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Abstract

Quantum dots have the potential to be one of the brightest deterministic single photon sources
with high end applications in quantum computing and cluster state generation. In this work, we
re-examine the design of plain micropillars by meticulously examining the structural effects of the
decay into leaky channels beyond an atom-like cavity estimation. We show that precise control of
the side losses with the diameter and avoidance of propagating Bloch modes in the distributed
Bragg reflectors can result in easy-to-manufacture broadband (Q & 750-2500) micropillars,
allowing for broad optical coherent control pulses necessary for high single photon purity
(>99.2%-99.99% achievable) while simultaneously demonstrating extremely high efficiency out
the top (90.5%—-96.4%). We also demonstrate that such cavities naturally decouple from the
phonon sideband, with the phonon sideband reducing by a factor of 5-33 allowing us to predict
that the photons should show 98.5%-99.8% indistinguishability without the need for filtering.

1. Introduction

Highly efficient sources of quantum light—single and entangled photons—that are readily mass
manufactured, are vital for quantum technologies and quantum communications. Quantum dots (QDs)
have near unity internal quantum efficiency and their utility extends well past single- or pair- photon sources
as they can be used as light-matter interfaces with a possible perfect non-linearity, which requires a
simultaneous near-perfect indistinguishability and efficiency. To meet these requirements, one exploits cavity
quantum electrodynamics (cQED) to create photonic structures, such as a micropillar cavity, which
efficiently funnels the light into a single well-defined optical mode. The micropillar single photon source
(SPS) consists of a QD placed inside a resonator made up of a \/n ‘cavity’ layer and a quarter wavelength
distributed Bragg reflector (DBR) stack on either end of the cavity. The resulting emitter-cavity interaction
results in enhancement of emission along the growth axis, and by etching the sides of the planar structure
into cylindrical micropillars, the field at the dielectric interfaces is laterally confined therefore reducing the
resonator leakage through the sides and increasing decay into favourable channels.

Research into solid state single photon devices has produced very promising micropillar-QD emitters.
The true potential of any cavity-enhanced SPS only occurs if the QD and cavity are degenerate, leading to
various techniques being used to bring the QD energy into resonance with the cavity. Notably efficient
devices had been experimentally realised with a variety of QD-tuning techniques, such as Stark-shifted QDs
showing 65% efficient resonance fluorescence in high Q (12 000) pillars [1]. Similar work in spectrally
narrow cavities showed ~66% collection into NA = 0.65 with simultaneously high single-photon purity and
indistinguishiability [2]. Further experimental demonstrations of bright micropillars were reported with
74.4 4 4% overall efficiency in the near-IR [3]. More recently, novel approaches such as planar (non-etched)
half-cavities with a microlens mirror completing the resonator achieved 57% end-to-end efficiency through
a single mode fiber [4].
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A common drawback most current state-of-the art micropillar devices share is the reliance on strong
Purcell enhancement which is achieved by resorting to narrow-band resonators, with Q factors >10000 and
resulting cavity linewidths <0.1 meV. These are all too spectrally narrow to accommodate the short optical
pulses (1-2 ps) required to avoid multiple excitation-relaxation cycles which are catastrophic to the single
photon purity [5]. High Q factor pillars are extremely sensitive to the lifting of degeneracy in the
emitter-resonator system, leading to a particular vulnerability to fabrication tolerances where asymmetry in
the cylinder (ellipticity) causes the resonator to split into two non-degenerate H and V I'cgyiry modes. On the
other hand, broader cavities would be much more resistant to these and other fabrication tolerances, such as
sidewall roughness, though techniques such as optical projection lithography can be used to fabricate
micropillars with sufficiently smooth sidewalls to maintain a high Q factor. There have been demonstrations
of this even at very small diameters at much faster speeds than e-beam lithography etching of the same
structures [6]. What’s more, a low Q cavity will spectrally encapsulate a much higher number of the QDs in
the broadly distributed ensemble, leading to much better fabrication success rates. With this in mind,
broadband cavities—meaning cavities which can accommodate a biexciton-exciton cascade and allow for
picosecond pump pulses—have attracted attention and research efforts have demonstrated that low Q
cavities can facilitate deterministic light-matter interactions, the efficiency of which can be maximised by
suppressing lossy modes [7-9].

Other designs include exotic micropillar variations such as nanotrumpets that have been lifted off and
placed on gold mirrors, with a predicted 75% efficiency [10], or hourglass-like micropillars, reaching 97%
theoretical efficiency, albeit in very narrow cavity (Q > 30k) [11, 12]. Other techniques to utilise micropillars
as on-demand SPSs include the introduction of controlled ellipticity in the cylinder structure, where the
break in the radial symmetry splits the cavity decay channel into non-degenerate modes allowing for the
pumping into one and extraction from the other [4]. This removes the cross-polarisation collection limit of
more rudimentary pumping techniques, with efficiencies as high as 60% in structures at Q= 4000 [13] and
potentially 89% for Q= 25000 [14] reported. However, asymmetric cavity designs preclude the encoding
polarisation information in the qubit.

