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Abstract

A major challenge in generating single photons with a single emitter is to excite the emitter while
avoiding laser leakage into the collection path. Ideally, any scheme to suppress this leakage should
not result in a loss in the efficiency of the single-photon source. Here, we investigate a scheme in
which a single emitter, a semiconductor quantum dot, is embedded in a microcavity. The scheme
exploits the splitting of the cavity mode into two orthogonally-polarised modes: one mode is used
for excitation, the other for collection. By linking the experiment to theory, we show that the best
population inversion is achieved with a laser pulse detuned from the quantum emitter. The Rabi
oscillations exhibit an unusual dependence on pulse power. Our theory describes them
quantitatively, enabling us to determine the absolute population inversion. By comparing the
experimental results with our theoretical model, we determine a population inversion of 98%2%
for optimal laser detuning. The Rabi oscillations depend on the sign of the laser-pulse detuning, a
phenomenon arising from the non-trivial effect of phonons on the exciton dynamics. The
exciton—phonon interaction is included in the theory and gives excellent agreement with all the
experimental results.

1. Introduction

Quantum emitters efficiently interfaced with optical cavities represent primary components in photonic
quantum technologies. They are used for generating quantum states of light such as single photons and
entangled states. The generation efficiency requirement is strict, with many proposals requiring efficiencies
higher than 90% [1, 2]. Generating photonic quantum states requires coherent control over the quantum
emitter, which is often carried out using fast laser pulses. The main challenges are to ensure that the laser
pulse results in occupation of the upper level with near-unity probability and that laser light does not enter
the collection mode. Another major complication for solid-state quantum emitters is the interaction with the
environmental degrees of freedom, in particular the acoustic phonons [3, 4].

Several approaches have been developed to separate the excitation pulse from the generated photons.
One method excites the emitter via non-cavity modes that have a propagation direction perpendicular to the
cavity axis, a scheme often used to generate photons from atoms and ions [5, 6]. In the solid-state domain,
non-resonant excitation schemes, such as a phonon-assisted mechanism [7-10], allow for spectral filtering of
the laser pulse. However, the essential spectral filtering unavoidably reduces the efficiency of the source.
Additionally, phonon-assisted schemes require large pulse areas [8]. The pulse area can be reduced to the
minimum, 7, by exciting the quantum emitter resonantly. In such schemes, the collection and excitation
modes have a different spatial [11] or polarization degree-of-freedom [12]. Avoiding losses is challenging.
For instance, the cross-polarized scheme can result in the loss of 50% of the generated photons.

© 2023 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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In many cases, the cavity mode splits into two modes with orthogonal polarization, a consequence of
weak birefringence either in the mirrors or in the solid-state host. This mode structure offers a solution to
the excitation-collection challenge. One cavity-mode, resonant with the quantum emitter, is used for
collection; the other cavity-mode is used for excitation [13]. Furthermore, if the quantum emitter has a
circularly-polarized optical dipole-moment, photon loss can be minimized in the cross-polarized detection
scheme: the emitter is coupled with high efficiency to the collection mode, and with small efficiency to the
excitation mode [13]. The scheme was originally developed for quantum dots (QDs) in semiconductor
micropillars, for which the cavity mode-splitting is induced by an elliptical pillar cross-section [13]. It was
subsequently employed in a QD-in-open-cavity device [14]. In this case, the mode-splitting arises from
birefringence in the semiconductor heterostructure, and it can be tuned via the electro-optic [15] and
photo-elastic effects [16].

Here, we probe both experimentally and theoretically the cavity-based excitation-collection scheme using
a QD coupled to a one-sided open-microcavity, figure 1(a). The experiment explores the dependence on
both laser detuning and pulse power. The theoretical model describes the effect of the cavity on the excitation
pulse. It also includes the exciton—phonon interaction. The model accurately describes the experimental
results allowing us to quantify the probability of exciton creation (equivalently, the population inversion), to
understand the unusual Rabi oscillations, and to predict the behaviour as a function of cavity-mode splitting.

