing adiabatic build-up of the final-state population (green curve), ρ33 ≈ 1.7× 10−4.
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(b)

(c)

Figure 5. Simulations of a three-level Λ-system (Fig. 4a) driven by (a) Gaussian pulse with Rabi frequency ΩT = 100×2g
(pulse duration, Tp = 50 ps at λdet = 972 nm) and the cavity coupling is g = 6.105 × 1010 s−1, detuned by 0.5 meV
from the excited state. (b) A snapshot of the electric-field components and populations at t = 93 ps superimposed on
the micropillar refractive-index profile. (c) Zoom-in of the QD in (b) showing a snapshot of the level populations in
the QD. (d) Time dynamics of the electric-field and level populations at the location of the QD. The population time
evolution exhibits Rabi flopping at short times, and oscillations at longer times. (e) Zoom-in of (d) showing build-up of
the final-state population, ρ33 (ρ33max ≈ 0.04). (f) Time evolution of the cavity emission exhibiting waveform reshaping.
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