Furthermore, as these proposals involve technically difficult and resource intensive fabrication, there is
still the necessity of a more scalable answer to the solid state SPS problem. In this work, we return to the basic
micropillar structure due to its comparatively simpler manufacturability and proven potential as an ideal
deterministic and versatile SPS. By discussing phenomena which are common to any cavity, we present a
universally applicable and simple design strategy to maximise the device efficiency, indistinguishability, and
bandwidth by providing an in-depth analysis of the hitherto underexplored low Q micropillars. We also
consider the suppression of the phonon-photon interactions, leading to a near elimination of the phonon
sideband and very high expected indistinguishability without filtering.

2. Methodology

We use a commercially available FDTD solver to fully examine the micropillar cQED by probing the
diameter and DBR stack effects on the efficiency. We start off with a dcayiry = 2.25 pm ‘pilot’ pillar consisting
of GaAs/AlAs DBRs with 7/35.5 pairs on the top/bottom respectively, and at the end we optimise to design
high-brightness broadband pillars. The DBR layers are A/4n, which for ng,as = 3.41 and np1as = 2.91
corresponds to dgaas = 95.3 nm and dajas = 111 nm, with dcgyity = 381 nm. We use benzocyclobutene (BCB)
as the surrounding medium for some simulations as indicated in the figure captions, as it is a commonly
used material to planarize micropillars [15]. We examine all decay rates through the pillar faces while
making no assumptions about the side leakage or the background decay rate (figure 1(a)), but relying on the
fundamental relation

FCavity + Csige = Fply (1)

where I'cyyity is the decay rate into the cavity, I'siq. is the decay rate into leaky side modes and Fp is the Purcell
factor, describing the enhancement of the decay rate if the emitter was placed in bulk, I'y. The motivation is
to avoid making the common approximation used in atom-cavity physics that the solid angle subtended by
the cavity Qcayiey is much smaller than ) (as illustrated in figure 1(b)). In atom-cavity systems, the k-space
subtended by Qcyyity is neglected and 2 & 472, leading to the commonly used expression to parameterise the
active cavity efficiency, Saom = Fp/(Fp +1).

By introducing a finite radius, the semi-infinite GaAs subtended by €2 is replaced with the reflective radial
edges which form a horizontal resonator, as discussed in detail in section 3. The decay rate of the
corresponding k-vectors is therefore not I'g, but I'sige instead. A cavity that subtends a finite solid angle can
therefore exhibit off-resonant Purcell suppression [16], which can be a crucial tool in maximising the device
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Figure 1. (a) The micropillar diameter dcayiry and numbers of DBR layers in the stacks on top and bottom of the cavity (N, and
NBgottom> respectively) are varied while the power decay through the top, side, and bottom faces of the micropillar is calculated
using FDTD. (b) An atomic emitter with an infinitesimally small solid angle subtended by the cavity Qcayity versus a micropillar
where the emission into Q2cayity dominates over €. (c) The numerically simulated micropillar /3 factor (blue) and the atom-like
cavity approximation of the same, Saom ~ Fp/(Fp + 1) (grey) show distinct trends when dcayigy is varied against a BCB
background. (d) The discrepancy (red, right axis) between the pillar (blue) and atomic (grey) resonators remains significant
across most of the weak coupling regime with >0.05 discrepancy, for Fp < 25, Q < 5000.

efficiency; in other words, a cavity which dominates the angular space demands less Purcell enhancement
over the spontaneous decay to achieve high 3 factors. We account for this, as well as any waveguiding effects
of the vertical DBR structure, by working out the § factor in a numerically exact way such that

o 1_‘Cavity o FCavity ( 2)
Drotal FCavity + Uside

This possibility is not captured by the Purcell factor based estimation Sam, as can be seen in figure 1(c)
where the decay-based calculation of the pilot pillar 8 factor behaves very differently. Even at a fixed diameter
(panel (d)), Satom underestimates the true active coupling throughout a significant range (Fp < 50, Q
< 8500) of the Purcell regime; this discrepancy has been observed and modelled in both micropillars and
microposts [9, 17, 18], showing that in radially terminated structures a more detailed model needs to be
considered. For a full appreciation of the efficiency at the first lens &, we must also consider the passive
efficiency 7 which quantifies the percentage of emission from the top versus leakage of the cavity mode into
the substrate such that

_ FTop _ I‘lTop (3&)
FCavity FTop + I'Bottom
FTo
§=pn= F7p~ (3b)
Total

By varying the fundamental structural parameters of the pilot device, we identify several competing
decay mechanisms in the micropillar and use this as a design guideline to produce an array of device designs.
In this work we focus on 3D simulations of devices in the telecoms O-band, though analogous results
observed for 910 nm micropillars indicate that our optimisation method may be applied to any wavelength.
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3. Side-loss suppression