2. Cavity-mediated excitation of a two-level system

We initially consider pulsed excitation of a two-level system (TLS) in the ideal limit, where decay and
dephasing processes are absent, and for pulse durations significantly shorter than the lifetime of the emitter.
In the case of a transform-limited pulse, a resonant pulse drives the TLS around the Bloch-sphere, inverting
its population from the ground state |g) to the excited state |e), black dots in figure 1(b). On increasing the
pulse area, the population coherently rotates around the Bloch-sphere, giving rise to the well-known
Rabi-oscillations, gray line in figure 1(c).

Another well-known case is the dynamics of a TLS under excitation with a strongly chirped pulse, known
as rapid adiabatic passage [17, 18], where the excitation frequency sweeps through the resonance of the TLS
during the pulse. The TLS interacts with different frequency components present in the pulse at different
instances in time, leading to a different trajectory on the Bloch-sphere, blue dots figure 1(b). Starting at the
south pole of the Bloch sphere, the TLS population oscillates around the north pole of the Bloch sphere at the
end of the pulse, making the excited state population insensitive to the pulse area, figure 1(c).

In the case of cavity-mediated excitation with a detuned pulse, a Gaussian-shaped pulse is convoluted
with the time-response of the cavity itself. Effectively, the cavity acts as a dispersive filter, altering the spectral
profile of the pulse such that it can no longer be described by a Gaussian profile in the frequency domain.
Figure 1(d) illustrates the spectral configuration of the original laser pulse and the cavity modes. The TLS is
resonant with the higher-frequency cavity mode (H-polarized), and the laser pulse is launched via the
lower-frequency (V-polarized) cavity mode. The red curves in figures 1(b) and (c) show the evolution of the
TLS as a function of the input pulse area. A full population in the excited state can be obtained, but
population inversion is incomplete at higher pulse areas. At high pulse areas, the excited state population
converges to a constant value lying between 0 and 100%, depending on the detuning. This behaviour at high
pulse areas significantly differs from the other two excitation mechanisms. Note that the detuning between
the excitation cavity and the laser pulse plays a vital role in this scheme. Tuning the laser into resonance with
the excitation cavity would result in the TLS experiencing a simple detuned pulse, leading to a limited
population inversion.

3. Experimental results

We use a QD in an open microcavity [14] to investigate the cavity-mediated excitation scheme. The QD is
occupied with a single hole such that optical excitation creates a positively-charged trion. The cavity
comprises a ‘top’ dielectric mirror with a reflectivity of 99% and a ‘bottom’ semiconductor mirror with a
reflectivity of 99.97%. A QD layer is grown on the semiconductor mirror; the QD layer is embedded in the
intrinsic region of a p-i-n diode: the diode facilitates control of the QD charge (via Coulomb blockade) and
also fine-tuning of the optical resonance (via the dc Stark effect).

The cavity has a line width of 25 GHz and a mode volume of 1 um? at the operating wavelength
(920 nm). A QD positioned at the centre of the cavity experiences a Purcell enhancement of ~10 (resulting
radiative lifetime ~45 ps) on resonance with the cavity. The cavity hosts two modes with orthogonal
polarization and a mode-splitting of 50 GHz. The laser pulses have a temporal width (intensity full-width at
half maximum) between 3.6 and 5.0 ps.
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Figure 1. Excitation mechanisms. (a) Schematic picture of a quantum emitter coupled to a one-sided cavity. The cavity’s
fundamental mode is split into two non-degenerate H- and V-polarized modes. (b) Bloch-sphere representation of the TLS state
when interacting with a resonant Gaussian pulse (black dots), a chirped pulse (blue dots), and a cavity-filtered pulse (red dots), as
a function of the pulse area. (c) The excited state population, pe., versus pulse area for excitation with a Gaussian pulse (gray line),
a chirped pulse (blue line), and a cavity-filtered pulse (red line). (d) Spectral configuration for the cavity-mediated excitation. The
quantum emitter is resonantly coupled to the higher-frequency H-polarized cavity mode (blue), and the V-polarized laser pulse
interacts with the quantum emitter via the lower-frequency V-polarized cavity mode (red).

We use the polarization of the excitation laser to select the excitation cavity mode. Figure 1(d) shows the
case where the QD is on resonance with the higher-frequency (H-polarized) mode and the laser is launched
through the lower-frequency (V-polarized) mode, the ‘blue’ collection case. Figure 2(a) shows the calculated
intra-cavity field in this configuration. As evident from the spectrum, the intra-cavity field exhibits a strong
peak below the QD resonance. Figure 2(b) shows the spectrum in the inverted case, the ‘red’ collection case:
the QD is on resonance with the lower-frequency (V-polarized) mode and the laser is launched through the
higher-frequency (H-polarized) mode.

We first present experimental results on the ‘blue’ collection case. Figure 2(c) shows the normalized
single-photon rate as a function of the input laser power. The laser is detuned from the QD by
Awy /(2m) = 88 GHz (Awr, = w;, — wqp)- The detected single-photon rate exhibits the expected oscillatory
behaviour along with strong damping as the laser power is increased. The damping arises from the
interaction between the QD exciton, the red-detuned components of the intra-cavity field, and the phonons
in the environment of the QD. Specifically, the damping process involves the QD decaying by emitting a
photon on resonance with the intra-cavity peak and a phonon, as illustrated in the inset of figure 2(c). The
process is enhanced by the large amplitude of the intra-cavity field, and leading to more pronounced
damping at higher laser powers. Processes of this nature have already been observed in pump-probe
experiments [19]. The theoretical model presented in section 4 accurately captures these details, as depicted
by the solid lines in figure 2(c).

A crucial metric is the population inversion, the probability of creating an exciton in the QD following
pulsed excitation. The probability of creating a photon in the collection cavity-mode is 7). = .7, where 7,
stands for the population inversion, and [, the probability that an exciton creates a photon in the collection
cavity-mode. It is hard to access 7, directly in an experiment. However, 5, and the other factors which
determine the measured photon flux [14] remain constant with respect to laser power. This allows 7, to be
determined by fitting the measured flux—power curve to the theoretical model. The excellent agreement
between theory and experiment allows us to deduce that we achieve a maximum population inversion of
T, = 96%2;2 in this experiment. The theory also allows us to quantify the exact role of phonons—the
dashed line in figure 2(c) shows the theory with the exciton-phonon interaction turned off. At low powers,
phonons only slightly limit the population inversion (99% — 96%), but they have a more significant effect at
high powers.

We turn to the ‘red’ collection case, a scheme mirrored in frequency with respect to the ‘blue’ case.
Figure 2(d) shows the normalized single-photon rate as a function of the input laser power with
Awy /(2m) = —82 GHz. Interestingly, the strong damping disappears in this case. This is due to the fact that a
phonon-mediated process is suppressed: the peak of the intra-cavity field lies at a higher frequency than the
QD resonance, such that phonon-mediated depopulation of the excited state would require absorption of a
phonon, which is suppressed at the temperature of the experiment (4.2 K), due to the low thermal
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Figure 2. Normalized photon rate as a function of laser detuning. (a) Schematic of the ‘blue’ collection case where the QD is
resonant with the higher-frequency cavity-mode and the lower-frequency cavity acts as the excitation cavity. (b) Schematic of the
‘red’ collection case where the role of the two cavity-modes is reversed. (c) Normalized photon rate (measured signal normalized
to the known losses of the system) versus the square-root input power for the ‘blue’ case with Awr /(27) = 88 GHz. The solid
black line is modeled including phonons; the dotted line is the result of the model in the absence of phonons. The inset depicts the
energy levels of the QD and the peak of the intra-cavity field (IC). (d) Same as (c), but for the ‘red’ case. (e) and (f) Normalized
photon rate for ‘blue’ and ‘red’ cases, respectively. The data sets are offset by one unit for better visualization. (g) and

(h) Measured peak signal and calculated peak population inversion as a function of laser detuning. The model uses a fixed

t, = 3.6 ps. The solid lines in panels (e)—(h) are modeled including phonons in the theoretical analysis. The uncertainty arising
from the shot noise on the experimental data in panels g and h is less than 1%.

population of the phonon bath. The symmetry breaking in the system’s evolution, ‘red’ with respect to ‘blue’,
is strong evidence for the role of phonons in the system dynamics [20, 21]. Similar to the ‘blue’ case, the
theoretical model reproduces the experimental results very convincingly. At higher powers, the theoretical
curve slightly overshoots unity. This behaviour is attributed to two-photon emission processes: the QD emits
one photon during the excitation pulse and is subsequently re-excited by the same pulse such that a second
photon is created [22, 23].