In figure 1(c), there is a clear oscillation of the /3 factor with diameter; we have observed this behaviour in
previous FDTD simulations having found it to be in agreement with experimental measurements [9]. The
same effect has also been observed with analytical examinations using the Fourier Modal Method [17], where
a detailed treatment describes this periodicity as a result of guided modes along a fibre-like model of the
pillar. We build on this work by implementing the numerical FDTD technique which does not require the
simplification of the vertical DBR pillar structure, verifying the main result, but showing that there are
discrepancies when the index of the surrounding medium is changed. We therefore present an alternative
lateral 1D Fabry Perot model which allows for a simple yet effective design strategy depending solely on the
desired pillar wavelength and the cavity semiconductor material.

In figure 2(a) we calculate the power decay through the side, I'5;ge normalised to the decay rate in bulk
GaAs, Iy, as a function of wavelength and diameter dcayiry. It can be seen that the strong horizontal leakage
occurs at diameters corresponding to half wavelength values (black dashed lines) whereas at full wavelength
diameters (white dashed lines), I'sjge << I'g. The lossy I's;ge can be suppressed from 1.1 to 0.3 I'; as the
fundamental cavity mode varies very little with diameter (figure 2(b)), the resulting active coupling to the
cavity as described by (2) and presented in figure 2(c) shows regions of high 3 factor (=85%) separated by
areas of much lower 3 (~55%) when the peaks in I's;q. spectrally overlap the I'cqyiry modes.

The diameter’s effect on the side leakage is considerable as the etching introduces a reflective radial edge,
resulting in a horizontal resonator formed by fields reflecting at the cavity-air boundary. The horizontal
standing modes which are analogous to the vertical ones, result in distinct and separate horizontal modes in
addition to the cavity modes. (figure 2(d)). When the diameter is changed, the resonant frequencies of the
horizontal resonator are shifted much like the cavity height controls the resonances of the vertical modes. In
figures 2(e)—(g), the cavity mode (blue) remains unperturbed by the small increments in the pillar diameter,
while the much broader side mode (red) is shifted as the wider diameters means a longer horizontal cavity,
and standing waves of a higher wavelength are resonant instead. While the side leakage is Purcell enhanced at
wavelengths for which the horizontal cavity (pillar diameter) is resonant, we observe that I'g;ge is Purcell
suppressed otherwise; by tuning the horizontally resonant frequencies away from the vertical cavity ones, we
can use simulatenous Purcell enhancement of the cavity and Purcell suppression of the side channel at 1.3
pm to further increase (3 well past Saiom because I'gige < I, causing 3 to increase from 57% to 72% as
dcavity goes from 2.9 to 3 pm in figures 2(e)—(g) (the 7 factor also changes—this is discussed in section 4).
This suppression is the crucial effect that is not captured by the atomic estimation and is responsible for the
results in figures 1(c) and (d).

To further investigate the suitability of the 1D Fabry Perot model of the horizontal modes, we keep a
constant pillar diameter and instead change the index of the background medium, ng. In figure 2(h) we show
a diagram of the input field Eyy and the field reflected at the edge and circulating inside the resonator, Eciyc, as
described by standard model in [19] where the resonator enhancement is given by

|ECirc|2 o 1

P (1-R’ (4)

where R is the Fresnel coefficient given by (1gaas — (115))*/((nGaas + (15))?. The plot in figure 2(h) shows
how I's;4. is affected by the increase in 3, whereas the dashed lines correspond to the right axis and show the
resonator enhancement as predicted by (4). The decreasing contrast weakens the reflection at the radial
boundary, reducing the wavelength variation of the Purcell effect (both on-resonant enhancement, and
off-resonant suppression) of the side resonator, but does not otherwise affect their spectral position, in
contrast to the fibre-guided mode model. This allows us to optimise the diameter using solely the desired
micropillar wavelength and the material of the cavity layer i.e. for optimal /3 factors, dcayiey = M\ /fcavity
where m € N. To confirm this, we examine the resonant wavelengths of the horizontal cavity for a range of
diameters, wavelengths (1.3 and 0.91 um), and background materials (air and BCB). In figure 2(i) this has
been plotted and shows the independence of the side modes from the background index, and that for the
5-10 A/n range (corresponding to diameter 1.5-3.0 um) it is sufficiently accurate for use as a predictive tool.
For larger diameters, a full 2D treatment of the resonator using Bessel functions would be necessary for
accuracy. This shows as expected an increased suppression for the higher refractive index material (GaAs/air)
providing a stronger suppression and increased enhancement of I'siq. and overall wider variability
comparing to the case that a dielectric has been used to planarize the micropillars.
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Figure 2. (a) The decay rate through the sides of a micropillar in a BCB background medium, I'g;ges (in units of bulk decay rate
T'¢) is shown as a function of wavelength and micropillar diameter. The white dashed lines represent dcavity values corresponding
to full wavelengths, whereas black dashed lines mark half wavelength diameters. (b) The decay rate through the top of the
micropillar. (c) The resulting (3 factor. (d) The emitter dipole moment 7 is simultaneously perpendicular to vertical and
horizontal E-fields shown in blue and red, respectively. (e)—(g) The decay rates through the top (blue) and red (sides) normalised
to the bulk decay rate Iy for pillars with increasing diameters. The decay rate through the top (blue) remains largely consistent
while the side decay (red) is red-shifted when dcaviyy increases. (h) A plot of I'siqe /T’y for different surrounding dielectrics. The
horizontal cavity Purcell enhancement and suppression of the side leakage grows weaker when the refractive index contrast
between the cavity dielectric and the surrounding medium is reduced, and is accurately modelled as a 1D Fabry—Perot resonator
(dashed lines, right axis). (i) The resonant frequencies of leaky-side modes for O-band pillars immersed in BCB (blue, left axis)
and 0.91 pm pillars in air (grey, right axis) are independent of the surrounding medium and occur at half wavelength cavity
diameters (red dashed lines). The side maxima clearly overlap the half wavelength dashed lines regardless of the background
index, in contrast to the fibre-guided mode model.

4. Propagating Bloch modes

While the active coupling /5 quantifies the probability of Purcell enhanced decay into the cavity, it does not
differentiate between emission vertically upwards or downwards. In order to get the full picture, we also need
to examine the passive efficiency 7 (as calculated in equation (3a)). The requirement to consider further
factors is illustrated in the devices discussed in figures 2(f) and (g) where despite the 2.95 ym and 3.00 ym
pillar having similar S factors (0.68 and 0.72, respectively), differences in the passive efficiency 7 (0.73 and
0.79) lead to more strongly contrasting efficiencies £ (0.50 and 0.57). A result of increased leakage into the
substrate, this efficiency-reducing effect had been observed in analysis of narrow micropillar structures [20],
with analogous effects attributed to Fabry—Perot modes in photonic crystals preventing near-ideal photon
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Figure 3. (a) The E-field intensity along a plane bisecting the structure shows the Bloch modes propagating inside the structure,
with intense spots forming where lower and higher order modes intersect. (b) The power flux through the bottom, I'gottom, at
dcavity = 2.15 ppm shows many propagating Bloch modes, rendering this a poor diameter choice despite the high 3 factor. (c) A
plot of the on-resonance peak 3 and 7 factors of the 7/35 pilot pillar in BCB shows a non-identical periodicity in dcavity, affecting
& = Bn (blue). (d) The decay rate through the bottom of the BCB encased pillar as a function of wavelength and diameter reveals
a plethora of dcavity dependent modes which propagate along the DBR structure and decay into the substrate. (e) The 7 factor is
worsened where the bottom-leaky modes are degenerate with the cavity mode. (f) The 7 factor of micropillars surrounded by air
of the 3 local maximum at dcayiy = 2.25 m (6 /n) with various bottom DBR pairs Npottom is shown as a function of Nrop; the
marked performance dip is due to re-direction of the emitted field into the substrate by propagating Bloch modes. (g) The
Transfer Matrix Method (TMM)-calculated ratio of the transmissivity between the top (Ttop) and bottom (Tgottom) mirrors
shows values for Ntop, Npottom Which produce strongly downward (pink) and upward (blue) emitting cavities.

extraction [21]. A detailed analytical treatment in agreement with experimental measurements [22] had
followed shortly, where it was identified that modes exist whose effective index is solely real, resulting in no
Bragg reflection and unrestricted propagation through the micropillar structure. It was further shown in [22]
that the well-guided cavity mode I'c,yiyy can scatter at a reflective interface and excite propagating Bloch
modes, with the energy leakage rate proportional to the scattering strength of the interface (i.e. reflected field
intensity) as well as the spatial mode overlap at said interface. An example of a micropillar with strong leaky
Bloch modes is presented in figure 3(a), showing the Fourier transform of E(¢) in a plane going through the
pillar middle. The colormap is scaled to highlight the propagating Bloch modes which propagate through the
structure; this particular micropillar has 7/35.5 top and bottom DBR pairs and a 2.25 um diameter; the
highly reflective GaAs-air interface at the micropillar top occurs at a point of significant spatial overlap
between lower- and higher-order Bloch modes. This leads to significant excitation of the Bloch modes,
leading to the observed 7 factor reduction. In this section, we explore the dependence of the Bloch mode
resonant wavelengths on the diameter dcayiry and the top and bottom DBR stack lengths, which is controlled
by Ntop, Npottom» demonstrating the crucial need to spectrally detune the lossy propagating Bloch modes
from the cavity mode and use off-resonant Purcell suppression to minimise any I'goom leakage. However,
unlike the 3 factor and the singular I'sj4e mode and its harmonics, the peaks in I'gotrom are comprised of a
plurality of repeated modes as exampled in figure 3(b), and a detuning strategy is not as straightforward.
The need to expand our design strategy past the side loss minimising vertical-and-horizontal resonant
cavity model is evident in the plot of the peak/on resonance efficiency factors as a function of dc,yiyy in
figure 3(c), where we observe variations in the 7 factor which are independent of the 3 factor ones and cause
some full wavelength diameters to be much more efficient, i.e. have a higher ¢ than others. In figure 3(d), we
show the wavelength-resolved decay into the substrate, I'gottom, as a function of the diameter where the
absence of I'cayiry contributions signals that the well guided modes of the cavity are reflected upward by the
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35.5 DBR pairs in the bottom stack, while one can identify a variety of low and high Q modes whose
resonant wavelength is affected by dcayity. As a result of I'goiom enhancement, it can be seen from the
heatmap in figure 3(e) of 7 as a function of wavelength and diameter that the passive efficiency is high when
the cavity mode dominates and diminished when ['potom is spectrally degenerate.