Figure 2(e) and f show the measured normalized photon rates for different laser detunings (Awy /(27))
in the ‘blue’ and ‘red’ collection cases, respectively. In the ‘blue’ collection cases (figure 2(e)), Rabi
oscillations along with phonon-induced damping are evident. The peak population inversion exceeds 90%
for Awyr/(27) between 40 GHz and 100 GHz. At resonance and for negative detunings, Awy, < 0, the peak
population inversion decreases drastically. On the other hand, for the ‘red’ collection cases (figure 2(f)), the
oscillatory behaviour is less pronounced and only present when the laser is red-detuned, Awy < 0.
Remarkably, the population inversion can still be close to unity for Awy, > 0. A phonon-assisted excitation of
the QD can describe this: in this scenario, the intra-cavity field lies at higher frequencies than the QD
transition such that a laser photon can be converted to a QD-exciton and a phonon [7, 21].

Figures 2(g) and (h) illustrate the highest measured photon rates as a function of the excitation frequency
for the ‘red’ and ‘blue’ schemes (data in figures 2(e) and (f), respectively). In both cases, the maximum is
achieved for a detuned pulse.
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Figure 4 shows the normalized photon count rate as a function of the excitation power and the frequency
of the cavity modes for a fixed laser wavelength. Figure 4(a) corresponds to the ‘blue’ collection case where
Awy /(2m) = 35GHz and t, = 4.4 ps. At resonance, clear damping of the Rabi rotations is observed as the
excitation pulse area increases, in agreement with the results presented in figure 4(b). A different profile is
observed in the ‘red’ collection case, when the QD emits photons into the lower-frequency V-polarized cavity
mode, as seen in figure 4(c), where Awy /(27) = —23.57 GHz and t, = 3.6 ps. Here, at resonance, the
normalized photon rate tends to plateau as the excitation pulse area increases. Both the experimental data
and the model show a clear asymmetry between excitation via a red- or blue-detuned cavity mode. This
asymmetry is consistent with the data presented in figure 2.

4, Theoretical treatment

The interaction between a TLS coupled to the collection cavity and a driving electric field is described with
the standard Hamiltonian:

H=hAwala.+nhg(alo_ +a6.)

+E(W-H) (i, 4 e ts_). (1)
The Hamiltonian is in the rotating frame of the TLS. wy/(27) is the resonance frequency of the TLS,
Aw,/(27) the frequency detuning between the collection cavity-mode and the TLS (Aw, = w, — wy), and af
the photon creation operator for the collection cavity. E(t) is the intra-cavity field driving the TLS. The
leakage through the top mirror is modeled using the Lindblad operator £ = \/kd..

The laser interacts with the TLS via the second cavity mode, the excitation mode, with resonance
frequency w,/(27). The intra-cavity field is a convolution of the input pulse and the impulse response of the
cavity mode. The impulse response of a cavity is (1) = e~ cos(w,7)O(T), where x/(27) is the linewidth
of the cavity mode. Assuming an input field Ey(t) = (7 t,) ~'sech(t/t,)cos(w; ), typical of a mode-locked
laser, the intra-cavity field is:

) = rke“'sech(t/t,)
2T jm (2)
X 2F) (1,1,14ju/2,sech(t/t,) /2) + c.c.,

where j,, = 1 — (1Awgr — K/2)ty, wi/(27) is the centre frequency of the laser, ¢, the input pulse width,
Awgy/(27) the detuning between the laser and the excitation cavity mode, and ,F; Gauss’s hypergeometric
function. We plug equation (2) into equation (1) and apply the standard rotating-wave approximation.