Plots of the on-resonance passive efficiency of the 2.25 ym pillars (with air as the background medium)
with 15.5, 20.5, and 35.5 bottom DBR pairs have been shown in figure 3(f) as a function of the top DBR
pairs. An initial increase in 7), due to the strengthening Purcell factor Fp, is interrupted by a dip caused by
strong Bloch mode at N, = 7, regardless of Npotom as the mode overlap is determined by the diameter and
the path length between the emitter and the topmost interface. Further additions of DBR pairs in the top
mirror tune the problematic mode away once more, recovering the high passive efficiency if the cavity
remains single-sided. If there are not sufficient pairs in the bottom mirror, the increased reflectivity in the
top directs the cavity mode itself into the substrate. A 1D estimation of the ratio of the Fresnel transmission
coefficients Trop/ Thottom» calculated using the Transfer Matrix Method (TMM), is shown in figure 3(g). The
blue region marks micropillars where the top/bottom DBR configuration cavities where most of the emission
exits from the top, whereas pink denotes cavities where the emission is directed downward into the substrate
by the overly high reflectivity of the top DBR, and a white dashed line serves as a visual guide to the ‘turning’
point where further top mirrors start to cause avoidable 7 losses. It can be seen that even for a modest
amount of top pairs, Npottom > 30.5 is needed to optimise the micropillar.

5. Photon-phonon inhibition

It has long been predicted that the presence of a narrow bandwidth cavity with a significant Purcell
enhancement on resonance will reduce coupling to phonon modes by ensuring that the rate of coupling
on-resonance to the zero-photon line (ZPL) dominates over emission into the off-resonant phonon sideband
(PSB) which extends several meV away from the ZPL even at 0 K. However there has been some debate as to
whether the Purcell factor required to suppress the PSB to desirable levels means approaching the strong
coupling regime [23]. We find here that the situation becomes more promising when moving away from the
atomic approximation. As we have discussed, away from resonance from the cavity, a weak but important
Purcell suppression is observed. As well as reducing decay into undesirable spatial channels, Purcell
suppression can be used to reduce the available density of states of the PSB. In contrast to the atomic-like
cavity approximation, the micropillar suppresses a significant fraction of the PSB due to the significant
off-resonant Purcell suppression reducing the off resonant density of states. This is in contrast to the
predicted effect of the cavity acting as a passive spectral filter, which simply reduces the overall efficiency.

We quantitatively examine whether the concurrent strengthening of the ZPL and weakening of the PSB
field components can be used to near-eliminate any dephasing due to phonon side band emission by firstly
considering the spectrum of the emitted field in bulk GaAs by a QD on resonance with the cavity and
linewidth AT'y = 0.5 eV as an estimate, which has been shown in figure 4(a). The spectrum Spy(w) consists
of a narrow ZPL Lorentzian and a broadband PSB such that the ZPL weight over 4 sr is calculated as

f_oooo SZPL (w) dw

W47r = T <« 7 ~Na1
f_oo SBulk (w) dw

(5)

where Szpy is the ZPL portion of the field spectrum. We model the PSB phenomenologically, such that

Wy = 90% , which errs on the pessimistic side of experimental measurements and theoretical models,
where at 4 K Wy, is in the 90%—-93% range [23—29]. This remaining 10% of the spectrum arises from
emission via the phonon density of states, Dpy,(w, T) (figure 4(b)), which depends on the vertical and lateral
sizes of the ground and excited electron wave functions L; ; where i € {e,g},j € {xy,z}, where we use the
analytical and experimental models presented in [30, 31],

h w3 ! o (P —1)—&2 it &2 (P =1) =& P
Dpy(w, T) (D e“e e — Dgeew « ) du (6)

amdg e Jy

where @; j = wL; j/(2c), with deformation potentials D, = —14.6 eV and Dy = —4.8 ¢V, and crystal density
d = 5370 kg m—>. The characteristic wavefunction lengths have also been taken from roughly 0.95 um dots
measured in [30]; as the electron wavefunctions for O-band QDs will likely be larger, which leads to weaker
photon-phonon dephasing [26], we are slightly overestimating the phonon contributions to the emitted
spectrum and any ZPL weights calculated in this manner represent a lower bound; in reality the phonon
sideband could contribute even less. The field spectrum Sg is then acted upon by the FDTD-calculated
cavity. An example of the 13/35.5 5\ /n pillar modified emission has been plotted in figure 5(c) (blue line),
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Figure 4. (a) A simulated field QD emission spectrum in bulk GaAs (without any cavity Purcell effects) with a ZPL weight of 90%.
(b) The phonon density of states Dpy, at 4 K (7) generates the phonon sideband in the field spectrum, where we highlight the zero
phonon density at exact resonance and the phonon absorption peak several meV away. (c) The FDTD-calculated Purcell factor of
the 13/35.5 micropillar cavity (blue) shows off-resonant suppression of photon-phonon interactions as I'giqe < I'g at large

E — Ecavity» whereas an equivalent atomic emitter would not. (d) The spectra of the QD emitted field over 47 sr in bulk GaAs
(grey), where there is no Purcell effect, is compared to that of an atom-like cavity (red), where only Purcell enhancement is
modeled, and to the field emitted in an FDTD simulated micropillar cavity (dashed, blue), where off-resonant suppression of the
PSB is also included. The solid blue line shows the field collected through the micropillar top. (e) The decay rates through the
micropillar faces, normalised to the total power emitted. The suppression of undesired decay channels close to resonance with the
cavity leads to a much wider efficiency FWHM (&pwrnm) i.e. the width of I'rep /T in blue (= &) is several-fold broader than the
width k of the Purcell factor (grey, right axis).

which is compared to the effects of a similar structure with the atomic cavity approximation, which gives the
same peak and FWHM, but a constant Fp — 1 at large detuning. It is worth noting that because the actual
micropillar cavity goes to Fp — 0.3, the base-to-peak contrast is much larger than in the atomic case. The
suppression of alternative decay leads to stronger coupling as a Lorentzian peak-to-base ratio of ~55, where
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Figure 5. (a)—(c) The efficiency factors of micropillars: (a) emitter cavity coupling 3, (b) passive optical efficiency of the cavity 7,
(c) efficiency out the micropillar top & = /37, at full wavelength diameters, with Npottom = 35.5 and increasing Nrop. We choose
an optimal dcayity = 5A/n for the figures in the table below. (d) figures of merit for high-efficiency low Q micropillars with
NBottom = 35.5 DBR pairs and pillar diameter dcayiey = 5A/ficavity- Losses due to the PSB being redirected into the sides by the
collection ‘filter’ £ are quantified in &phonon, While the device efficiency € = £ &pponon describes the device efficiency when both
structural and PSB-mediated losses are accounted for. The purity values for the resonant two-level system (2LS) and the biexciton
pumping scheme are extrapolated from [5]. The final row €Z, describes the probability of an excitation pulse resulting in an
indistinguishable photon being emitted from the top of the pillar.

the Purcell factor as a function of detuning is given by

Irota 5
FP:L“:FO 1—&-2&; (7)
K)l—‘o(

Lo 5) + o

where A is the atom-cavity detuning wcavity — Wemitter [16], we find that in order to keep a consistent
peak-to-base ratio, figpiiiar = 70.4 peV, while figaom = 38.1 peV; this stronger coupling to the cavity further
weakens the dephasing due to phonons [32]. The off-resonant Purcell suppression of the field spectrum, as
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well as the cavity enhancement of decay into the ZPL work simultaneously to bring up the ZPL weight of the
detected field (assuming the detector collects only I'rop) from Wy, > 98% to Wrop > 99%. We model
field-spectra by considering the bulk field enhanced in either an atom-like or micropillar cavity over the
entire space, Sy, and the field which would be collected through the top surface, Stop, such that

S47r (W) = FP SBulk (w) (861)
STop (W) = g FP SBulk (W) . (Sb)

The spectra shown in figure 4(d), show the enhancement of the ZPL provided by both atomic-like and
realistic micropillar cavities in the inset, where the actual micropillar cavity allows for off resonant
suppression, resulting in 30x suppression of the PSB relative to the ZPL. We note a subtlety that affects the
efficiency out the top £ versus detuning from the cavity; the efficiency drops off much more slowly than the
Purcell factor (see grey vs. blue plots in figure 4(e)) due to off resonant suppression of lossy channels.
Previous works have used the cavity decay rate « as a spectral filter width [23, 26], whereas the much broader
¢ function is a more accurate calculation of the photonic losses as it includes the reduction of leaky decay as
E — Ecayity —+ 0. The bandwidth of £ is an order of magnitude larger than , allowing for significantly shorter
excitations pulses to reach the QD, leading to much higher purity as discussed in the next section.