Phonons play a significant role in the dynamics of a QD as the instantaneous Rabi frequency can be as
high as several terahertz at which the exciton-phonon coupling is strongest. Assuming weak coupling of the
exciton to the environment, one can include the effect of phonons on the TLS dynamics using the
Bloch—Redfield master equation [24-26].

We use the Python package Qutip [27, 28] to set up and solve the equations of motion based on the
Hamiltonian in equation (1). Finally, the photon creation probability in the collection mode (7. ) is calculated

as e with m, = [ (fac) dtand B, = o7,

in the collection cavity mode. Note that [ x <ElI Elc> dt is the number of photons generated by the excitation
pulse and in principle can exceed one (via multiple excitations of the TLS by one pulse). However, in the
regime explored here (pulse duration much less than radiative decay time), [ « (ala. ) dt follows the
population of the TLS upper-state very closely and we choose to describe it with ‘population inversion’

To extract numerical results, we take the exciton-phonon coupling as described in [29], assuming a
spherically symmetric wavefunction for both electrons and holes (¢ o e="/""). Our model matches the
experimental data very well for an electron radius of 5.9 nm and a hole radius of 3.6 nm. In the calculations,
k/(2m) = 25 GHz and the cavity mode-splitting is 50 GHz as extracted from earlier measurements [14]. The
pulse width lies between 3.6 ps and 5.0 ps.

We use our model to map out 7, as a function of the laser detuning, using the parameters following
modeling of the data in figure 2. Figure 3(a) shows the behaviour of an ideal (phonon-less) QD in the ‘blue’
collection case. Near-unity population inversion is observed over a range of laser detunings. For a
phonon-less QD coupled to the red-detuned cavity mode (‘red’ collection case), this plot would be mirrored
with respect to Awp = 0. Figures 3(b) and ¢ show the population inversion including the interaction with
phonons. The effect of phonons is visible in the striking difference between these two plots and figure 3(a).
Despite the asymmetric behaviour between ‘blue’ and ‘red’ collection modes, these results clearly
demonstrate that near-unity population inversion can be obtained in both cases, and that the maximum

the probability of the QD exciton creating a photon
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Figure 3. Simulated population inversion of a QD excited by a cavity-filtered light pulse. 7. is plotted as a function of input laser
detuning from the QD (Awy,) and the excitation pulse amplitude. For this simulation, </ (27) = 25 GHz, the splitting between
the two orthogonal cavity modes is 50 GHz, and the input pulse width is £, = 4.2 ps. (a) The ‘blue’ collection case in the absence
of phonons. The ‘red’ collection case is equivalent in the absence of phonons but with symmetrically reflected laser frequencies.

(b), (c) The calculated values with the same parameters in the presence of phonons: (b) ‘blue’ collection case, where 7, reaches
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Figure 4. Normalized photon rate as a function of the excitation power and the cavity detuning. (a) Experimental data in the ‘blue
case), when the QD is resonantly coupled to the higher-frequency H-polarized cavity-mode and the laser pulse’s central frequency
is detuned by Awy /(27) = 35.00 GHz and ¢, = 4.4 ps, and (b) respective simulation of 7.. (c) Experimental data in the ‘red case’,
when the QD is resonantly coupled to the lower-frequency V-polarized cavity-mode and Awy, /(27) = —23.57 GHz, and

(d) respective simulation of 7, with Awy /(27) = —35.00 GHz and #, = 3.6 ps.

population inversion is not obtained under strict resonant conditions in this cavity-mediated excitation
scheme.

The success of the theory allows us to predict the behaviour on changing the mode-splitting (Aw,/(27))
over a wide range. Calculating 7. is crucial, as 8. depends on Aw,/(27): at small Aw,/(27), the two cavity
modes overlap, reducing .. Figure 5 shows the maximum attainable 7. for a range of laser detunings. The
plot confirms that the highest 7). for a finite Aw, is achieved away from the strict resonance condition (i.e.
Awy # 0 and sign(Aw,) = —sign(Awr)). The optimum laser frequency approaches the resonance of the QD
as the mode-splitting increases. While near-unity efficiency is possible over a large range of mode-splittings,
the photon creation efficiency shows a minimum of 50% around Aw, = 0 as in this case, the QD couples to
both cavity modes.

Finally, it is worth considering the input power needed for cavity-mediated excitation of a QD. For the
parameters in figure 3, the intra-cavity input pulse area for optimal efficiency is 5.4 7. This is less than the
pulse area required using the phonon-assisted excitation mechanism. Furthermore, the intra-cavity field is
enhanced by the high finesse of the cavity, E. = y/2F/mE;, (not included in equation (2)). In our

6
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Figure 5. 7). as a function of the mode-splitting and the laser detuning. 7. is above 95% for most of the mode-splittings. Note that
the bright quadrant Aw, > 0, Awr > 0 is a result of phonon-mediated excitation of the QD.

experiment, we used a one-sided cavity with a finesse of 500, providing an enhancement of 18 in the
amplitude of the field.

5. Conclusions

We consider the excitation of a QD via a cavity mode and show that the cavity acts as a dispersive filter,
modifying the spectral configuration of the laser pulse. The excitation of the QD proceeds via an indirect
route on the Bloch sphere. Nevertheless, a population inversion as high as 98% can be achieved.

Both the ‘red’ and ‘blue’ collection cases yield equivalent population inversions under optimal
parameters. In the ‘red’ case, the excitation mechanism resembles a rapid adiabatic passage scheme in that
there is a near-unity plateau for increasing laser powers. This behaviour could be exploited to generate single
photons with low sensitivity to fluctuations in the excitation power. In both ‘red” and ‘blue’ cases, the
population inversion is maximum for a laser-pulse detuned with respect to the QD, illustrating the
importance of a complete model of the QD-cavity system and its phonon environment to optimize the
performance.

Our findings demonstrate that the cavity-mediated excitation of a QD can deliver the high single-photon
efficiencies required for optical quantum technologies. The methods developed in this work can be readily
applied to a host of different emitter and cavity systems, supporting future advances in solid-state quantum
light sources. We comment on a potential drawback for the cavity-based excitation mechanism, namely that
the long-lived intra-cavity field may lead to double-excitation events [22, 23]. In this case, the
large-bandwidth first photon is filtered away by the cavity; the resultant time jitter on the second photon
compromises the indistinguishability of the photons. This problem can be mitigated by choosing x > T',
where I is the lifetime of the TLS in the cavity, a limit appropriate to the experiments performed here.

6. Supplementary

6.1. 1. versus the mode-splitting of the cavity

We map out 7, as a function of the frequency splitting between the excitation and the collection cavities.
Figure 6(a) shows the response of an ideal QD (no phonons) as a function of the amplitude of the input field
and the mode-splitting of the cavity for a QD-laser detuning of Aw /(27) = 35 GHz. High 7, is possible for
two laser detunings, the range around zero, and the range around —60 GHz. The first range is
disadvantageous as the QD will couple to both cavity modes such that a significant fraction of the photons
will be emitted into the excitation cavity. The range around —60 GHz is more useful as the detuning between
the excitation cavity and the QD reduces the coupling to the excitation cavity. Figures 6(b) and (c) show 7,
for a QD taking into account the effect of phonons for the ‘blue’ and ‘red’ cases. As evident from these plots,
7, is a weak function of the choice, ‘red’ or ‘blue’, and a high photon creation efficiency of the QD is possible
for a range of laser detunings.




10P Publishing New J. Phys. 25 (2023) 093027 AJavadi et al

(@) “Blue” collection case (b) “Blue” collection case © “Red” collection case
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Figure 6. Simulated 7, as a function of the detuning between the excitation cavity-mode and the QD, Awe, and the excitation
pulse area. For these simulations, x/(27) = 25 GHz and the laser frequency is detuned from the collection cavity-mode by a fixed
amount Awr. (a) The ‘blue’ collection case in the absence of phonons with Awy /(27) = 35.00 GHz and t, = 4.4 ps. (b) As in
(a) but in the presence of phonons. (c) Calculated values for the ‘red’ collection case with Awr /(27) = —35.00 GHz and t, =
3.6 ps in the presence of phonons. The dashed lines in these plots indicate the frequency of the excitation laser.
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