6. Efficient pillar designs and discussion

After dealing with the major source of losses (side leakage and Bloch modes) and also considering the
suppression of the PSB, we are now in a position to propose micropillar designs that simultaneously meet the
requirements of (i) very high overall efficiency (ii) very low emission into the phonon sideband and (iii)
broad cavities allowing for the input of ultrafast pulses, something we discuss quantitatively later in this
section. We scan for optimal pillars across several optimal full wavelength diameters dcayity, as we showed in
figure 2 that these will result in the strongest side loss suppression. Selecting Npotom = 35.5 ensures a strong
emission out of the top of the pillar and Nrop € {9,10,11} results in Purcell enhanced yet sufficiently
broadband cavities. It was demonstrated in figure 3(c) that the effects of propagating Bloch modes cannot be
ignored when choosing the best device diameter. To closely examine this, the on-resonance peak values of the
active coupling 3, passive efficiency 7, and the internal (at first lens) efficiency £ of the cavity are presented in
figures 5(a)—(c). Following only these two simple principles from sections 3 and 4, we have reduced the
parameter space of the dcavity> Ntop> and Npottom Optimisation problem from a 3 dimensional space to a few
points, and we present designs which all but eliminate the side losses (8 = 99% of the 13/35.5 pillar at 5\ /n
diameter). In examining Bloch mode losses, we note a substantial increase in the 7 factor of the 6\ /n
diameter pillars in figure 5(b) when Nt,p, is incremented from 9 to 13 pairs. This is the result of a I'sottom
propagating Bloch mode being tuned away from the cavity. It is imperative to minimise any spectral overlap,
and the 5\ /n diameter seems the most suitable choice as large changes in N, result in minimal 7)-changes
and conversely, 6A/n is unsuitable. We have therefore 3 high performing pillars with Npottom = 35.5,

Nrop = {9,11,13} and efficiency £ = {0.905,0.929,0.966}, with respective cavity FWHM of
~{1.31,0.69,0.37} meV. In figures 5(a)—(c) we demonstrate that by including the full 3D effects of the
micropillar structure, the internal efficiency extends well beyond the atomic-like cavity predictions and
much closer to near-unity efficiency than previously thought, with each of the 3 designs having £ > 90% of
emitted photons exiting through the top of the micropillar.

Having identified good micropillar designs, we present their figures of merit in figure 5(d). The
on-resonant values include standard cQED parameters, such as the cavity linewidth «, the Purcell factor Fp,
and the Q factor, as well as the efficiency factors of the cavity. We also report phonon-mediated losses to be at
least an order of magnitude lower than in bulk. We consider that the photonic structure partially redirects
the off-resonant PSB out of the cavity by introducing a phonon-adjusted device efficiency € such that

ffooo Stop (w)dw
m = £ &Phonon 9)

€=
where £ quantifies the losses due to the photonic structure, while £ppon0n quantifies the phonon-mediated
losses due to the lower efficiency at the PSB peak a few meV off resonance. As such, the device efficiency e
accounts for the PSB whereas the FDTD-obtained £ does not. To determine the impact of phonon dephasing
on the indistinguishability, we assume that all other dephasing contributions are negligible and we estimate
an expected indistinguishability

T =Wt (10)
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which captures the indistguishability limitations solely due to PSB dephasing, but does not take into account
contributions from sources other than the PSB; a polaron frame treatment would be needed to include the
effects of coherent QD-phonon interactions. In reality, the non-Markovian interactions of the electron spin
with the nuclear spin bath of the solid state QDs [33, 34] will have a meaningful contribution which has not
been captured by equation (10), but this is an obstacle which is independent of the cavity-emitter
interactions discussed in this work. Nevertheless, when analysing the effect of phonon dephasing it can still
be said that despite being low Q, due to the near-elimination of the phonon sideband we report high
expected indistinguishabilities of ~98.5%-99.84%, with spectrally stronger cavities giving better values for
€Z, albeit at the cost of a narrower bandwidth photonic structure. As such, the most suitable design depends
on the requirements, and the pillars presented can fulfil different roles: for instance, a lower overall efficiency
but broad micropillar (9/35.5) is more favourable for collection of a biexction-exciton pair, whereas a more
narrowband pillar with a higher efficiency (13/35.5) is better suited for efficient generation of high fidelity
linear cluster states, as the chance of successfully extracting an indistinguishable photon given by

€Z = 0.9625, the probability of generating a 16-qubit chain is given by (¢Z)'® = 0.9625'® ~ 54%. The
13/35.5 design is also suitable for applications such as boson sampling, where reasonable efficiency >50%
and very high indistinguishability is required, or for use as a light-matter interface in non-linear interactions
as a switch or a quantum memory.

As well as photon extraction efficiency and indistinguishability, the third parameter to consider is the
single photon purity, i.e. the suppression of multiphoton events, usually parameterised by g*) (0). Previous
research has shown how the g)(0) scales with excitation pulse length [5]: when resonantly exciting a 2LS
with temporally increasingly longer pulses the probability of decay and re-excitation within the pulse time
increases. The situation improves when a two-photon excitation of a biexction state (three level XX-X
cascade) is used as two photons must be emitted before excitation. This fact does impose limits on the
bandwidth of the cavity: broader cavities can accommodate shorter pulses. We find that due to the
off-resonant Purcell suppression, the efficiency width &gwiy is much broader than the cavity Q factor. taking
Erwhm as a limit on the maximum pump pulse width, or rather the minimal pulse length permitted by the
structure, we get pulse lengths of 0.9,1.4, and 1.7 ps for the 9, 11, and 13 top pair pillars discussed in figure 5.
Assuming that the lifetime of a QD in bulk semiconductor is T; = 1 ns, the shortest pulses which fit inside
the three micropillars highlighted in figure 5 correspond to only ~0.001 of the dot lifetime, and following the
rationale and theoretical framework discussed in [5] (see figure 3(a) of that article), we predict g(z) (0) values
of order of magnitude ~107 for a resonantly excited 2LS, and ~10~> for a biexciton pumping scheme (see
table for exact values). This shows that due to the high efficiency ‘bandwidth’ resulting from the low Q
resonance combined with off-resonant suppression, these structures can result in >99.3% single photon
purity for the resonantly excited 2LS, or >99.99% if a pillar is broad enough to allow for a biexciton
excitation scheme.

While the device efficiency € represents the brightness out of the top of the pillar, the far field angular
distribution of the emitted mode and the corresponding collection efficiency within some NA have been
unaddressed in this work. Many of the figures of merit presented here may be improved by various means.
Opverall extraction efficiencies may be tuned by, for example, introducing adiabatically varying DBR layers
and controlling the refractive index contrast of the final top layer of material, and there is similar scope for
engineering the Bloch modes to be minimal. Reduction of the coupling to phonon modes may be controlled
further by controlling the QD growth or material. We also note that many practical issues still remain to be
resolved, some of which are known, spectral wander from charge noise for example, or an examination of
fabrication tolerances and deviations from our simple design. Practical realisation of QD photonic structures
with such figures of merit will likely reveal other unanticipated sources of loss and distinguishability,
however, we believe that the demonstration of micropillar designs with >95% overall single photon emission
efficiency and suppression of the phonon coupling to give indistinguishabilities of >>99.9% in some cases
paves the way for an engineering approach to reaching even higher values, and demonstrate that there are no
fundamental roadblocks to achieving QD sources for the most demanding high end applications. The scope
of application of highly efficient and indistinguishable sources goes beyond low-fault quantum computing,
such as quantum repeaters in quantum networks [35, 36]; another use would be to use the broader 9/35.5
micropillar to simultaneously efficiently extract a spin entangled biexciton-exciton photon pair which could
be used for device independent quantum cryptography [37, 38], or alongside quantum memories to do
remote quantum teleportation of states, a necessary element of the quantum internet [39, 40].

7. Conclusion

We demonstrate in this work designs for plain micropillar structures using industry standard techniques
with record-breaking efficiency in the weak coupling Purcell regime. We achieve simultaneously in one
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device design overall single photon extraction efficiency of £ > 96%, phonon sideband suppression that
should yield photon indistinguishabilities of Z > 99.9% in a Q = 2500, which is low enough to allow optical
coherent control pulses of a few ps while also providing increased resistance to fabrication imperfections
such as sidewall roughness or asymmetry which can prevent polarization degenerate emission. While design
of outcoupling strategies goes beyond the scope of this work, we believe our cavity design strategy
demonstrates the plausibility of broadband micropillars which are comparatively easier to manufacture than
high Q structures demanding more DBR pairs and more durable than similar structures with equivalent
efficiencies such as nanotrumpets, nanowires, or hourglass micropillars, but can still operate as near-perfect
on-demand sources of indistinguishable photons and deterministic non-linearities for even the most
demanding applications, such as fault-tolerant photonic quantum computing. It is important to mention
that some of the underlying assumptions, such as the QD-Cavity spectral overlap and the spatial positioning
of the emitter in cavity center still require non trivial fabrication. We emphasise that the figures of merit
presented do not represent a theoretical limit, and we anticipate that with careful engineering even higher
efficiencies and phonon suppression can be designed. Our designs can also be applied to a wide range of
target wavelengths. Moreover, the principles applied to these QD micropillar cavities, i.e. careful
consideration of the photonic density of states in all three dimensions, careful understanding of how the
cavity can modify the phononic modes, can be applied to other photonic structures. For instance, photonic
crystal waveguides could be modified to include low Q factor adiabatic cavities which would better control
the phonon sideband. Likewise, similar Bloch-like leaky modes may appear in bullseye structures, and careful
engineering of the phononic density of states with the cavity will be important for other emitters such as
colour centres in diamond and SiC.
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